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2.5 Floating point numbers
)+*-,/.10324,6587(,4249;:<.;0-=�>�,42@?�2A=�BC2ADE.1032F,A=�.<:G7H7JIF.1032LK6037(,@DE=NM	D8=N,@KO7JI
M+:PMQ24.<R�DS2UT(,@2@26>@9WV�0�:GK40X:<>Y=�>�>Z24?�24M[.\7]24:^T(0_.<9`=NM	D]=�Ba>b7E.1032c,A=�.<:G7
7JI .1032XDN:d=(T_7(M	=�BW=NM	D[7(MQ2E>@:dDS2X7JI8=e>Zf4*g=N,42 V�0�:GK40h:P>8=�>i.\24Mj.\7
>b24?k24M+9lDN:<>ZK6Bm7N>A:PM3Tn.1032`Ib7(*o,/.10�:P5qp+7(,/.G=NMr.�Is=SK6.<9�.10-=�.�.1032t,@=�.<:G7�7JI
.1032YDN:d=N5n26.\2@,t=NM	DXK4:^,4K4*o5`Ib2@,424MQK@2l:<>c=�>;uv?k26waIZ7(*-,/.10_>q.\7�Ib7(*o,yx

zJM	DN:U=NM	=t{l7(*->b2q|}:<BPBQ~�7�x����	�y9�DS2<uvM+:^M3T
2 � 2
π

= 7
8

9;�
2 = 10

7

9�=NM	D 1
π

= 5/16 �@�����o�A�
� 0�:<>F>b2AK6.<:G7(MhDN:<>ZK4*3>4>Z26>�.1032��`7b=�.<:^M3Tqp37(:PMr.;M+*-58�@24,�.<Rsp+24>

float
=NM	D

doubleIZ7(,�=6p_pr,@7Z��:P5H=�.<:PM3T�,42A=�B�M+*o58�@24,/>Zx �Q7(*�V�:PBPB�Bm2�=N,6M�=_�47(*-.q��7b=�.<:PM3Thp+7(:^Mr.
M+*o58�42@,E>@Rk>@.\245i>O:PM�T_2@MQ24,@=�B�9l=NM	D�=_�47(*-.�.1032iz�������>4.G=NM	D_=N,AD �N� ��.10-=�.�DS26w>bK@,6:U�424>X.<VW7h>Up+2@K@:�u�Kc�`7Z=�.<:PM3TXp+7(:^Mr.�M+*-5H�424,�>@R�>4.\245t>Zx¡ �2¢V;:PBPB"p+7(:PMr.i7(*-.
.1032�>4.<,424M3TN.10_>�=NM	D£V¤2�=�¥bMQ26>4>Z26>�7JIO�`7b=�.<:^M3T�p+7(:^Mr.iM+*-58�@24,/>[=NM	D�T(:P?�2�Ro7(*
.10�,42A2�T(*o:UDS26B�:PMQ24>�.\7q=N?�7(:UD�K@7(5Y5n7(M�pr:P.¦IZ=�B^Ba>v:PMHK@7(5qpr*3.<:^M3T�V;:<.10��`7b=�.<:^M3T�p+7(:^Mr.
M+*o58�42@,/>Zx

§[¨�©@ª¬«4(ª�®N©@¯G°J±²ªS³n´S©4³y¯J©@©4µL¶v©4·²µ\±²¸Sµ�±²ª�°JX¹Sºb¨_¯J©4ªS¨S©4±»°�¼&±»°J¨e°\¨�©L½S¯J(³y¯�ºb¾
fahrenheit.C±²ª�¿k©4«@°J±»(ª£ÀkÁ¦ÀkÂ;¼;©E¾LºZÃN©t¾c±²µG°�ºZÃN©@µ4Á�¹_y¯Y©�ÄSºb¾�½�·²©yÂ

28
´S©4³y¯\©4©4µt¶;©4·»µ\±²¸SµcºZ¯J©

82.4
´S©4³y¯J©4©@µ

¹Sºb¨_¯J©4ªS¨S©4±»°6Â_Å�¸_°}ªSy°
82
ºbµ�(¸S°G½o¸_°�ÅkÆ

fahrenheit.C
ÁvÇ;¨S©�¯J©6ºZµ\(ª ÈÉy¯}°J¨S±²µ�¾c±²µG°�ºsÃN©¤±»µ�°J¨�ºZ°

°J¨S©;±²ª�°\©4³(©@¯Ê´S±»®�±»µ\±²(ª�©4¾�½�·²/ÆN©4´�±²ªq°\¨�©v½S¯J(³y¯�ºZ¾Ëµ\±²¾�½�·»ÆiÌG«4¸_°JµÊyÍÊÎW°\¨�©;È²¯�ºZ«@°J±²(ª�ºb·k½oºZ¯G°6Á�§[¨�ºZ°
¼;©`ªS©4©@´H±»µ&º�°dÆ�½+©�°\¨oºs°�ºb·²·»s¼&µ�¸Sµ�°Jl¯J©@½S¯J©@µ\©4ª�°�ºbªS´i«4(¾�½�¸_°J©¤¼&±»°J¨YÈ²¯�ºb«@°J±»(ªoºZ·gª�¸�¾�Å+©@¯\µ�·²±aÃN©
82.4

Á
¹_y¯�°J¨S±²µ4Â�¶�Ï�Ï�½S¯J/®�±²´S©4µÊ°�¼;���7b=�.<:PM3T¤p+7(:PMr.$M+*-58�@24,F°�Æk½+©@µ

float
ºbªS´

double
ÁÊÐ<ªS´S©4©4´rÂ

±²ÈÊ¼;©�µG±²¾�½�·»Æt¯J©A½o·²ºb«4©F°J¨S©�´�©@«4·ÉºZ¯�ºs°J±²(ª
int celsius

±»ª
fahrenheit.C

ÅkÆ
float celsius

Â
°J¨S©l¯J©@µ\¸S·»°J±²ªS³t½S¯J(³y¯�ºZ¾Ñ(¸_°\½�¸_°Jµ

82.4
ÈÉy¯qºbª]±²ª_½o¸_°¤®yºZ·²¸S©�(È

28
Át¹g·²NºZ°J±²ªS³O½+(±²ª�°`ªk¸S¾�Å+©@¯Jµ

ºb·²µGtµ\(·»®N©lºbªSy°J¨S©@¯¤½�¯\yÅo·»©4¾Ò°\¨oºs°�¼;©q¨�ºb´X¼}±»°\¨8°J¨S©�°�Æ�½+©4µ
int

ºbªS´
unsigned int Ó floatºbªS´

double
¨�º4®N©Xº]¾q¸�«�¨£·²ºZ¯J³(©@¯O®yºZ·²¸S©H¯�ºZª�³(©nºbªS´�ºZ¯J©H°J¨S©@¯J©4ÈÉy¯\©nµ\¸S±»°�ºsÅo·»©8ÈÉy¯¬ÌGµ\©@¯J±²(¸Sµ\Î

«4(¾�½�¸_°�ºZ°J±»(ª�µ@ÁgÐ<ª`ÈCºb«@°6Ây«@(¾�½o¸_°�ºs°J±²(ªSµ-¼}±a°J¨�Ô�NºZ°J±»ª�³;½+(±²ª�°Õªk¸S¾qÅ3©@¯JµgºZ¯J©$®N©A¯\Æ`ÈCºZµG°	(ªF¾c�´�©A¯Jª
½�·ÉºZ°JÈÉy¯\¾ Âk´S¸S©�°JqµG½+©4«@±Éºb·²±²Ö@©4´Y½S¯J�«4©4µ\µ\y¯\µ4Á

Fixed versus floating point.
Ð<ÈSÆN(¸l°J¨S±²ª_Ã�ºsÅ+(¸_°Ê¨�/¼¬°JW¯J©@½S¯J©4µG©4ª�°$´S©4«4±²¾Lºb·kªk¸S¾qÅ3©@¯JµÊ·²±»ÃN©

82.4¸Sµ\±²ªS³ ºY×_Ä�©4´¢ªk¸S¾�Å+©@¯�(Èv´S©4«@±²¾Lºb·Ê´S±²³(±»°JµqØJÙ6Út´S±²³(±»°\µ4Â�µJº4Æ_ÛAÂQºYª�ºZ°\¸S¯Jºb·$µG(·²¸_°J±²(ªX±²µ�°J¨S±²µ Ó ÆN(¸½oºZ¯\°J±a°J±²(ªY°\¨�©�Ù6Ú�º4®yºb±»·ÉºZÅ�·²©¤´�±»³(±»°Jµ�±²ª�°JcÜl´�±»³(±»°Jµ;Å+©4ÈÉy¯J©`°\¨�©`´�©@«4±²¾Lºb·+½+(±²ª�°6Â�µJº4ÆNÂ3ºbªS´EÝ�´S±²³(±»°Jµ
ºbÈ²°J©A¯�°J¨S©�´�©@«4±²¾Lºb·-½3(±²ª�°6ÁÊÇ;¨S©4ªiÆN(¸i«6ºZªt¯J©@½S¯J©4µG©4ª�°}ºb·²·r´S©4«4±²¾Lºb·-ªk¸S¾qÅ3©@¯Jµ;(È�°J¨S©¤ÈÉy¯J¾

6∑

i=−3

βi10i,

¼}±a°J¨
βi Þ {0, . . . , 9}

ÈÉy¯}ºb·²·
i
Á$Ç�¨S±²µ;±²µ�«6ºb·»·²©4´iº�u$��2�D�p+7(:PMr.�,42Gpr,424>b24Mr.G=�.<:G7(MrÁ



Ù6Ú(Ú ��� �����	!#����¬�$
q�	�����}�Q��
��}%
Ç�¨S©@¯\©cºZ¯J©yÂg¨Ss¼;©@®N©A¯6Â�°�¼;tyÅ�®�±²(¸Sµ`´S±²µ\ºb´_®yºbª�°�ºb³(©4µ¤(ÈvºL×SÄ�©4´X½+(±²ª�°�¯\©@½S¯J©4µ\©4ª�°�ºZ°J±»(ªÕÁ��Wª

°J¨S©&(ªS©�¨oºZª�´rÂN°J¨S©�®bºb·²¸S©;¯�ºbªS³(©&±²µ®N©@¯\Æ�·²±²¾c±»°\©4´rÁÕ§n©&¨�º4®N©�ºb·»¯J©4ºb´_Æ�µG©4©4ªc±²ªO¿k©4«A°J±²(ªLÀkÁ¦ÀkÁ��W°\¨oºs°
°J¨S©F·ÉºZ¯\³(©4µG°

int
®bºb·²¸S©F±²µ�µGYµ\¾LºZ·²·Õ°\¨oºs°W±»°�¨�ºZ¯J´S·»ÆEºZ·²·²/¼}µ}ºZª�ÆE±²ª�°J©@¯J©4µU°J±²ªS³c«4(¾�½�¸_°�ºZ°J±²(ªSµ¤Ø1ºbµ

ºbªX©�ÄSºb¾�½�·²©yÂ+°\¯GÆ8(¸_°
	Ê¯\(³y¯�ºb¾ Ù�(ªXµ\(¾c©�·Éºs¯J³(©@¯�±²ª_½o¸_°�Û�Á�� ×_Ä_©4´X½3(±²ª�°W¯J©@½S¯J©@µ\©4ª�°JºZ°J±²(ª8±²µ
©@®N©4ªY¼;y¯Jµ\©W±²ªL°J¨S±²µ"¯J©4µG½3©4«@°6Â_µ\±»ª�«@©¤±a°"¯J©4µ\©A¯\®N©4µ&µG(¾c©�(Èg(¸_¯;½S¯J©4«4±²(¸Sµv´S±²³(±»°\µ"ÈÉy¯;°J¨S©¤È²¯Jºb«@°J±²(ª�ºb·
½oºZ¯\°qºbÈ²°\©@¯F°J¨S©c´S©4«4±²¾Lºb·½+(±²ª�°6ÂQ©@®N©4ªe±²Èv°J¨S©4µ\©L´S±²³(±»°Jµ`ºZ¯J©cªSy°� y¯�ªSy°FÈÉ¸S·²·»Æ� ª�©@©4´S©4´ Ø<ºbµF±²ª
82.4

ÛAÁ
Ç�¨S©�µ\©4«4(ªS´X´S±²µJºZ´S®bºbª�°�ºb³(©�±²µ¤«4·²(µ\©4·aÆ ¯J©4·ÉºZ°\©4´ Ó ©A®N©4ªX°J¨S(¸S³(¨8°J¨S©�°d¼;Oªk¸S¾�Å+©@¯Jµ 82.4

ºbªS´
0.0824

¨�º4®N©�°\¨�©�µJºZ¾c©�ªk¸S¾�Å+©@¯W(Èµ\±²³(ªS±»×�«6ºbª�°}´S±²³(±»°Jµ`Ø<ª�ºb¾c©4·»ÆtÝNÛAÂ3°J¨S©�·ÉºZ°\°\©@¯�ªk¸S¾�Å+©@¯�±»µ¤ªSy°
¯J©@½S¯J©@µ\©4ª�°JºZÅ�·²©v¼}±»°J¨F(ªS·»Æ

3
´�±»³(±»°JµQºbÈ²°\©@¯Q°J¨S©;´�©@«4±²¾Lºb·N½+(±²ª�°6Á��&©@¯\©yÂy¼;©�ºZ¯J©"¼�ºbµG°\±²ªS³}°J¨S©

7
´S±²³(±»°\µ

Å+©4ÈÉy¯\©�°J¨S©¤´�©@«4±²¾Lºb·-½3(±²ª�°6Â�Å�¸_°;¼;©�ºZ¯\©�·ÉºZ«�Ãk±²ªS³�´S±²³(±a°Jµ;ºbÈ²°J©@¯�°J¨S©`´S©4«@±²¾Lºb·-½+(±»ª�°6Á
�H��7b=�.<:PM3T�p+7(:PMr.g,42Gpr,426>Z24Mr.G=�.<:G7(M ¯J©@µ\(·»®N©4µÕÅ+y°J¨�±²µGµ\¸S©4µgÅ�Æ�¯J©A½�¯\©4µ\©4ª�°J±²ªS³}º;ªk¸S¾�Å+©@¯gµ\±²¾�½�·»Æ

ºbµ±»°JµQµ\©��k¸S©4ªS«4©&(Èo´S©4«4±²¾Lºb·k´�±»³(±»°JµvØ1ºbªq±²ª�°J©4³(©@¯«6ºb·»·²©4´�°\¨�©W>@:mT(M+:�u�K�=NM	D-ÛAÂypÕB�*->&°J¨S©�±²ªSÈÉy¯J¾LºZ°J±²(ª
ÌU¼}¨S©@¯\©�°J¨S©q´�©@«4±²¾Lºb·	½+(±»ª�°�±²µ\Î_Á�Çg©4«�¨�ªS±²«4ºb·²·»ÆNÂr(ªS©q½3(µ\µ\±»Å�±²·²±a°dÆt°Jt¯J©6ºZ·²±²Ö4©�°J¨S±²µ¤±²µ¤°\tµG°Jy¯\©�ºbª
2��/p37(MQ24Mr.�µ\¸S«�¨i°J¨�ºZ°;°J¨S©¤¯J©A½�¯\©4µ\©4ª�°J©4´Eªk¸S¾�Å+©@¯�±²µ�(Èg°J¨S©¤ÈÉy¯J¾

>@:mT(M+:�u�K�=NM	D��
10 ����������� �

!
.

¹_y¯&©�ÄSºb¾�½�·²©yÂ
82.4 = 824

�
10−1,

0.0824 = 824
�
10−4.

2.5.1 The types float and double
Ç;¨�©F°�Æk½3©4µ

float
ºZª�´

double
ºs¯J©�ÈÉ¸�ªS´�ºb¾c©4ª�°�ºb·�°�Æ�½+©4µW½�¯\s®k±²´S©4´HÅ�Æ¢¶�Ï¤Ï�ÂgºbªS´8°J¨S©@ÆEµU°Jy¯J©

ªk¸S¾�Å+©@¯Jµ;±²ªYÔoNºs°J±²ªS³F½+(±²ª�°v¯\©@½S¯J©4µ\©4ª�°�ºZ°J±»(ªÕÁ
§[¨�±»·²©�°J¨S©�ÈÉ¸�ªS´�ºb¾c©4ª�°�ºb·Õ°dÆ�½+©4µ

int
ºbªS´

unsigned int
ºs¯J©�¾c©6ºbª�°&°Jtºs½�½S¯J6Ä_±»¾LºZ°J©�°\¨�©

ÌG¾LºZ°J¨S©4¾Lºs°J±²«6ºb·;°�Æk½+©@µ\Î#" ºbªS´%$cÂ}¯J©4µG½3©4«@°J±»®N©@·»ÆNÂ&°J¨S©n³(NºZ·¤(È¤Å+y°J¨
float

ºbªS´
double

±²µ
°J¢ºs½�½S¯J6Ä_±»¾LºZ°J©�°J¨S©tµG©@°'& (È&¯J©6ºZ·&ªk¸S¾�Å+©@¯Jµ@Áh¿k±²ªS«4©Y°\¨�©A¯J©iºZ¯\©t¾q¸�«�¨¬¾cy¯J©L¯J©6ºZ·�ª�¸�¾�Å+©@¯\µ
°J¨�ºbªe±²ª�°J©@³(©@¯Jµ4ÂÊ°J¨S±²µF³(Nºb·vµ\©@©4¾cµ�©A®N©4ª�¾cy¯J©Lºb¾�Å�±»°J±²(¸Sµ�Ø1ºbªS´�·²©@µ\µF¯J©6ºb·²±»µG°J±²«/ÛW°J¨�ºbªe°\¯GÆ�±²ªS³ °J
ºZ½S½S¯J6Ä_±²¾LºZ°\©�"WÂ	µJº4ÆNÂ	¼}±»°\¨]ºY×�ª�±a°J©�®bºb·²¸S©l¯�ºZª�³(©bÁ)(�©@®N©A¯\°J¨S©4·²©4µGµ4Â	°J¨S©l°�¼;i°�Æk½+©4µ

float
ºbªS´

double
ºs¯J©�®N©A¯\Æl¸Sµ\©@ÈÉ¸�·�±²ªq½�¯Jºb«@°J±²«4ºb·SºZ½S½�·²±²«6ºZ°\±²(ªSµ4Á	Ç;¨S©�Ô�NºZ°J±»ª�³�½+(±»ª�°Ê¯J©@½S¯J©4µG©4ª�°�ºs°J±²(ª�ºZ·²·²/¼}µ

®bºb·²¸S©4µ&°J¨�ºZ°}ºZ¯J©�¾�¸S«�¨ ·ÉºZ¯J³(©A¯&°J¨�ºbªEºbª�Æt®bºb·²¸S©`(È	°�Æ�½+©
int

ºbªS´
unsigned int

Á&Ð<ª ÈCºZ«@°6Âo°\¨�©
®bºb·²¸S©�¯�ºbªS³(©4µv(Èg°\¨�©}Ô�NºZ°\±²ªS³�½+(±²ª�°;ª�¸S¾qÅ+©A¯"°�Æk½+©4µ

float
ºbªS´

double
ºZ¯\©¤µG¸+*l«4±²©4ª�°�±²ªY¾c(µU°

ºZ½S½�·²±²«6ºs°J±²(ªSµ4Á
,$ºb·²¸S©4µW(È�°J¨S©4µ\©�°�¼;Y°�Æk½3©4µ`ºs¯J©q¯\©4ÈÉ©@¯\¯J©@´]°\tºbµ��`7b=�.<:^M3TYp37(:PMr.`M+*o58�42@,/>4ÂÕ¼&¨S©@¯J©

double¸Sµ\¸�ºb·²·»ÆOºZ·²·²/¼}µv¨S±²³(¨S©@¯¤Ø<ª�ºb¾c©4·»ÆNÂrDS7(*g�/BC2NÛ"½S¯J©4«4±»µ\±²(ªt±»ªiºZ½S½S¯J6Ä_±²¾LºZ°\±²ªS³�¯J©6ºb·rªk¸S¾�Å+©@¯Jµ@Á
�WªY°J¨S©}°dÆ�½+©4µ

float
ºbªS´

double
¼;©W¨�º6®N©�°J¨S©WµJºb¾c©Wºs¯J±»°J¨S¾c©@°J±»«yÂ(¯J©4·ÉºZ°\±²(ª�ºb·<Â�ºbªS´iºbµ\µG±²³(ª.-

¾c©4ª�°vy½+©@¯�ºs°Jy¯Jµ�ºbµv(ªt±»ª�°J©4³y¯Jºb·-°�Æk½+©@µ4Â�¼}±»°\¨L°\¨�©�µ\ºb¾c©Wºbµ\µ\�«4±ÉºZ°\±»®�±»°\±²©4µ"ºZª�´L½S¯J©4«4©@´�©@ª�«@©4µ4Á"Ç;¨S©
(ªS·»Æ8©AÄ_«4©A½�°\±²(ª¢±²µ�°\¨oºs°�°J¨S©�¾c�´S¸�·»¸�µWy½+©A¯�ºZ°Jy¯Jµ

%
ºbªS´

%=
ºZ¯J©cº4®bºb±²·ÉºsÅo·»©qÈÉy¯�±²ª�°J©@³y¯�ºb·Ê°dÆ�½+©4µ

(ªS·»ÆNÁQÇ;¨S±²µ$¾LºsÃN©4µ$µG©4ªSµ\©yÂkµG±²ªS«4©&´S±»®k±²µ\±²(ªqs®N©A¯
float

ºZª�´
double

±²µ¾c©6ºbª�°°\`¾ck´S©4·_°J¨S©;°\¯J¸S©
´S±»®�±»µ\±²(ªOs®N©@¯/& ¼}¨S±²«�¨i¨�ºbµ�ªS�¯J©4¾LºZ±²ªS´�©A¯6Á
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�Õ±aÃN©q±»ª�°J©4³y¯Jºb·	°�Æk½+©4µ@ÂÕ°J¨S©FÔ�NºZ°J±²ªS³c½+(±²ª�°Wªk¸S¾�Å+©@¯�°�Æk½+©@µ`ºZ¯\©E=N,6:P.10�5n26.<:UKt.<R/p+26>4ÂgºbªS´8°\¨�±»µ

«4(¾�½�·²©@°\©4µv°J¨S©�·²±»µG°;(È	ÈÉ¸SªS´oºZ¾c©4ª�°�ºZ·rºZ¯J±»°J¨S¾c©@°\±²«&°�Æk½+©@µ�±²ªi¶�Ï¤ÏFÁ

Literals of type float and double.
�r±»°J©@¯�ºZ·²µÊ(Èo°�Æk½+©@µ

float
ºbªS´

double
ºZ¯J©�¾cy¯J©;«4(¾�½�·²±²«6ºs°J©4´

°J¨�ºbªF·²±a°J©@¯�ºb·»µg(È�°�Æk½3©
int

y¯
unsigned int

ÁQ¹_y¯Q©AÄ_ºb¾�½�·²©yÂ
1.23e-7

±»µQº�®bºb·²±²´
double

·²±»°J©@¯Jºb·<Â
¯J©@½S¯J©@µ\©4ª�°\±²ªS³`°J¨S©&®bºb·²¸S©

1.23
�
10−7

Á��r±»°J©@¯�ºZ·²µ$(Èo°dÆ�½+©
float

·²kyÃ�°J¨S©&µ\ºb¾c©}ºbµ$·²±»°J©A¯�ºb·²µÊ(È3°�Æk½+©
double

Â_ÈÉ(·²·²/¼;©4´OÅkÆO°J¨S©�·²©A°\°J©@¯
f
y¯

F
Á

Ð<ªn±»°\µ�¾c(µG°W³(©4ªS©@¯�ºb·QÈÉy¯\¾ Â+º
double

·²±a°J©@¯�ºb·g«4(ªSµ\±²µG°\µ¤(È$ºbª�:PMr.\2UT�24,�p3=N,/.1ÂrÈÉ(·²·»s¼;©4´EÅkÆHº
I@,A=SK6.<:G7(M	=�B-p3=N,/.�Ø<µG°�ºs¯\°J±²ªS³F¼}±»°\¨O°J¨S©cDS2@K4:^58=�B-p+7(:^Mr.

.
ÛAÂSºbªS´tºbªe2��6p+7(MQ24Mr.<:U=�B3p3=N,/.`Ø<µG°�ºZ¯G°J±²ªS³

¼}±a°J¨Y°J¨S©¤·²©@°\°\©@¯
e
y¯

E
ÛAÁ$Ç;¨�©¤·²±»°\©@¯�ºb·

1.23e-7
¨oºZµ&ºb·»·+(È�°J¨S©4µ\©W½oºZ¯\°Jµ4Á

��y°J¨ °\¨�© ±»ª�°J©4³(©A¯c½-ºs¯\°Oºbµc¼;©4·²·�ºZµL°\¨�©EÈ²¯�ºZ«@°J±²(ª�ºb·&½oºZ¯G°EØ1ºbÈ²°J©@¯c°\¨�©E´S©4«4±»¾Lºb·�½+(±»ª�°�Ûlºs¯J©
µ\© ��¸S©4ªS«4©4µW(ÈÊ´�±»³(±»°Jµ&È²¯\(¾
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°\

9
Â-¼&¨S©@¯J©i7(MQ2c(ÈQ°J¨S©4¾ ¾Lº4ÆOÅ+©F©4¾�½S°�ÆNÂ-·²±aÃN©�±²ª

.1
ØP¾c©6ºbªS±²ªS³

0.1
Û`ºbªS´e±»ª

1.
Ø<¾c©6ºbªS±²ªS³

1.0
ÛAÁHÇ;¨�©c©�Ä�½+(ªS©4ª�°J±Éºb·�½oºZ¯G°cØ1ºbÈ²°J©A¯q°\¨�©c·»©@°\°J©@¯

e
y¯

E
Û`±²µ�ºb·²µGEº

µ\© ��¸S©4ªS«4©L(È�´S±²³(±a°Jµ4Â�½S¯J©4«@©4´S©4´eÅ�Æ]ºbª�y½�°\±²(ª�ºb·
+
y¯

-
Á¢�;:<.10324,8°J¨S©cÈ²¯�ºb«@°J±»(ªoºZ·$½oºZ¯\°i7(,H°J¨S©

©AÄk½+(ªS©4ª�°J±²ºb·3½oºZ¯\°�¾Lº6ÆcÅ3©�(¾c±»°G°J©4´rÁÊÇ�¨�¸Sµ4Â
123e-9

ºbªS´
1.23

ºZ¯J©¤®yºZ·²±²´
double

·²±»°\©@¯�ºb·²µ@Â�Å�¸_°
123

±²µ�ªSy°6Â_±²ªty¯\´�©A¯&°J�º4®N(±²´i«4(ªSÈÉ¸Sµ\±²(ªt¼&±»°J¨
int

·²±»°J©@¯Jºb·²µ4Á
Ç�¨S©}®bºb·²¸S©�(Èr°J¨S©}·²±»°J©A¯�ºb·-±»µ"yÅS°�ºb±²ªS©4´cÅkÆ�µ\«6ºb·²±»ª�³�°\¨�©�È²¯Jºb«@°J±²(ª�ºb·o´S©4«4±²¾Lºb·S®bºb·²¸S©�´S©@×�ª�©@´OÅ�Æ

°J¨S©F±²ª�°J©4³(©@¯�½oºZ¯\°¤ºZª�´ °J¨S©�È²¯�ºb«A°J±²(ª�ºb·g½oºZ¯G°�ÅkÆ
10e
Â-¼&¨S©@¯J©

e
±²µ}°J¨S©cØ<µ\±»³(ª�©@´-Û�´�©@«4±²¾Lºb·g±²ª�°J©@³(©@¯

±²ªO°J¨S©�©AÄk½+(ªS©4ª�°\±Éºb·+½oºZ¯\°¤Ø<´S©@×�ªS©4´ ºbµ
0
ÂS±²Èg°\¨�©¤©AÄk½+(ªS©4ª�°J±²ºb·3½oºZ¯\°�±²µ�¾c±»µ\µ\±²ªS³�ÛAÁ

Ç�lµG¨�/¼�Ô�NºZ°J±²ªS³F½+(±²ª�°;ªk¸S¾�Å+©@¯Jµ;±²ª ºZ«@°J±²(ªrÂ�·²©A°�¸Sµ;¼&¯J±a°J©¤ºF½S¯J(³y¯Jºb¾ °J¨�ºZ°lÌG«4(¾�½�¸S°\©4µ\Îqº
ÈÉ¸S·²·»Æ -<Ô�©4´S³(©4´Y¯\©6ºb·Õªk¸S¾qÅ3©@¯6Â�ª�ºb¾c©4·aÆ�°J¨S©��Ê¸S·²©@¯�«4(ªSµG°�ºbª�°

∞∑

i=0

1

i!
= 2.71828 . . .

�(¸�¾Lº4Æ�¯J©4«6ºb·»·�°J¨�ºZ°°J¨S±²µµ\¸S¾�«4(ª�®N©@¯J³(©4µ �k¸S±²«JÃ�·»ÆNÂ�µ\`¼;©�µ\¨S(¸S·²´cºb·»¯\©6ºb´_Æq³(©@°vº¤³(kk´�ºZ½S½�¯\/Ä -
±²¾LºZ°\±²(ª�ÈÉy¯�°J¨S©��Ê¸�·»©@¯"«4(ªSµG°Jºbª�°$¼}¨S©4ª�¼;©}µ\¸S¾ ¸S½L°J¨S©�×�¯\µG°�Ù6Ú�°\©@¯J¾cµ4Â�µJº4ÆNÁ�	Ê¯J(³y¯Jºb¾ Ù6Ú`´S�©4µ
©AÄ_ºb«@°J·»ÆL°J¨S±²µ@Á
�

// Program: euler.C
�

// Approximate Euler’s constant e.
	



#include <iostream >

�

�
int main ()


{

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

�
float t = 1.0f; // 1/i!

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

���

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

��	
// steps 1,...,n

��

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



Ù6ÚNÀ ��� �����	!#����¬�$
q�	�����}�Q��
��}%
���

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

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

}
���

���
return 0;

���
}

Program 10:
pr,47ATN>��Ê24*-Bm24,yx��

§[¨�©@ªiÆN(¸t¯J¸Sªt°J¨S©W½�¯\(³y¯�ºb¾ Â�±»°\µ�(¸_°\½�¸_°�¾Lº6ÆL·»kyÃL·²±»ÃN©�°J¨S±²µ@Á
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(poten

Value after term 7: 2.71825

Value after term 8: 2.71828

Value after term 9: 2.71828ÐP°cµ\©4©@¾cµ�°J¨�ºZ°�¼;©i´SX³(©@°cº8³(kk´�ºZ½S½�¯\/Ä�±²¾LºZ°J±²(ª�(È}°J¨S© �Ê¸S·²©@¯c«@(ª�µU°�ºbª�°l±²ª�°J¨S±²µq¼�º6ÆNÁ
§[¨�ºZ°�¯J©4¾LºZ±²ªSµ�°JiÅ+©l©AÄ�½�·Éºb±»ª�©@´¢±²µ�¨Ss¼ °J¨S©c¾c±aÄ_©@´X©AÄ�½S¯J©@µ\µ\±²(ª

e += t /= i
±²ª¢·²±²ªS©iÙ �t±»µ

´S©6ºb·»°�¼}±»°\¨X°J¨�ºZ°F«4(ª�°�ºb±²ªSµ`y½3©@¯�ºbªS´Sµ�(Èv°�Æk½+©4µ
unsigned int

ºbªS´
float

Á (�y°J©�°J¨�ºZ°�µ\±»ª�«@©
°J¨S©Xºs¯J±»°J¨S¾c©@°J±»« ºbµ\µ\±»³(ª�¾c©@ª�°Oy½+©@¯�ºs°Jy¯JµYºZ¯J©8¯\±²³(¨�°�-1ºbµ\µ\�«4±ÉºZ°\±»®N©]Ø1Ç	ºZÅ�·²©�Ùn(ª%	�ºb³(©���À(ÛAÂ}°\¨�±»µ
©AÄk½�¯\©4µ\µ\±²(ªY±²µv±²¾�½�·²±²«@±»°J·»Æ�½oºZ¯\©4ª�°J¨S©4µG±²Ö4©4´tºbµ

e += (t /= i)
ÁQ§[¨S©4ªt©A®yºb·»¸oºs°J©4´O±²ªY±a°J©@¯�ºZ°\±²(ª

i
Â

±»°}°\¨�©A¯J©4ÈÉy¯J©�×S¯JµG°W´S±»®�±»´�©@µ
t
Å�Æ

i
ØP«4y¯\¯J©4µU½+(ªS´�±»ª�³�°\L°\¨�©FµU°J©@½XÈ²¯\(¾

1/(i − 1)!
°J

1/i!
ÛAÂ+ºbªS´

°J¨S©4ªi±a°&ºZ´�´Sµ;°J¨S©¤¯\©4µ\¸S·»°J±²ªS³�®yºZ·²¸S©
1/i!

°J�°\¨�©�ºZ½S½S¯J6Ä_±²¾LºZ°\±²(ª
e
Á

2.5.2 Mixed expressions, conversions, and promotions
Ç;¨�©¤Ô�NºZ°J±²ªS³F½+(±²ª�°�ª�¸S¾qÅ+©A¯�°�Æ�½+©4µ}ºs¯J©�´S©@×�ªS©4´i°JqÅ+©¤¾cy¯J©W³(©4ªS©@¯�ºb·r°J¨�ºbªiºZª�ÆY±²ª�°J©@³y¯�ºb·3°�Æk½+©bÁ
Ç;¨k¸Sµ4Â�±²ªL¾c±aÄ�©4´L«4(¾�½+(µ\±a°J©�©�Ä�½S¯J©4µ\µG±²(ªSµ4Â_±²ª�°\©4³y¯�ºb·oy½+©@¯�ºbªS´Sµv³(©@°v«@(ª�®N©@¯\°\©4´Y°JF°J¨S©}¯J©@µG½+©4«@°\±»®N©
Ô�NºZ°J±²ªS³i½+(±»ª�°�ªk¸S¾�Å+©@¯F°�Æk½3©HØPµ\©4©Yºb·²µ\8¿k©4«@°\±²(ª¬ÀkÁ¦ÀkÁ Üt¼}¨S©@¯J©c¼;©c×S¯JµG°qµJº4¼ °J¨S±²µF¾c©4«�¨�ºbªS±²µ\¾
ÈÉy¯�¾c±aÄ_©@´O©�Ä�½S¯J©4µ\µG±²(ªSµ�/®N©@¯;°J¨S©}°�Æk½+©@µ

int
ºbªS´

unsigned int
Û�Á$Ç;¨S©�¯J©4µ\¸S·»°J±»ª�³�®bºb·²¸S©�±²µ"°\¨�©

¯J©@½S¯J©@µ\©4ª�°JºZÅ�·²©l®bºb·²¸S©iMQ2A=N,424>4.q°\i°J¨S©�y¯J±²³(±²ª�ºb·Ê®bºb·²¸S©yÁiÐ<ª¢½oºZ¯\°\±²«4¸S·ÉºZ¯6Âg±²È"°J¨S©�y¯J±»³(±²ª�ºb·$±»ª�°J©4³(©A¯
®bºb·²¸S©�±²µv±²ªL°J¨S©�®yºb·»¸�©}¯JºbªS³(©�(ÈÕ°J¨S©�¯J©4·»©@®yºZª�°vÔ�NºZ°J±²ªS³�½+(±»ª�°vª�¸�¾�Å+©@¯�°dÆ�½+©yÂ�°J¨S©�®bºb·²¸S©}¯J©4¾Lºb±»ª�µ
¸SªS«�¨�ºbªS³(©4´rÁHÐ<Èv°J¨S©@¯J©OºZ¯J©�°�¼;EªS©6ºZ¯J©@µG°F®yºZ·²¸S©4µ4ÂÊ±»°�±²µ�±»¾�½o·»©4¾c©4ª�°JºZ°J±²(ª.-1´S©@×�ªS©4´E¼}¨S±²«�¨](ªS©c±²µ
«�¨S(µ\©4ªrÁ
Ç�¨S±²µ;±²ªL½oºZ¯\°J±»«4¸S·ÉºZ¯"©�Ä�½�·Éºb±²ªSµ"¼&¨�Æ�°J¨S©W«�¨�ºbªS³(©¤(È

int celsius
°J

float celsius
±»ªO°J¨S©

½S¯J(³y¯�ºb¾
fahrenheit.C

·²©6ºb´Sµ;°J�°\¨�©¤Å+©4¨�º4®�±²y¯;¼;©¤¼�ºbª�° Ó ´S¸_¯J±²ªS³�©A®yºb·»¸oºs°J±²(ªt(ÈÕ°J¨S©`©AÄk½S¯J©4µ�-µ\±²(ª
9 * celsius / 5 + 32

Â_ºb·²·3±»ª�°J©4³y¯Jºb·-y½+©A¯�ºbªS´Sµ;ºZ¯J©�©@®N©4ª�°J¸�ºb·²·»Æl«4(ª�®N©A¯\°J©4´O°J
float

Â�µ\
°J¨�ºZ°;°J¨S©¤«4(¾�½�¸S°JºZ°J±²(ªc°�ºZÃN©@µ�½�·Éºb«4©W©AÄ�«4·²¸Sµ\±»®N©@·»ÆOs®N©@¯�°J¨S©¤°�Æ�½+©

float
Á

Ð<ª`°J¨S©Ê½�¯\(³y¯�ºb¾
euler.C

ÂZ¼;©¨�º4®N©°J¨S©µJºb¾c©QÃ�±»ª�´�(Èk«4(ª�®N©@¯Jµ\±»(ª Ó ±²ª¤°J¨S©$¾c±aÄ�©4´¤©AÄ�½S¯J©4µGµ\±²(ª
t /= i

Â�°J¨S©
unsigned int

y½+©@¯�ºbªS´
i
³(©@°\µO«@(ª�®N©@¯\°\©4´�°J]°J¨S© °dÆ�½+©

float
(ÈW°J¨S©Ey°J¨S©@¯
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y½+©@¯JºbªS´

t
Á

Ç�¨S©Ê°�Æk½+©
double

±»µg´S©@×�ªS©4´�°\�Å+©Ê¾cy¯J©Ê³(©4ªS©@¯�ºZ·N°\¨oºZª�°J¨S©Q°�Æk½+©
float

Á	Ç;¨k¸Sµ4Âbºv«4(¾�½+(µ\±»°\©
©AÄk½�¯\©4µ\µ\±²(ªY±²ª�®N(·a®�±²ªS³Fy½+©@¯JºbªS´�µv(Èr°�Æk½+©@µ

float
ºbªS´

double
±»µv(ÈÕ°�Æk½3©

double
ÁQ§[¨S©4ªtµG¸�«�¨

ºbªY©AÄ�½S¯J©4µGµ\±²(ªt³(©A°Jµ;©@®yºZ·²¸�ºZ°J©4´rÂSºbª�ÆLy½+©@¯�ºbªS´O(Èg°�Æk½3©
float

±»µvpr,@7(5n7N.\2ADt°J
double

Á���©4«6ºZ·²·
È²¯J(¾ ¿k©4«@°\±²(ªcÀkÁ�Ý�Á À&°J¨�ºZ°Q½S¯J(¾cy°J±²(ªF±»µ$º}°J©A¯J¾ ¸�µG©4´�°J¤´S©4ªSy°J©;«4©@¯\°Jºb±²ª�½�¯\±»®�±²·»©4³(©4´q«4(ª�®N©@¯\µ\±²(ªSµ
±²ªc¼}¨S±²«�¨LªS�±²ªSÈÉy¯J¾LºZ°J±²(ªl³(©@°Jµv·²(µG°4ÁÊÐ<ªO½oºZ¯\°\±²«4¸S·ÉºZ¯6ÂN°J¨S©}®bºb·²¸S©}¯�ºbªS³(©�(È

double
¾�¸SµG°v«@(ª�°�ºb±»ª

°J¨S©W®yºb·»¸�©W¯�ºbªS³(©¤(È
float

Á
Ð<ª¬µ\¸S¾c¾LºZ¯\ÆNÂQ°J¨S©t¨S±²©A¯�ºZ¯J«�¨�Æ�(È�ºs¯J±»°J¨S¾c©@°J±»«�°dÆ�½+©4µ�È²¯J(¾ °J¨S©O·²©6ºbµU°l³(©4ªS©@¯Jºb·�°\n°J¨S©t¾c(µG°

³(©4ªS©@¯�ºZ·r°�Æ�½+©`±²µ
bool � int � unsigned int � float � double

Á
§X©Oºb·»¯\©6ºb´_Æ8ÃkªSs¼ °\¨oºs°�ºi«4(ª�®N©A¯Jµ\±²(ª�¾Lº4ÆXºb·»µ\ ³(EÈ²¯J(¾¡°J¨S©c¾cy¯J©l³(©@ª�©A¯�ºb·"°Ji°J¨S©c·²©@µ\µ

³(©4ªS©@¯�ºZ·r°�Æ�½+©yÂSµ\©4©�¿k©4«@°J±²(ª ÀkÁ ÀkÁ ÜkÁÇ;¨S±²µ�¨�ºZ½S½+©@ª�µ;ÈÉy¯&©AÄSºb¾�½�·²©�±»ªt°J¨S©�´S©4«@·ÉºZ¯�ºZ°\±²(ªYµU°�ºZ°J©4¾c©@ª�°
int i = -1.6f;§[¨S©4ªcº}Ô�NºZ°J±²ªS³}½+(±²ª�°Êªk¸S¾�Å+©@¯±²µÊ«4(ª�®N©A¯\°J©4´l°\`ºbª�±²ª�°\©4³(©@¯6Â(°J¨S©;È²¯�ºb«@°\±²(ª�ºb·�½oºZ¯\°±²µÊ´S±²µ\«6ºZ¯\´�©@´ÕÁ
Ð<È-°J¨S©�¯J©4µ\¸S·»°J±»ª�³W®bºb·²¸S©&±²µ±²ªl°\¨�©�®yºZ·²¸S©�¯�ºZª�³(©�(È-°J¨S©�°JºZ¯J³(©@°°�Æk½+©yÂN¼;©&³(©A°�°J¨S±²µÊ®yºZ·²¸S©yÂ�y°\¨�©A¯\¼}±²µG©
°J¨S©&«@(ª�®N©@¯JµG±²(ªc±²µ¸�ªS´S©@×�ªS©4´rÁÊÐ<ª�°J¨S©�½S¯J©@®k±²(¸Sµ$©�ÄSºb¾�½�·²©yÂ(°J¨S±²µÊ¯J¸S·²©�±²ªS±»°J±ÉºZ·²±²Ö4©4µ

i
¼}±»°J¨

−1
Ø1ºZª�´

MQ7N.&¼&±»°J¨L°J¨S©`ªS©6ºZ¯J©@µG°�¯\©@½S¯J©4µ\©4ª�°�ºZÅ�·²©W®yºZ·²¸S©
−2
Û�Á

§[¨�©@ª
double

®bºb·²¸S©4µ�ºs¯J©�«4(ª�®N©@¯\°J©4´E°J
float

Â-¼;©Fºb³Nºb±»ªi³(©@°}°J¨S©FªS©6ºZ¯\©4µG°}¯J©A½�¯\©4µ\©4ª�°�ºZÅ�·²©
®bºb·²¸S©FØP¼}±a°J¨c°J±²©4µ"ÅS¯JyÃN©4ªY±²ªYºbªY±»¾�½o·»©4¾c©4ª�°JºZ°J±²(ª.-1´S©@½3©4ªS´�©@ª�°Ê¼�º4ÆSÛAÂ-*oMrBm24>4>`°J¨S©Wy¯J±²³(±²ª�ºb·S®bºb·²¸S©
±²µ·ÉºZ¯J³(©A¯$y¯$µ\¾Lºb·»·²©@¯Q°J¨�ºbªlºbª�Æ

float
®yºb·»¸�©bÁÊÐ<ªl°J¨S±²µÊ·ÉºZ°\°\©@¯«6ºbµ\©yÂN°J¨S©&«@(ª�®N©@¯JµG±²(ª�±²µ¸Sª�´S©@×�ªS©4´rÁ

2.5.3 Explicit conversions
¶v(ª�®N©@¯JµG±²(ªSµ&Å+©@°�¼;©4©4ªH±²ª�°J©4³y¯�ºb·gºbªS´ Ô�NºZ°J±²ªS³�½3(±²ª�°&ªk¸S¾qÅ3©@¯&°�Æk½3©4µ�ºZ¯J©`«4(¾c¾c(ªi±²ªi½S¯�ºb«A°J±²«4©yÁ
¹_y¯¤©AÄSºb¾�½�·²©bÂ-°J¨S©�«4(ª�®N©@¯\µ\±²(ªn(È$ºcªS(ª�ªS©4³Nºs°J±»®N©

float
®bºb·²¸S©

x
°JL°J¨S©�°�Æ�½+©

unsigned int«4y¯\¯\©4µG½+(ªS´Sµ�°J�°J¨S©&¼;©@·²· -<ÃkªSs¼&ª`�`7y7(,vIA*-MQK6.<:U7(M��
x � °J¨�ºZ°$¯J(¸Sª�´Sµ"´S/¼}ª�°J�°\¨�©&ª�©�Ä�°v±²ª�°J©4³(©@¯4Á¶v(ª�®N©@¯JµG©4·»ÆNÂ3±»°}«6ºbªE¾LºZÃN©�µ\©@ª�µG©�°Jc½+©@¯JÈÉy¯J¾ ºbªE±²ª�°J©@³y¯�ºb·�«@(¾�½o¸_°�ºs°J±²(ªt/®N©@¯�º�Ô�NºZ°J±»ª�³q½+(±²ª�°

ªk¸S¾�Å+©@¯;°�Æk½+©bÂ�±»Èg°J¨S±²µ;·ÉºZ°G°J©@¯;°�Æk½+©¤¨�ºbµ}ºF·ÉºZ¯\³(©@¯�®bºb·²¸S©W¯�ºbªS³(©yÁ
�QÄk½�·²±²«4±»°�«4(ª�®N©@¯\µ\±²(ª ºb·²·²/¼}µl°\¢«4(ª�®N©@¯G°tºn®bºb·²¸S©E(È¤ºbª�Æ¬ºZ¯J±»°J¨S¾c©@°\±²«Y°�Æk½3© ´�±a¯J©4«@°J·aÆ�±²ª�°J

ºbª�Æ�y°J¨S©@¯8ºZ¯J±»°J¨S¾c©@°\±²«H°�Æ�½+©yÂ�¼}±a°J¨S(¸S°Y°J¨S©]´�©A°J(¸_¯8(Èq´S©@×�ªS±²ªS³ ºZªj©AÄk°\¯�º�®bºZ¯J±ÉºZÅ�·²©¢·»±»ÃN©¢±²ª
int i = -1.6f;

Ç�YyÅ�°Jºb±²ª8°\¨�©
int

®yºZ·²¸S©�¯J©4µG¸�·a°J±²ªS³YÈ²¯\(¾Ò°J¨S©
float

®bºb·²¸S©
−1.6

Âr¼;©l«6ºZª
µ\±²¾�½�·»Æl¼&¯J±»°\©W°\¨�©¤©AÄk½�¯\©4µ\µ\±²(ª

int(-1.6f)
Á

Ç�¨S©�³(©4ªS©@¯�ºb·rµGÆkª�°�ºsÄY(ÈQºZªi©AÄ�½�·²±»«4±»°;«4(ª�®N©@¯Jµ\±²(ªrÂ�ºb·²µG�«6ºZ·²·²©4´tºEK�=�>4.`2��/pr,@26>4>@:U7(MrÂ�±»µ
� Ø��	��
�WÛ
¼}¨S©@¯\© � ±²µ&ºF°�Æk½+©bÂoºZª�´��	��
��±²µ�ºbªi©AÄk½S¯J©4µ\µ\±»(ªÕÁ$Ç;¨�©¤«6ºbµU°}©AÄk½�¯\©4µ\µ\±²(ªt±²µ�®bºb·²±»´t±²È�ºbªS´i(ªS·»ÆL±²È
°J¨S©¤«4y¯\¯J©4µU½+(ªS´�±»ª�³q«4(ª�®N©@¯Jµ\±²(ª (È��	��
�F°Jq°J¨S©¤°�Æ�½+© � Ø1ºbµ�±²ª

T x =
�	��
�(Ûv±²µ;´S©@×�ª�©@´ÕÁ

¹_y¯v«4©@¯\°Jºb±²ª]ÌG«4(¾�½�·²±»«6ºZ°J©4´SÎ�°�Æk½+©�ª�ºb¾c©4µ � ÂN±»°�±²µ$ªS©4«@©4µ\µJºZ¯GÆ�°J�½oºZ¯\©4ª�°J¨S©4µG±²Ö4© � Â�·»±»ÃN©�±»ªl°J¨S©
«6ºbµU°&©AÄk½S¯J©4µ\µ\±»(ª

(unsigned int)(1.6f)
Á
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2.5.4 Value range
¹_y¯�±²ª�°\©4³y¯�ºb·�°�Æ�½+©4µ4ÂÊ°J¨S©LºZ¯J±»°\¨�¾c©A°J±²«qy½+©@¯�ºZ°\±²(ªSµ�¾Lº4ÆXÈCºb±²·$°JE«4(¾�½�¸S°\©�«4y¯\¯J©@«@°�¯J©4µ\¸S·»°JµF(ªS·»Æ
´S¸S©O°JH/®N©@¯�-`y¯l¸SªS´S©@¯\Ô�s¼`Á¢Ç;¨�±»µ�±²µFÅ+©@«6ºb¸Sµ\©L°J¨S©O®bºb·²¸S©c¯�ºbªS³(©O(È&©6ºb«�¨�±»ª�°J©4³y¯Jºb·"°�Æk½+©O±²µqº
K@7(Mr.<:mT(*�7(*->�µ\¸_ÅoµG©@°&(È�"¤Â_¼}±»°\¨YªS¢ÌG¨S(·²©@µ\Îl±²ªOÅ+©@°�¼;©4©4ªrÁ
¹_y¯gÔ�NºZ°J±»ª�³v½+(±»ª�°Õªk¸S¾�Å+©@¯r°�Æk½+©4µ@ÂZ°J¨S±²µÕ±²µrªSy°g°\¯\¸�© Ó ¼&±»°J¨W×oªS±»°\©�Ø<ºbªS´�©@®N©4ª�¼&±»°J¨¤«4(¸Sª�°�ºZÅ�·²©6Û®bºb·²¸S©¤¯JºbªS³(©yÂ_±»°�±²µ;±²¾�½+(µ\µ\±aÅo·»©&°J�¯\©@½S¯J©4µ\©4ª�°�º�µ\¸_Å�µ\©@°�(È�& ¼}±»°\¨Y¾cy¯J©�°J¨�ºbªt(ª�©¤©4·²©@¾c©4ª�°vÅ�¸_°

ªSY¨S(·²©@µ4Á�Ð<ª8«4(ª�°\¯JºbµG°6Âr/®N©@¯�-�y¯¤¸�ªS´S©@¯\Ô�/¼}µWºZ¯\©q·»©4µ\µ¤(È�ºbª8±²µ\µ\¸S© Ó °\¨�©F¯J©A½�¯\©4µ\©4ª�°�ºZÅ�·²©F®yºZ·²¸S©4µ¸Sµ\¸�ºb·²·»ÆqµG½oºbªLº¤¨k¸S³(©&±»ª�°J©@¯G®yºb·PÂ�¾q¸S«�¨l·ÉºZ¯J³(©@¯$°J¨�ºbª�ÈÉy¯v±»ª�°J©4³y¯Jºb·_°dÆ�½+©4µ4ÁÐ<È3ÆN(¸�½S¯J±²ª�°�°J¨S©�·ÉºZ¯J³(©4µU°
double

®bºb·²¸S©¤(ªtÆN(¸_¯�½�·Éºs°JÈÉy¯J¾ ®�±Éº�°J¨S©¤©AÄ�½S¯J©@µ\µ\±²(ª
std:: numeric_limits <double >::max()ÆN(¸n¾c±»³(¨�°�ÈÉy¯�©AÄSºZ¾�½o·»©�³(©@°W°J¨S©�(¸_°\½�¸_°

1.79769e+308
Á ��©4«6ºZ·²·	°J¨�ºZ°W°J¨S±²µ�¾c©6ºbªSµ

1.79769
�

10308
Â�º�½S¯J©@°G°dÆO·Éºs¯J³(©�ª�¸S¾qÅ+©A¯6Á

�Õ©A°�¸Sµ�ºZ½S½S¯JNºb«�¨i°J¨S©`±²µGµ\¸S©�(ÈQ¨S(·²©4µ�¼&±»°J¨ ºq®N©@¯\ÆiµG±²¾�½�·²©�½�¯\(³y¯�ºb¾ °\¨oºs°�ºbµGÃkµ&°J¨S©`¸Sµ\©A¯}°J
±²ª_½�¸_°�°�¼;}Ô�NºZ°J±²ªS³�½3(±²ª�°�ªk¸S¾qÅ3©@¯Jµ�=NM	D�°J¨S©4±a¯	´S±»Í3©A¯J©4ªS«4©yÁÊÇ;¨S©"½�¯\(³y¯�ºb¾j°\¨�©@ªq«�¨S©4«JÃ�µQ¼&¨�©A°J¨S©@¯
°J¨S±²µ;±²µ�±²ªS´S©4©4´t°J¨S©¤«4y¯\¯J©@«@°}´S±»Í-©@¯J©4ªS«4©yÁ 	Q¯J(³y¯�ºb¾ÒÙ(Ù¤½3©@¯JÈÉy¯J¾cµv°J¨S±²µ;°�ºbµGÃ-Á
�

// Program: diff.C
�

// Check subtraction of two floating point numbers
	



#include <iostream >

�

�
int main()


{

�
// Input

�
float n1;

���
std::cout << "First number =? ";

���
std::cin >> n1;

���

��	
float n2;

��

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

���
std::cin >> n2;

���

� 
float d;

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

���
std::cin >> d;

���

� �
// Computation and output

���
std::cout << "Computed difference - input difference = "

��	
<< n1 - n2 - d << ".\n";

� 

return 0;

���
}

Program 11:
pr,47@TN>��QDN: � x �
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���	��������
������������ �"!$#&% Ù6Ú��
�&©@¯J©Y±²µ�ºbª�©AÄ_ºb¾�½�·²©c¯J¸Sª¬µ\¨Ss¼&±²ªS³H°J¨�ºZ°q°J¨S©Yºb¸_°J¨Sy¯Jµlºs¯J©iºZÅ�·²©c°Jn«4y¯\¯J©4«A°J·»Æ�µ\¸_ÅS°\¯�ºb«@°

1È²¯J(¾
1.5
Á

First number =? 1.5

Second number =? 1.0

Their difference =? 0.5

Computed difference - input difference = 0.

��¸_°�°\¨�©�ºb¸_°J¨Sy¯Jµ�«6ºbª ºs½�½oºZ¯\©4ª�°J·aÆ MQ7N.&«4y¯\¯\©4«@°J·»ÆOµ\¸_ÅS°\¯�ºZ«@°
1
È²¯J(¾

1.1 Ó
First number =? 1.1

Second number =? 1.0

Their difference =? 0.1

Computed difference - input difference = 2.23517e-08.§[¨�ºZ°�±²µ;³((±²ªS³F(ªt¨S©@¯J©��)�}È²°J©A¯�´S(¸_Å�·²©�«�¨S©4«JÃ�±²ªS³l(¸_¯�¾c©4ª�°�ºb·3ºs¯J±»°J¨S¾c©@°J±»«yÂ�¼;©W¾q¸SµG°;«4(ªS«4·²¸S´S©
°J¨�ºZ°�±a°���µ&°\¨�© KA7(5�pr*3.\2@, ºbªS´Hª�y°}¸�µ�¼&¨�c«4ºbªSª�y°W«@y¯\¯J©4«@°\·»Æ µ\¸_ÅS°\¯�ºb«A°6ÁWÇ�L¸Sª�´S©@¯\µG°�ºbªS´E¼}¨�ÆNÂ
¼;©¤¨oº4®N©¤°J�°�ºsÃN©`º�µ\(¾c©@¼&¨oºs°;«4·²(µ\©@¯�·²�yÃOºZ°�Ô�NºZ°\±²ªS³�½3(±²ª�°�ªk¸S¾�Å+©@¯Jµ;±²ªY³(©4ªS©@¯�ºb·PÁ

2.5.5 Floating point number systems
�¬uvM+:<.\2��`7b=�.<:^M3T�p37(:PMr.�M+*o58�@24,c>@R�>4.\245 ±²µ�ºF×�ª�±a°J©�µ\¸_Å�µ\©@°�(È &�Â�´S©@×�ªS©4´OÅkÆOÈÉ(¸_¯&ª�¸�¾�Å+©@¯\µ
2 � β Þ $ÑØP°\¨�©E�@=�>b2(ÛAÂ

1 � p Þ $ÑØP°J¨S©�pr,42@K4:P>@:G7(MÊÛAÂ
e ���	� Þ "�ØP°\¨�©O>@5H=�BPBC26>4.�2��/p+7(MQ24Mr.�Û

ºbªS´
e ��
�� Þ " ØP°J¨S©�BÉ=N,GT_24>4.�2��/p+7(MQ2@Mr.�ÛAÁ
Ç�¨S©�µG©@°�

(β, p, e ���	� , e ��
�� ) (È�¯\©6ºb·�ª�¸S¾qÅ+©A¯Jµ�¯J©A½�¯\©4µ\©4ª�°J©4´ ÅkÆY°J¨S±²µ�µUÆ�µG°J©@¾ «4(ªSµ\±²µG°\µ&(ÈÊºb·²·Ô�NºZ°J±²ªS³F½+(±²ª�°�ªk¸S¾qÅ3©@¯Jµ;(È�°J¨S©¤ÈÉy¯J¾

s
� p−1∑

i=0

diβ
−i �

βe,

¼}¨S©@¯\©
s Þ {−1, 1}

Â
di Þ {0, . . . , β − 1}

ÈÉy¯&ºb·²·
i
Â�ºbªS´

e Þ {e ���	� , . . . , e ��
�� } ÁÇ�¨S©¤ªk¸S¾�Å+©@¯
s
±»µ�°J¨S©�>@:mT(MrÂ�°J¨S©�µG© �k¸S©4ªS«4©

d0d1 . . . dp−1

±²µ;«6ºZ·²·²©4´L°J¨S©�>A:^T(M+: u�KA=NM	D����@ÂSºbªS´
°J¨S©¤ªk¸S¾qÅ3©@¯

e
±²µ;°J¨S©L2��/p+7(MQ24Mr.1Á

§X©¤°dÆ�½�±²«6ºb·²·aÆ�¼&¯J±a°J©¤º�Ô�NºZ°J±»ª�³F½+(±»ª�°�ªk¸S¾�Å+©@¯�±²ªY°\¨�©¤ÈÉy¯J¾
�

d0.d1 . . . dp−1

�
βe.

¹_y¯q©AÄSºb¾�½�·²©bÂ	¸Sµ\±²ªS³ Å-ºZµ\©
β = 10

ÂQ°J¨S©Lªk¸S¾qÅ3©@¯
0.1
«6ºZª�Å+©c¼�¯J±»°\°J©@ªeºZµ

1.0
�
10−1

Â$ºbªS´eºbµ
0.1

�
100
Â
0.01

�
101
ºbªS´i±²ªY¾Lºbª�ÆLy°J¨S©@¯�¼�º4Æ�µ4Á

Ç�¨S©c¯J©@½S¯J©@µ\©4ª�°JºZ°J±²(ª�(È�ºiªk¸S¾qÅ3©@¯FÅ+©4«4(¾c©@µ�¸Sª�± �k¸S©�¼}¨S©4ª]¼;©�¯J©4µG°G¯J±²«@°�(¸_¯Jµ\©@·»®N©4µF°J °J¨S©
µ\©@°���

(β, p, e ���	� , e ��
�� ) (ÈMQ7(,65H=�B�:���2ADYª�¸�¾�Å+©@¯\µ4Â�±<Á ©yÁk°J¨S©W(ªS©4µv¼}±»°J¨ d0 �= 0
ÁÇ�¨S©W´Ss¼&ªSµ\±²´S©

(Èv°J¨S±²µ`±»µ`°J¨�ºZ°`¼;©c·»(µ\©�µ\(¾c©�ªk¸S¾qÅ3©@¯Jµ�Ø<±»ªX½-ºs¯\°J±²«4¸S·Éºs¯�°J¨S©�ª�¸S¾qÅ+©A¯
0
Â	Å�¸_°F·²©@°���µ`ªSy°�¼;y¯G¯\Æ

ºZÅ+(¸_°�°\¨�±»µFª�/¼WÛ�Á��ty¯J©c½S¯J©4«@±²µ\©4·»ÆNÂQªSy¯J¾LºZ·²±²Ö6ºZ°\±²(ªn·²(µG©4µ�©AÄSºb«A°J·»ÆX°J¨S©Lªk¸S¾�Å+©@¯Jµ`(È&ºZÅ�µ\(·»¸S°\©
®bºb·²¸S©�µG¾Lºb·²·²©@¯�°J¨�ºbª

βe ���  Ø<µ\©4©�ºb·²µG �	Ä_©@¯J«@±²µ\© ��!NÛ�Á
"�#%$'&)(+*-,/.102.4365/798+$'*-.1&�:;:�.10�<=79>@?BADCFEHGJI1I'A



Ù6Ú ! ��� �����	!#����¬�$
q�	�����}�Q��
��}%
¹_y¯�º�×_Ä_©4´ ©AÄk½+(ªS©4ª�°

e
Â�°J¨S©�µ\¾Lºb·²·²©@µG°"½+(µ\±a°J±»®N©WªSy¯J¾Lºb·²±²Ö@©4´Lªk¸S¾qÅ3©@¯�±²µ

1.0 . . . 0
�
βe = βe,

¼}¨S±²·»©}°J¨S©�·Éºs¯J³(©4µG°�(ªS©�±²µ � �
(β − 1).(β − 1) . . . (β − 1)

�
βe =

p−1∑

i=0

(β − 1)β−i �
βe =

�
1 −

�
1

β � p � βe+1 < βe+1.

Ç;¨�±»µ�¾c©6ºZª�µv°J¨�ºZ°;°J¨S©¤ªSy¯J¾Lºb·²±²Ö@©4´Lªk¸S¾qÅ3©@¯Jµ�ºZ¯J©tÌGµ\y¯\°J©4´YÅkÆO©AÄ�½3(ª�©@ª�°JÎ_Á
�t(µG°}Ô�NºZ°J±»ª�³q½+(±²ª�°&ª�¸�¾�Å+©@¯&µGÆ�µU°J©4¾cµ&¸Sµ\©@´8±²ªi½S¯�ºZ«@°J±²«4©`ºZ¯J©Y�4:PM	=N,6R�Â-¾c©6ºbªS±²ªS³�°J¨�ºZ°&°\¨�©AÆ

¨�º4®N©lÅoºbµ\©
β = 2

Á�Ð<ª]ºOÅ�±²ª�ºZ¯\ÆHµGÆkµG°J©4¾ Âr°J¨S©l´S©4«4±»¾Lºb·Qªk¸S¾�Å+©@¯Jµ
1.1
ºbªS´

0.1
ºZ¯J©lªSy°¤¯J©@½S¯J©�-

µ\©4ª�°�ºZÅ�·²©yÂNºZµ	¼;©�¼}±²·»·kµ\©4©vªS©AÄk°��N«4(ªSµ\© ��¸�©@ª�°J·»ÆNÂ(©A¯\¯Jy¯JµºZ¯J©�¾Lºb´S©"±²ª�«4(ª�®N©A¯\°J±²ªS³}°J¨S©4¾ °J}Ô�NºZ°\±²ªS³
½+(±²ª�°�ªk¸S¾qÅ3©@¯Jµ4ÂSºbªS´t°\¨�±»µ�©�Ä�½�·Éºb±²ªSµv°J¨S©¤µG°\¯�ºbªS³(©WÅ+©4¨�º4®�±²y¯�(È�	Q¯J(³y¯�ºZ¾�Ù(ÙyÁ

Computing the floating point representation.
Ð<ªYy¯\´�©A¯�°\F«4(ª�®N©@¯G°&º�³(±a®N©4ªO½3(µ\±»°J±»®N© ��� ´�©@«4±²¾Lºb·

ªk¸S¾�Å+©@¯
x
±²ª�°JFº�ªSy¯J¾Lºb·²±»Ö4©4´�Å�±²ª�ºZ¯GÆlÔ�NºZ°J±²ªS³¤½+(±²ª�°"ªk¸S¾qÅ3©@¯"µGÆkµG°J©4¾ ��

(2, p, e �;� � , e ��
�� ) Âk¼;©×S¯JµG°�«4(¾�½�¸_°J©W±»°Jµ��6:PM	=N,6R¢2��/p3=NMr>@:U7(M

x =

∞∑

i=−∞
bi2

i, bi Þ {0, 1}
ÈÉy¯}ºb·»·

i.

Ç;¨�±»µ$±²µµ\±²¾c±»·ÉºZ¯	°J¤°J¨S©�Å�±²ª�ºZ¯GÆ�©�Ä�½oºbªSµ\±²(ª�(È+º¤ª�ºZ°\¸S¯Jºb·Sªk¸S¾qÅ3©@¯$ºbµ�´S±²µ\«@¸�µGµ\©4´c±²ª�¿k©4«@°J±²(ªOÀkÁ¦ÀkÁ	��Á
Ç;¨�©Y(ªS·»Æ]´S±»Í3©@¯\©4ªS«4©t±²µ�°J¨�ºZ°�¼;©t¨�º4®N©Y°\Xºb·²·»s¼�ºZ·²·vªS©4³NºZ°J±»®N©L½+/¼;©@¯Jµq(È

2
Â"µG±²ªS«4©

x
«6ºZª�Å+©

ºZ¯\Å�±»°G¯�ºZ¯J±²·aÆ�«4·²(µG©¤°J
0
Á$Ç�¨S©WÅo±»ªoºs¯\ÆL©AÄ�½oºbªSµ\±»(ªi(È

1.25
ÈÉy¯&©AÄSºZ¾�½o·»©�±²µ

1.25 = 1
�
2−2 + 1

�
20.

§X©"°J¨S©4ªq´S©@°J©@¯\¾c±²ªS©°J¨S©vµ\¾LºZ·²·²©4µG°�ºbªS´�·ÉºZ¯J³(©@µG°	®bºb·²¸S©4µ	(È
i
Â
i
ºbªS´

i
Â(ÈÉy¯Q¼&¨S±²«�¨

bi

±»µ	ªS(ª�Ö@©@¯J
Ø<ªSy°J©�°J¨�ºZ°

i
¾Lº4Æ�Å3©

−∞ ÂkÅ�¸_° i
±²µ×�ª�±a°J©&µ\±»ª�«@©

x
±²µ$×�ªS±»°J©/Û�ÁÊÇ�¨S©}ª�¸�¾�Å+©@¯

i− i+ 1 Þ $�

{∞}±²µ;°J¨S©�ª�¸S¾qÅ+©A¯�(È$>@:^TyM+:�u�KA=NMr.¤DN:^T(:P.1>q(È

x
Á

§[±»°J¨
di := bi−i

Â_¼;©¤³(©@°
d0 �= 0

ºbªS´

x =

i∑

i=i

bi2
i =

i−i∑

i=0

bi−i2
i−i =

i−i∑

i=0

di2
−i �

2i.

Ç�¨S±²µ�±²¾�½�·²±²©@µ$°J¨�ºZ°
x Þ  �

(2, p, e �;� � , e ��
�� ) ±²È�ºbªS´t(ªS·»ÆL±²È i − i < p
ºbªS´

e ���	�B� i � e ��
�� Á
� �k¸S±»®bºb·²©4ª�°J·»ÆNÂ�±²È`°\¨�©8Åo±»ªoºs¯\Æ�©�Ä�½oºbªSµ\±²(ª�(È

x
¨�ºbµ ºZ°t¾c(µG°

p
µ\±²³(ªS±»×�«6ºbª�°t´S±²³(±a°Jµ4ÂWºbªS´£°J¨S©

©AÄk½+(ªS©4ª�°�(È�°J¨S©¤ª�y¯\¾Lºb·²±²Ö4©@´L¯\©@½S¯J©4µ\©4ª�°�ºZ°J±»(ªi±²µv¼}±»°\¨�±»ªO°J¨S©�ºb·²·²/¼�ºZÅ�·²©&¯JºbªS³(©yÁ
Ð<ªi«4(¾�½�¸_°J±²ªS³�°J¨S©WÅo±»ªoºs¯\ÆL©AÄ�½oºbªSµ\±»(ªt(È

x > 0
Â_·²©@°�¸Sµ&ºZµ\µ\¸S¾c©WÈÉy¯&µ\±»¾�½o·»±²«4±»°�Æq°J¨�ºZ°

x < 2
Á

Ç;¨�±»µ$±²µÊµ\¸ *l«4±²©4ª�°�°J¤©AÄ�½�·ÉºZ±²ª�°J¨S©�±²µ\µ\¸S©;¼}±»°\¨�°J¨S©�´�©@«4±²¾Lºb·�ª�¸S¾qÅ+©A¯Jµ
1.1
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x Ó ¼&¯\±»°J±²ªS³ x = y + 2k
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k Þ N
ºbªS´

y < 2
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i = b0 +

−1∑
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1
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x
Á�Ð<È

x
�

1
Â3°J¨S©F¾c(µG°�µG±²³(ªS±»×�«6ºbª�°&´S±²³(±»°

b0

±²µ
1
Â+y°J¨S©@¯\¼}±»µ\©�±»°W±²µ

0
Á¤Ç;¨S©qy°\¨�©A¯W´�±»³(±»°Jµ

bi

Â
i � −1

Â
«6ºbªtµ\¸_ÅoµG© �k¸S©4ª�°J·»ÆOÅ+©�©�Ä�°\¯�ºZ«@°J©4´tÅ�ÆYºZ½S½o·aÆ�±²ªS³F°J¨S©`µJºZ¾c©W°\©4«�¨�ªS± ��¸S©¤°J

x � = 2(x − b0)
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x = 1.1
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1.1 → b0 = 1

2(1.1 − 1) = 2
�
0.1 = 0.2 → b−1 = 0

2(0.2 − 0) = 2
�
0.2 = 0.4 → b−2 = 0

2(0.4 − 0) = 2
�
0.4 = 0.8 → b−3 = 0

2(0.8 − 0) = 2
�
0.8 = 1.6 → b−4 = 1

2(1.6 − 1) = 2
�
0.6 = 1.2 → b−5 = 1

2(1.2 − 1) = 2
�
0.2 = 0.4 → b−6 = 0
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The Excel 2007 bug.
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58=SK40�:PMQ2�2GpÕ>@:PBm7(MrÂ(±²µ	°\¨�©},@26BC=�.<:^?�2q24,6,47(,F¾Lºb´S©"±»ª�ºs½�½S¯J6Ä_±»¾LºZ°J±²ªS³
x
¼}±»°\¨q±a°Jµ	ªS©6ºZ¯J©@µG°ÊÔoNºs°J±²ªS³

½+(±²ª�°�ªk¸S¾qÅ3©@¯
x̂
Á

Ç�¨S©�½S¯J©@®k±²(¸Sµ�±²ªS© ��¸oºZ·²±»°�Æ8ºb·²µ\ ¨S(·²´Sµ�ÈÉy¯�ªS©4³NºZ°\±»®N©
x
ºbªS´¢°J¨S©4±»¯F«4y¯G¯J©4µG½+(ªS´S±²ªS³iÅ+©4µU°�ºZ½ -

½S¯J6Ä_±²¾LºZ°\±²(ª
x̂
ÂSµ\q°J¨�ºZ°;¼;©`³(©@°�°J¨S©¤³(©4ªS©@¯�ºb·Q,426BÉ=�.<:P?k2i24,6,47(,LÈÉy¯J¾q¸S·Éº

|x − x̂|

|x|
� 2−p, x �= 0.

Ç�¨S±²µO¾c©6ºbªSµ�°J¨�ºZ°L°J¨S©H´S±²µG°�ºbªS«4©H(È
x
°J�±»°\µOªS©6ºs¯J©4µG°OÔ�NºZ°J±²ªS³¢½+(±²ª�°Yª�¸S¾qÅ+©A¯L±²µY±»ª °J¨S©

¼;y¯JµG°l«6ºbµ\©i½S¯Jy½3y¯\°J±²(ª�ºb·v°Jn°\¨�©tµ\±²Ö4©i(È
x
Á Ç�¨S±²µ�±²µlÅ+©@«6ºb¸Sµ\©t°J¨S©tÔ�NºZ°\±²ªS³H½+(±»ª�°�ª�¸S¾qÅ+©A¯Jµ

ºZ¯J©YªSy°l© ��¸�ºb·²·»Æ�µG½oºb«4©@´hºb·²(ªS³H°\¨�©O¯J©6ºb·�·²±²ªS©yÁ�¶;·»(µ\©O°\
0
Â�°J¨S©4±a¯l´S©4ªSµ\±»°�Æ�±²µ�¨�±»³(¨ÕÂÅ�¸S°q°J¨S©

¾cy¯J©�¼;©q³(tº4¼�º4ÆHÈ²¯J(¾
0
Âr°J¨S©qµU½-ºs¯Jµ\©@¯�°J¨S©@Æ Å+©4«4(¾c©bÁ �}µ¤ºOµ\±»¾�½o·»©�©AÄSºZ¾�½o·»©yÂ+«4(ªSµ\±²´S©@¯W°J¨S©

ªSy¯J¾Lºb·²±»Ö4©4´�ÔoNºs°J±²ªS³�½+(±²ª�°ª�¸�¾�Å+©@¯$µGÆkµG°J©4¾
F
�
(2, 3, −2, 2)

Á�Ç;¨S©&µ\¾LºZ·²·²©4µG°Q½3(µ\±»°J±»®N©;ª�¸�¾�Å+©@¯±²µ
1.00

�
2−2 = 1/4

ÂNºbªS´�°\¨�©;·Éºs¯J³(©4µG°Ê(ªS©;±²µ
1.11

�
22 = 7

Ø^¯J©4«6ºb·»·k°J¨�ºZ°Q°J¨S©;´S±²³(±»°JµQºs¯J©vÅo±»ªoºs¯\ÆSÛAÁ	Ç�¨S©
´S±²µG°\¯\±»Å�¸S°\±²(ªn(È;ºb·»·½+(µG±»°J±»®N©�ªk¸S¾qÅ3©@¯Jµ`/®N©@¯�°\¨�©l±²ª�°J©A¯\®yºZ·

[1/4, 7]
±²µ`µ\¨S/¼}ª]±²ªX°J¨S©�ÈÉ(·»·²s¼&±²ªS³

½�±²«@°J¸_¯J©bÁ

0 1 2 3 4 5 6 7 8

¹�¯J(¾ °\¨�±»µ½�±²«@°\¸S¯\©yÂ�±a°$±»µ$«4·»©6ºZ¯°J¨�ºZ°$°\¨�©;¯J©4·²ºZ°J±»®N©�©@¯\¯Jy¯$ÈÉy¯J¾q¸S·Éº�«6ºbªSªSy°$¨S(·²´lÈÉy¯�®N©@¯\Æ�·ÉºZ¯\³(©
x
Á ��¸_°�ºb·»µ\�±²È

x
±²µ"®N©@¯\ÆO«4·²(µG©}°J�Ö4©@¯J_Â_°J¨S©}¯J©4·²ºZ°J±»®N©�©@¯G¯Jy¯�ÈÉy¯J¾�¸S·Éº�¾Lº6ÆlÈCºb±²·<ÁÊÐ<ªYÈCºb«@°6Â�°J¨S©@¯J©W±²µ

ºLµ\¸_ÅoµU°�ºbª�°\±Éºb·	³NºZ½nÅ+©@°�¼;©4©4ª
0
ºbªS´n°\¨�©qµ\¾Lºb·»·²©4µG°}½3(µ\±»°J±»®N©FªSy¯J¾LºZ·²±²Ö4©4´Eª�¸�¾�Å+©@¯4Á�(�¸S¾qÅ+©A¯Jµ

x±²ªc°J¨�ºZ°v³Nºs½tºs¯J©}ªSy°;ªS©4«4©4µ\µ\ºZ¯J±²·»Æ�ºZ½S½S¯J/Ä�±²¾LºZÅ�·²©vÅkÆ�ª�y¯\¾Lºb·²±²Ö4©@´lÔ�NºZ°J±²ªS³`½+(±»ª�°"ª�¸S¾qÅ+©A¯Jµ�¼}±a°J¨
¯J©4·²ºZ°J±»®N©W©@¯\¯\y¯}ºZ°�¾c(µG°

2−p
Á

§[¨�©A¯J©�±²µ�°J¨S©}¾c±»µG°�ºZÃN©�±²ªc(¸_¯v«6ºb·»«4¸S·ÉºZ°J±²(ªSµ4Ây°\¨�©@ª;� Ç;¨S©@¯J©}±²µ�ª�`¾c±²µG°�ºZÃN©bÂ�Å�¸_°"°J¨S©&«4ºb·²«4¸S·Éº�-
°J±²(ªSµ�ºZ¯J©¤(ªS·»ÆOºZ½S½�·²±²«6ºsÅo·»©}±²Èg°\¨�©WÔ�NºZ°J±²ªS³F½+(±²ª�°;ªk¸S¾�Å+©@¯

x̂
ªS©6ºZ¯J©@µG°�°\

x
:P>F±²ªtÈCºb«A°�º�Ô�NºZ°J±²ªS³

½+(±²ª�°&ª�¸S¾qÅ+©A¯&±²ªY°J¨S©`µGÆkµG°J©4¾ ¼;©�«4(ªSµ\±²´S©@¯6Â�±<Á ©yÁ"±²È	±a°&¨�ºbµ�±»°Jµ�©AÄ�½+(ªS©4ª�°�±²ªt°\¨�©`ºb·²·²/¼;©4´O¯�ºbªS³(©
{e ���	� , . . . , e ��
�� } ÁÇ;¨�±»µ�ÈCºb±»·²µ;±²È x̂ ±²µv°J�l·Éºs¯J³(©Wy¯�°J��µG¾Lºb·²·<Á

Arithmetic operations.
	�©@¯JÈÉy¯J¾c±»ª�³�ºb´S´S±»°J±»(ªÕÂ@µ\¸_Å�°G¯�ºb«@°J±»(ªÕÂ/¾q¸S·»°J±»½�·²±²«4ºZ°J±²(ªrÂ�ºbªS´�´S±»®k±²µ\±²(ª�¼&±»°J¨

Ô�NºZ°J±²ªS³q½+(±²ª�°&ªk¸S¾�Å+©@¯Jµ�±²µ&©6ºZµGÆ ±²ªi°J¨S©4y¯GÆ Ó ºbµ}°J¨S©4µG©FºZ¯J©`¯\©6ºb·�ª�¸S¾qÅ+©A¯Jµ4Âo¼;©`µ\±²¾�½�·»Æc½+©@¯\ÈÉy¯J¾°J¨S©;ºZ¯J±a°J¨S¾c©@°J±²«y½+©@¯�ºs°J±²(ªSµ	/®N©@¯Ê°J¨S©vµ\©@°�&�(È_¯J©6ºZ·_ªk¸S¾qÅ3©@¯Jµ �(±²È_°J¨S©"¯J©@µ\¸S·»°Ê±²µ	ªSy°Q¯J©@½S¯J©@µ\©4ª�°JºZÅ�·²©
±²ªc(¸_¯"Ô�NºZ°J±»ª�³¤½+(±²ª�°�ª�¸�¾�Å+©@¯�µGÆ�µU°J©4¾ Â�¼;©}ºZ½S½o·aÆlµ\(¾c©�¯J(¸SªS´�±»ª�³¤¯J¸S·²©�Ø<µG¸�«�¨Oºbµ"«�¨Sk(µG±²ªS³`°J¨S©
ªS©6ºZ¯J©@µG°�¯\©@½S¯J©4µ\©4ª�°�ºZÅ�·²©¤ÔoNºs°J±²ªS³F½+(±²ª�°�ª�¸�¾�Å+©@¯�ÛAÁ



Ù(Ù6Ú ��� �����	!#����¬�$
q�	�����}�Q��
��}%
Ð<ªO½S¯�ºZ«@°J±²«4©bÂkÔ�NºZ°J±²ªS³`½+(±»ª�°vª�¸�¾�Å+©@¯vºZ¯J±»°J¨S¾c©@°\±²«�±»µvª�y°;¾cy¯\©}´S± *�«4¸S·»°�°J¨�ºbªL±²ª�°J©@³(©@¯�ºZ¯J±»°\¨ -

¾c©@°J±»«yÁ �r©@°�¸Sµ�±²·»·²¸SµG°\¯�ºZ°\©W°\¨�±»µ&¼}±»°\¨EºbªE©AÄSºb¾�½�·²©bÁ}¿k¸_½S½+(µ\©`°\¨oºs°
p = 4

Â3ºbªS´ °J¨�ºZ°}¼;©�¨�º4®N©�º
Å�±²ª�ºZ¯\ÆLµGÆkµG°J©4¾ ��¼;©¤¼�ºbª�°;°Jq½+©@¯JÈÉy¯\¾ °J¨S©�ºb´S´S±»°J±²(ª

1.111
�
2−2

+ 1.011
�
2−1 .

Ç;¨�©}×S¯JµU°;µG°J©@½Y±²µ�°Ji=�B�:^T(M¢°\¨�©}°�¼;�ªk¸S¾�Å+©@¯Jµ�µ\¸S«�¨L°J¨�ºZ°"°\¨�©AÆc¨�º6®N©�°J¨S©�µJºZ¾c©&©AÄk½+(ªS©4ª�°6Á$Ç;¨�±»µ
¾c©6ºbªSµv°JXÌG´�©@ª�y¯\¾Lºb·²±²Ö4©@ÎF(ª�©¤(È�°J¨S©W°�¼;�ª�¸�¾�Å+©@¯\µ4Â_©yÁ�³_ÁÊ°J¨S©¤µ\©4«4(ªS´ (ªS© Ó

1.111
�
2−2

+ 10.110
�
2−2 .

(�/¼ ¼;© «6ºZª µ\±»¾�½o·aÆ�ºZ´�´[¸_½h°J¨S©i°d¼;]µ\±»³(ª�±a×o«4ºbªS´�µ@Â��U¸SµG°L·»±»ÃN©t¼;©Eºb´S´h±²ª�°\©4³(©@¯Jµc±²ª¬Å�±²ª�ºZ¯\Æ
¯J©@½S¯J©@µ\©4ª�°JºZ°J±²(ªrÁÇ�¨S©¤¯J©4µ\¸S·»°�±²µ

100.101
�
2−2.

¹�±²ª�ºb·»·»ÆNÂ�¼;©¤¯J©4ªSy¯J¾Lºb·²±»Ö4©�ºbªS´iyÅS°�ºb±»ª
1.00101

�
20.

§X©�ªSs¼h¯J©4ºb·²±²Ö4©v°J¨�ºZ°°J¨S±²µÊ©AÄ_ºb«@°¯J©4µ\¸S·»°$±²µª�y°Ê¯J©A½�¯\©4µ\©4ª�°�ºZÅ�·²©�¼&±»°J¨
p = 4

µG±²³(ªS±»×�«6ºbª�°Ê´S±²³(±a°Jµ4Â(µ\
¼;©`¨�º4®N©`°Jq¯J(¸SªS´ÕÁ"Ð<ªi°J¨S±²µ�«4ºbµ\©yÂS°J¨S©`ªS©6ºZ¯\©4µG°&¯\©@½S¯J©4µ\©4ª�°�ºZÅ�·²©�ª�¸S¾qÅ+©A¯�±»µ&yÅS°�ºb±²ªS©4´OÅkÆtµ\±²¾�½�·»Æ
´_¯Jy½S½�±²ªS³q°J¨S©¤·ÉºbµG°;°�¼;l´S±²³(±a°Jµ Ó

1.001
�
20.

2.5.6 The IEEE standard 754

Value range.
Ç�¨S©�¶�Ï¤Ï µG°JºbªS´oºs¯J´i´Sk©4µ�ªSy°&½S¯J©4µ\«A¯J±»Å+©¤°J¨S©�®bºb·²¸S©�¯�ºZª�³(©�(È	°J¨S©�°�Æk½3©4µ

floatºbªS´
double

ÁlÐP°`(ªS·»ÆEµU°J±»½�¸S·ÉºZ°J©4µ�°J¨�ºZ°W°J¨S©q®yºb·»¸�©�¯�ºbªS³(©q(È
float

±²µ¤«4(ª�°�ºZ±²ªS©4´X±²ªH°J¨S©q®bºb·²¸S©
¯�ºbªS³(©¤(È

double
µ\¸S«�¨i°\¨oºs°&º

float
®yºb·»¸�©¤«6ºbªYÅ+©¤½S¯J(¾cy°\©4´O°\�º

double
®bºb·²¸S©yÁ

Ð<ªX½S¯�ºb«@°J±»«4©yÂ�¾c(µU°�½�·ÉºZ°\ÈÉy¯J¾cµWµ\¸_½�½3y¯\°�ØP®bºZ¯J±²ºbª�°Jµ¤(ÈGÛW°J¨S©tz�������>4.G=NM	D_=N,AD �N� ��ÈÉy¯�¯\©@½ -¯J©4µG©4ª�°J±»ª�³iºbªS´¢«4(¾�½�¸S°\±²ªS³L¼&±»°J¨nÔ�NºZ°\±²ªS³O½+(±»ª�°¤ªk¸S¾�Å+©@¯Jµ4Á �&ªS´�©A¯`°J¨S±²µ�µG°�ºbªS´�ºZ¯J´rÂr°J¨S©�®bºb·²¸S©
¯�ºbªS³(©¤(Èg°J¨S©¤°dÆ�½+©

float
±»µ�°J¨S©¤µ\©@°

F
�
(2, 24, −126, 127)

(ÈÊ>@:PM3T(Bm2�pr,42AK4:<>@:U7(M�ª�y¯\¾Lºb·²±²Ö4©@´lÔ�NºZ°J±²ªS³`½+(±»ª�°vª�¸�¾�Å+©@¯\µ4Â�½�·²¸Sµvµ\(¾c©}µU½+©4«4±ÉºZ·3ªk¸S¾�Å+©@¯Jµ}ØP«4(ª.-
®N©4ªS±²©4ª�°J·»ÆNÂ

0
±²µ�(ª�©¤(Èg°\¨�©@µ\©`µG½3©4«4±Éºb·rª�¸�¾�Å+©@¯\µ�ÛAÁÇ�¨S©W®yºZ·²¸S©¤¯�ºZª�³(©¤(È

double
±²µ;°J¨S©�µ\©A°

F
�
(2, 53, −1022, 1023)

(È	DS7(*g�/BC2"pr,42AK4:<>@:U7(MHª�y¯\¾Lºb·²±²Ö4©@´`Ô�NºZ°J±²ªS³&½+(±»ª�°	ª�¸S¾qÅ+©A¯Jµ4ÂNºb³Nºb±»ª�¼}±»°J¨FµG(¾c©"µG½+©4«@±Éºb·�ª�¸�¾�Å+©@¯\µ
ºb´S´S©4´rÂS±²ªS«4·²¸S´S±²ªS³

0
Á
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Ç�¨S©4µG©&½oºZ¯�ºb¾c©@°\©@¯JµÊ¾Lº4Æ�µ\©4©4¾ µ\(¾c©@¼}¨�ºZ°ºs¯\Å�±»°\¯�ºZ¯GÆqºZ°$×S¯JµU°6Â(Åo¸_°°J¨S©@ÆlºZ¯J©�¾cy°J±»®bºZ°J©4´qÅkÆ�º

«4(¾c¾c(ªq¾c©4¾cy¯\ÆF·²º6ÆN(¸_°±²ªl¼&¨S±²«�¨
32
Å�±»°\µÈÉy¯\¾ ºW¾c©4¾cy¯\ÆF«4©@·²·<ÁÊÐ<ªS´S©4©4´rÂ

32
Å�±»°Jµ(È3¾c©4¾cy¯\Æ

ºZ¯J©`¸�µG©4´H°\l¯J©@½S¯J©4µG©4ª�°¤ºlµG±²ªS³(·²©�½S¯J©4«@±²µ\±²(ª ª�¸�¾�Å+©@¯4Á&Ç;¨S©�µ\±²³(ªS±»×�«6ºbªS´t¯\© �k¸S±»¯J©@µ¤ÀyÝ�Å�±»°Jµ ��¯J©4«6ºb·»·
°J¨�ºZ°�±²ªFº�ªSy¯J¾LºZ·²±²Ö4©4´¤Å�±²ª�ºZ¯\ÆWÔ�NºZ°J±²ªS³�½3(±²ª�°gªk¸S¾�Å+©@¯gµGÆ�µG°\©4¾ ÂZ°J¨S©×�¯\µG°Q´S±²³(±»°Õ(È�°J¨S©�µG±²³(ªS±»×�«6ºbªS´
±²µ;ºb·a¼�º6Ækµ

1
Â�¨S©4ªS«4©W±»°"ª�©@©4´tªSy°v©AÄk½�·²±²«4±»°\·»Æ�Å3©�µG°Jy¯J©4´rÁÇ;¨�©W©AÄk½+(ªS©4ª�°v¯\© �k¸S±»¯J©@µ;ºbªSy°J¨S©@¯

8
Åo±a°Jµ

ÈÉy¯�¯J©@½S¯J©4µ\©@ª�°J±²ªS³�±a°Jµ
254 = 28 − 2

½3(µ\µ\±»Å�·²©�®bºb·²¸S©4µ4Â�ºbªS´ ºbªSy°J¨S©@¯�Å�±»°�±²µ;ªS©4©4´S©4´ ÈÉy¯&°\¨�©¤µ\±²³(ªrÁ
¹_y¯�´S(¸_Å�·²©�½S¯J©4«4±»µ\±²(ªHªk¸S¾qÅ3©@¯Jµ4Â3°J¨S©�µ\±²³(ªS±»×�«6ºZª�´ ¯J©��k¸S±»¯J©4µ �(À�Å�±»°Jµ4Â3°J¨S©F©AÄk½+(ªS©4ª�°¤¨�ºbµqÙ(Ù

Å�±»°Jµ�ÈÉy¯�±»°Jµ
2046 = 211 − 2

½3(µ\µ\±»Å�·²©�®bºb·²¸S©4µ4ÂrºZª�´8(ªS©�Å�±»°W±»µ¤ªS©4©@´�©@´nÈÉy¯W°J¨S©�µ\±²³(ªrÁ�Ð<ªH°Jy°�ºb·<Â
°J¨S±²µ;³(±»®N©4µ

64
Åo±a°Jµ4Á

(�y°J©W°J¨�ºZ°�±²ªYÅ3y°J¨i«6ºbµG©4µ4Â_°�¼;l¾cy¯J©W©AÄk½+(ªS©4ª�°�®yºZ·²¸S©4µ�«@(¸�·»´tÅ+©�ºb«4«4(¾c¾c�´oºs°J©4´�¼}±a°J¨S(¸S°
±²ªS«@¯J©4ºbµ\±²ªS³�°J¨S©¤°Jy°Jºb·rªk¸S¾qÅ3©@¯�(ÈgÅ�±»°Jµ4Á$Ç;¨�©@µ\©`©AÄk°\¯�ºF®yºZ·²¸S©4µ}ºZ¯\©�±²ªYÈCºb«@°&¸�µG©4´ ÈÉy¯�¯\©@½S¯J©4µ\©4ª�°J±²ªS³
°J¨S©¤µG½+©4«4±²ºb·rªk¸S¾qÅ3©@¯Jµ;¾c©4ª�°\±²(ªS©4´tºsÅ+s®N©bÂ�±»ª�«@·²¸S´�±»ª�³

0
Á

Requirements for the arithmetic operations.
Ç�¨S©`¶�Ï¤Ï µG°�ºbªS´�ºZ¯J´O´Sk©4µ�ªSy°;½�¯\©4µ\«@¯J±aÅ+©¤°\¨�©�ºb« -

«4¸_¯�ºb«AÆ�(È-ºZ¯\±»°J¨S¾c©@°J±²«y½+©@¯JºZ°J±²(ªSµ	/®N©@¯Ê°J¨S©"°�Æk½+©4µ
float

ºbªS´
double

ÂyÅ�¸S°Q°\¨�©�Ð ��� �8µG°�ºbªS´�ºZ¯J´
Ü � �F´Sk©4µ@Á$Ç;¨S©&¯J© ��¸S±»¯J©4¾c©4ª�°Jµ"ºs¯J©�ºbµvµG°G¯J±²«@°"ºbµ�½+(µ\µG±»Å�·²© Ó °J¨S©&¯J©@µ\¸S·»°"(ÈÕºbª�Æcºb´S´S±»°J±²(ªrÂNµ\¸_ÅS°\¯�ºb«�-°J±²(ªrÂ3¾q¸S·»°J±»½�·²±»«6ºZ°J±²(ªrÂ�y¯W´S±»®k±²µ\±²(ª ±»µ}°J¨S©�¯J©@½S¯J©4µ\©@ª�°�ºZÅ�·²©F®bºb·²¸S©�MQ2A=N,@26>4.�°\L°\¨�©F°\¯\¸�©�®bºb·²¸S©yÁ�Ð<È
°J¨S©@¯J©�ºZ¯J©`°�¼;�ªS©6ºZ¯\©4µG°}®bºb·²¸S©4µ�ØP¾c©6ºbªS±²ªS³q°\¨oºs°�°J¨S©`°G¯J¸S©`®yºZ·²¸S©`±²µ}¨�ºb·»È²¼�º6ÆO±²ªiÅ3©@°�¼;©4©4ª °J¨S©4¾OÛAÂ
°J¨S©&(ªS©�°J¨�ºZ°"¨�ºbµ$·²©6ºbµG°�µ\±²³(ªS±»×�«6ºbª�°´�±»³(±»°

dp−1 = 0
±²µ$«�¨S(µ\©@ªÕÁ � ��Ç;¨�©&µJºb¾c©;¯J¸S·²©&ºs½�½�·²±»©4µ°\`°J¨S©

«4(ª�®N©@¯Jµ\±²(ªt(È	´S©4«4±²¾Lºb·o®yºb·»¸�©@µ�·²±aÃN©
1.1
°\�°J¨S©4±»¯;Å�±²ª�ºZ¯\ÆcÔ�NºZ°\±²ªS³�½3(±²ª�°;¯J©@½S¯J©@µ\©4ª�°JºZ°J±²(ªrÁ

�ty¯J©4/®N©@¯6Â_«4(¾�½oºZ¯\±²µ\(ªSµ$(È3®bºb·²¸S©4µ�¨oº4®N©}°J�Å3©}©AÄSºZ«@°v¸SªS´�©A¯;ºb·²·�¯J©4·ÉºZ°\±²(ª�ºb·Sy½+©@¯�ºZ°\y¯Jµ&Ø�¿k©@« -
°J±²(ªiÀkÁ¦Ý�Á¦À(ÛAÁ

2.5.7 Computing with floating point numbers
§X©�¨oº4®N©"µG©4©4ªF°J¨�ºZ°	ÈÉy¯Qºbª�Æ¤Ô�NºZ°J±²ªS³�½3(±²ª�°gªk¸S¾�Å+©@¯gµGÆ�µG°\©4¾ ÂZ°J¨S©@¯\©vºZ¯J©"ª�¸S¾qÅ+©A¯JµÕ°\¨oºs°	±»°�«6ºbªSªSy°
¯J©@½S¯J©@µ\©4ª�°4Â�ºbªS´]°J¨S©4µ\©OºZ¯J©LªSy°�ªS©4«4©4µGµJºZ¯J±²·aÆX®N©@¯\Æ]©AÄ�y°J±²«yÂºbµ�(¸_¯�©AÄ_ºb¾�½�·²©�¼&±»°J¨¢°J¨S©L´�©@«4±²¾Lºb·
ªk¸S¾�Å+©@¯

1.1
µ\¨S/¼}µ4Á ��ªE°J¨S©Fy°J¨S©@¯W¨�ºbªS´ÕÂ�°J¨S©�Ð � ��� µU°�ºbªS´�ºZ¯J´8Ü � �c³(¸�ºZ¯�ºbª�°J©4©4µ}°J¨�ºZ°&¼;©�¼}±²·²·

³(©@°Ê°J¨S©vªS©6ºZ¯J©@µG°Ê¯J©@½S¯J©4µ\©@ª�°�ºZÅ�·²©;ª�¸�¾�Å+©@¯4Â(ºbªS´�°J¨S©vµJºZ¾c©v¨�(·»´�µQÈÉy¯Ê°J¨S©"¯J©@µ\¸S·»°(È-ºbª�Æ�ºZ¯J±a°J¨S¾c©@°J±²«
y½+©@¯JºZ°J±²(ªrÂs¸S½�°J`ØP¯�ºZ¯J©6ÛÕ/®N©@¯�-ÕºbªS´F¸SªS´S©@¯\Ô�s¼&µ4Á��W±»®N©4ª�°J¨S±²µ4Âb(ª�©$¾c±²³(¨�°ÕÅ+©°J©4¾�½S°J©4´`°\}Å+©4·²±²©A®N©
°J¨�ºZ°�°J¨S©�¯J©4µG¸�·a°Jµ}(È	¾c(µG°�«4(¾�½�¸_°�ºZ°J±»(ª�µ;±²ª�®N(·»®�±»ª�³�Ô�NºZ°J±²ªS³q½+(±²ª�°�ªk¸S¾�Å+©@¯Jµ&ºZ¯J©�«4·²(µ\©`°\l°J¨S©
¾LºZ°J¨S©4¾Lºs°J±²«6ºb·»·»Æ�«4y¯\¯J©@«@°&¯J©@µ\¸S·»°Jµ4Â_¼}±a°J¨O¯\©4µG½+©4«A°&°Jq¯J©4·ÉºZ°\±»®N©W©@¯\¯Jy¯6Á
Ð<ªS´�©@©4´rÂZ°J¨S±²µr±²µ+°\¯J¸S©±²ª`¾LºZª�Æ�«6ºZµ\©4µ4ÁQ¹_y¯g©AÄSºZ¾�½o·»©yÂ/(¸S¯Õ±²ªS±»°\±Éºb·Z½S¯J(³y¯Jºb¾

euler.C
«4(¾�½�¸_°J©4µ

ºc½�¯\©@°\°�ÆH³(kk´nºZ½S½S¯J/Ä�±²¾LºZ°J±»(ª (È$°J¨S© �¸S·²©@¯�«4(ªSµG°�ºZª�°6Á (�©@®N©A¯\°J¨S©4·²©4µGµ4Â�µ\(¾c©�«6ºs¯J©�¨�ºbµW°JOÅ+©
°�ºZÃN©@ªc±²ª�³(©4ªS©@¯�ºZ·<ÁÊÇ�¨S©�³(Nºb·o(Èo°J¨S±²µ$µG©4«@°J±²(ªc±»µ°J�½+(±²ª�°$(¸_°�«@(¾c¾c(ªq½�±»°JÈCºZ·²·²µ4ÂNºbªS´�°J¤½S¯Js®k±²´S©
¯J©4µG¸�·a°J±²ªS³�³(¸S±²´S©4·»±²ªS©4µvÈÉy¯cÌGµ\ºbÈÉ©4Î�«4(¾�½�¸_°�ºZ°\±²(ªSµ�¼}±»°\¨YÔ�NºZ°J±²ªS³F½+(±²ª�°;ªk¸S¾�Å+©@¯Jµ4Á
§X©�µG°JºZ¯\°"¼&±»°J¨�°J¨S©&×S¯JµG°vºbªS´O¾c(µU°"±²¾�½+y¯G°�ºbª�°³(¸S±²´S©4·²±»ª�©;°J¨�ºZ°�¾Lº6Ælºb·»¯\©6ºb´_Æ�Å3©�yÅk®�±»(¸�µ°J

ÆN(¸ ºZ°�°J¨S±²µv½+(±²ª�°6Á
Floating Point Arithmetic Guideline 1:

(�©A®N©@¯}«4(¾�½oºZ¯\©W°�¼;�Ô�NºZ°J±²ªS³F½+(±²ª�°�ª�¸S¾qÅ+©A¯Jµ;ÈÉy¯
© ��¸�ºb·²±»°�ÆoÂ�±»È	ºZ°�·²©6ºZµG°&(ªS©¤(Èg°J¨S©4¾�¯J©4µG¸�·a°Jµ�È²¯\(¾ ±²ªS©AÄ_ºb«@°�Ô�NºZ°J±²ªS³F½+(±²ª�°�«@(¾�½o¸_°�ºs°J±²(ªSµJÁ

�1"�:�� 79>�7-> 	%$'*9*9. ,������ C	��
�E��
�����%C���( :�� .10�0 ( 5/& ,/79& � <�(�,/. > 	 $'& ��. .1& $ � *-.4, 7 � & .�	4. >�> $%0 � !



Ù(Ù/À ��� �����	!#����¬�$
q�	�����}�Q��
��}%
�Ê®N©@ª�®N©@¯\Æ¤µ\±²¾�½�·²©	©�Ä�½S¯J©4µ\µG±²(ªSµg±²ª�®N(·»®�±»ª�³"Ô�NºZ°\±²ªS³"½+(±²ª�°rª�¸S¾qÅ+©A¯Jµr¾Lº6Æ&Å+©Ê¾LºZ°J¨S©4¾LºZ°J±»«6ºb·²·»Æ

© ��¸�±a®yºb·»©4ª�°6Â�Åo¸_°�µG°J±»·²·o¯J©A°J¸_¯Jªt´S±»Í-©@¯J©4ª�°�®bºb·²¸S©4µ@Â_µ\±²ªS«4©W±²ª�°\©@¯J¾c©4´S±ÉºZ°\©�¯J©4µG¸�·a°Jµ;ºZ¯J©�¯J(¸SªS´S©4´rÁ$Çv¼;
µ\¸S«�¨ ©�Ä�½S¯J©4µ\µG±²(ªSµYºs¯J©

x * x - y * y
ºZª�´

(x + y) * (x - y)
Á�Ç;¨�©A¯J©4ÈÉy¯J©yÂ;°J©4µU°J±²ªS³X°J¨S©

¯J©4µG¸�·a°Jµ&(È�°�¼;qÔoNºs°J±²ªS³q½3(±²ª�°�«4(¾�½�¸_°�ºZ°J±»(ª�µvÈÉy¯&© �k¸�ºb·»±»°�ÆL¸�µG±²ªS³�°J¨S©�¯\©4·ÉºZ°J±»(ªoºZ·3y½+©@¯�ºs°Jy¯Jµ
==y¯

!=
¾LºZÃN©4µ�·²±»°\°J·»©�µ\©@ª�µG©yÁE¿k±²ªS«4©�©��k¸�ºb·²±»°�Æ8±²µ�µ\©@ª�µG±»°J±»®N©l°\i°J¨S©l°J±²ªS±²©4µU°�©@¯\¯\y¯Jµ4Â	¼;©l¼;(ª2� °`³(©@°

© ��¸oºZ·²±»°�ÆL±²ªt¾c(µU°�«4ºbµ\©4µ4Â�©@®N©4ª ±»Èg¾LºZ°\¨�©@¾LºZ°J±²«6ºZ·²·»ÆNÂy¼;©W¼;(¸�·»´ÕÁ
�¤±»®N©@ª8°J¨S©�ÈÉy¯J¾q¸�·²ºZ°J±²(ª (ÈÊ°J¨S©qºZÅ+/®N©q³(¸S±²´S©4·»±²ªS©yÂ-ÆN(¸n¾Lº4Æi¼;(ªS´S©@¯¤¨Ss¼ °JO°\©4·²·�¼&¨�©A°J¨S©@¯

ºe½oºZ¯\°\±²«4¸S·ÉºZ¯LÔ�NºZ°J±²ªS³�½+(±²ª�°Y«4(¾�½�¸_°�ºZ°J±»(ª�±²µY©AÄSºb«A° y¯ ªSy°6Á �QÄ_ºb«@°JªS©4µGµ ¸�µG¸oºZ·²·»Æ[´S©@½+©4ªS´Sµ
(ª�°J¨S©L¯J©@½S¯J©4µG©4ª�°�ºs°J±²(ª�ºZª�´�±²µ4Â$°\¨�©A¯J©4ÈÉy¯J©yÂ�¨oºs¯J´e°J8«4·Éºb±»¾ ±²ª�³(©4ªS©@¯Jºb·<Á �&/¼;©@®N©@¯6Â�°\¨�©A¯J©tºs¯J©
«4©@¯G°�ºb±²ª]y½+©@¯JºZ°J±²(ªSµ�¼&¨S±²«�¨]ºZ¯J©c©6ºbµG±²·»ÆXµG©4©4ª]°JiÅ+©c©AÄ_ºb«@°6Á ¹_y¯F±»ª�µU°�ºbªS«4©yÂQ¾q¸S·»°J±»½�·²±²«4ºZ°J±²(ªEºbªS´
´S±»®�±»µ\±²(ªtÅ�Æ ºq½3s¼;©@¯}(È	°J¨S©`Åoºbµ\©�Ø<¸Sµ\¸�ºb·»·»ÆNÂ

2
Û�´S�ªSy°}«�¨�ºbªS³(©`°J¨S©�µG±²³(ªS±»×�«6ºbªS´rÂSÅ�¸_°}(ªS·»ÆO°J¨S©

©AÄk½+(ªS©4ª�°6ÁÇ;¨k¸Sµ4Â�°J¨S©4µG©�y½+©@¯�ºZ°\±²(ªSµvºZ¯J©�©AÄ_ºb«@°6Â_¸SªS·²©4µGµ"°J¨S©@Æc·²©6ºZ´L°\�ºZªO/®N©@¯�-$y¯;¸SªS´S©@¯\Ô�s¼�±²ª
°J¨S©¤©AÄ�½+(ªS©4ª�°6Á

�ty¯J©4/®N©@¯6ÂQ±»°�±²µ�µJºbÈÉ©l°Jiºbµ\µ\¸S¾c©�°\¨oºs°�°J¨S©�·ÉºZ¯J³(©4µU°�©AÄk½+(ªS©4ª�°`±²µlØ<¾q¸S«�¨-Û�¨S±²³(¨S©@¯¤°J¨�ºbªX°J¨S©
½S¯J©4«4±»µ\±²(ª

p
Â-ºbªS´ ±²ªi°J¨S±²µ&«4ºbµ\©�¼;©�«6ºZª8ºZ·²µ\�©AÄ_ºb«@°J·aÆY¯J©A½�¯\©4µ\©4ª�°¤ºb·²·Õ±²ª�°J©@³(©@¯Jµ}(ÈÊºZÅ�µ\(·»¸S°\©�®bºb·²¸S©

µ\¾Lºb·»·²©@¯t°\¨oºZª
βp
Á�¶;(ªSµ\©��k¸S©4ª�°\·»ÆNÂ`±²ª�°J©4³(©@¯HºZ´�´S±»°\±²(ªSµ4ÂWµ\¸_Å�°G¯�ºb«@°J±»(ª�µ@Â`ºbªS´�¾�¸S·»°\±»½�·²±²«6ºZ°\±²(ªSµ

¼}±a°J¨S±²ªO°\¨�±»µ;¯JºbªS³(©`ºZ¯\©�©AÄ_ºb«@°6Á
Ç�¨S©�ª�©�Ä�°¤°d¼;Y³(¸S±²´S©4·²±²ªS©4µ¤ºZ¯J©qµ\(¾c©@¼&¨�ºZ°W·²©4µ\µ�yÅk®k±²(¸Sµ4ÂÕºbªS´n¼;©l¾cy°J±a®yºZ°\©�°J¨S©4¾ÒÅ�ÆE×�¯\µG°

µ\¨S/¼}±²ªS³&°J¨S©"¸SªS´S©@¯J·»Æk±²ªS³�½S¯JyÅ�·²©4¾ ÁgÇ;¨S¯\(¸�³(¨S(¸_°6Âs¼;©;ºbµ\µ\¸S¾c©"º�Åo±»ªoºs¯\Æ�Ô�NºZ°\±²ªS³�½+(±»ª�°	ª�¸S¾qÅ+©A¯
µGÆkµG°J©4¾ (Èg½S¯J©4«4±»µ\±²(ª

p
Á

Adding numbers of different sizes.
¿k¸_½S½+(µ\©;¼;©v¼�ºbª�°Ê°J�ºb´S´�°\¨�©v°�¼;WÔoNºs°J±²ªS³�½+(±²ª�°Êª�¸S¾qÅ+©A¯Jµ

2p
ºbªS´

1
Á§[¨�ºZ°�¼}±²·²·oÅ+©¤°\¨�©W¯J©4µG¸�·a° � �iºZ°J¨S©4¾LºZ°J±»«6ºb·²·»ÆNÂN±»°�±²µ

2p + 1 =

p∑

i=0

bi2
i,

¼}±a°J¨
(bp, bp−1, . . . , b0) = (1, 0, . . . , 0, 1)

ÁÊ¿k±»ª�«@©�°J¨S±²µÊÅ�±²ª�ºZ¯\Æq©AÄ�½oºbªSµ\±»(ª�¨�ºbµ
p+1

µG±²³(ªS±»×�«6ºbª�°
´S±²³(±»°Jµ@Â

2p + 1
±²µ�ªSy°�¯J©@½S¯J©@µ\©4ª�°JºZÅ�·²©�¼}±»°\¨E½S¯J©@«4±²µ\±²(ª

p
Á �&ªS´S©@¯�°J¨S©�Ð ��� � µG°�ºbªS´�ºZ¯J´nÜ � �_Â-°J¨S©

¯J©4µG¸�·a°�(ÈÊ°J¨S©qºb´S´S±»°J±²(ªE±²µ
2p
ØP«�¨S(µ\©@ªXÈ²¯J(¾ °J¨S©F°d¼;OªS©6ºZ¯J©@µG°¤«6ºbªS´S±²´�ºZ°J©4µ

2p
ºZª�´

2p + 2
ÛAÂrµ\

°J¨S±²µ�ºb´S´S±»°J±²(ªO¨�ºbµ�ª��©@Í3©@«@°6Á
Ç�¨S©}³(©@ª�©A¯�ºb·o½�¨S©4ªS(¾c©4ªS(ªl¨S©@¯\©}±²µ$°\¨oºs°vºb´S´S±²ªS³�Ô�NºZ°J±»ª�³W½+(±²ª�°�ª�¸S¾qÅ+©A¯Jµ�(È3´S±»Í-©@¯J©4ª�°"µ\±»Ö4©4µ

ÌUÃ�±»·²·²µ\Î�°J¨S©�·²©4µGµ�µ\±»³(ª�±a×o«4ºbª�°�´S±²³(±a°Jµ}(È$°\¨�©�µ\¾LºZ·²·²©@¯�ª�¸S¾qÅ+©A¯�Ø<±²ªH(¸S¯¤©AÄ_ºb¾�½�·²©yÂ$=�B^B"±»°Jµ�´S±²³(±a°Jµ�ÛAÁ
Ç;¨�©¤·ÉºZ¯\³(©@¯�°\¨�©¤µ\±²Ö@©�´S±»Í-©@¯J©4ªS«4©yÂ_°J¨S©¤¾cy¯J©W´_¯�ºbµG°J±»«�±²µv°J¨S©�©@Í3©4«A°6Á
Ç�¤«4(ª�®k±²ªS«4©vÆN(¸�°J¨�ºZ°Q°J¨S±²µQ±»µQª�y°ºZª�ºZ¯\°\±»×�«4±Éºb·�½o¨S©4ªS(¾c©4ªS(ªrÂy·²©A°Ê¸�µÊ«4(ªSµ\±»´�©A¯Q°J¨S©;½S¯JyÅ�·²©@¾

(È-«@(¾�½o¸_°J±»ª�³ �}ºs¯J¾c(ªS±²«"ªk¸S¾�Å+©@¯Jµ@ÁQ¹_y¯
n Þ $LÂN°J¨S©

n
-<°J¨i{q=N,65n7(M+:GK¤M+*-5H�424,

Hn

±²µ$´S©@×�ªS©4´
ºbµ;°J¨S©�µG¸�¾ (È�°J¨S©W¯J©4«4±a½�¯\k«6ºb·»µ�(ÈÕ°J¨S©�×S¯JµG°

n
ª�ºZ°J¸_¯�ºZ·+ªk¸S¾qÅ3©@¯Jµ4Â�°J¨�ºZ°�±²µ4Â

Hn =

n∑

i=1

1

i
.

ÐP°Wµ\¨S(¸S·²´ ªSs¼jÅ+©�ºbªE©6ºbµGÆi©AÄ_©@¯\«4±²µ\©�ÈÉy¯�ÆN(¸ °Jc¼&¯J±a°J©�º�½S¯J(³y¯Jºb¾ °J¨�ºZ°�«@(¾�½o¸_°J©@µ
Hn

ÈÉy¯
ºY³(±a®N©4ª

n Þ $cÁ �(¸¢(ªS·»ÆHª�©@©4´�ºYµ\±²ªS³(·²©q·²�y½n¯J¸SªSªS±²ªS³Y°J¨_¯J(¸S³(¨X°J¨S©lª�¸S¾qÅ+©A¯Jµ
1
¸_½¢°J

n
Â



���������	��
���	��������
������������ �"!$#&% Ù(Ù6Ý
ºb´S´S±²ªS³`°J¨S©4±»¯$¯J©4«4±a½�¯\k«6ºb·»µ4Á��Z¸�µU°;ºbµ�¼;©4·»·�ÆN(¸O«6ºbªL¾LºZÃN©�ÆN(¸S¯"·²ky½c¯J¸SªLÈ²¯J(¾

n
´S/¼}ªc°J

1
ºZª�´

µ\¸S¾Ñ¸_½X°\¨�©q¯J©4«4±a½�¯\k«6ºb·»µ4Á�§[¨�ÆnªSy°6ÂÕ°\¨oºs°`µ\¨S(¸S·²´XªSy°`¾LºZÃN©qºbª�Æ8´S±»Í3©@¯\©4ªS«4©yÂ�¯J±»³(¨�° � �Õ©A°�¸Sµ
°\¯\Æ�Å+y°\¨l®yºs¯J±Éºbª�°Jµ�ºZª�´lµ\©4©�¼&¨�ºZ°$¼;©�³(©@°6ÁÇ;¨S©�½S¯J(³y¯�ºZ¾

harmonic.C
µ\¨S/¼}ªlÅ+©@·²/¼h«4(¾�½�¸S°\©4µ

°J¨S©W°d¼;�µ\¸S¾cµ�ºbªS´i(¸_°\½�¸S°\µ;°\¨�©@¾ Á
�

// Program: harmonic .C
�

// Compute the n-th harmonic number in two ways.
	



#include <iostream >

�

�
int main()


{

�
// Input

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

���
unsigned int n;

���
std::cin >> n;

���

��	
// Forward sum

��

float fs = 0;

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

���
fs += 1.0f / i;

� 

���
// Backward sum

���
float bs = 0;

���
for ( unsigned int i = n; i >= 1; --i)

� �
bs += 1.0f / i;

���

��	
// Output

� 

std::cout << "Forward sum = " << fs << "\n"

���
<< "Backward sum = " << bs << "\n";

���
return 0;

� 
}

Program 12:
pr,47ATN>��Õ0-=N,65n7(M+:UKbx �

Ç�¨S±²ª_ÃYÈÉy¯�ºqµ\©4«4(ªS´HºbªS´i¯J©4«6ºZ·²·+¼}¨�ÆY±»°&±²µ�±»¾�½+y¯\°�ºbª�°v°JtMQ7N.}¼�¯J±»°J©
1 / i

±²ª ·»±²ªS©lÙ�!�ºbªS´
·²±²ªS©�À�ÙyÁ (�/¼j·»©@°�¸�µ�¨�º6®N©�º�·²kyÃOºZ°&ºbªi©�Ä_©4«4¸_°J±»(ªt(È�°J¨S©W½S¯J(³y¯�ºb¾ Á
Compute H_n for n =? 10000000

Forward sum = 15.4037

Backward sum = 16.686Ç;¨�©}¯\©4µ\¸S·»°Jµ"´S±»Í-©@¯vµ\±»³(ª�±a×o«4ºbª�°J·aÆNÁ	Ç;¨�©�´S±»Í-©@¯J©4ªS«4©}Å3©4«4(¾c©4µ"©A®N©4ªY¾cy¯\©}ºZ½S½oºZ¯J©4ª�°"¼}¨S©4ªc¼;©}°\¯GÆ
·ÉºZ¯\³(©@¯�±²ª_½o¸_°Jµ@Á
Compute H_n for n =? 100000000

Forward sum = 15.4037

Backward sum = 18.8079
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q�	�����}�Q��
��}%
(�y°J±²«@©O°J¨�ºZ°�°J¨S©OÈÉy¯\¼�ºZ¯J´�µ\¸S¾ ´S±²´eª�y°�«�¨�ºbªS³(©yÂ$¼&¨�±»«�¨�«6ºbªSªSy°qÅ3©Y«4y¯G¯J©4«@°6Á �&µ\±²ªS³E°J¨S©

ºZ½S½S¯J6Ä_±²¾LºZ°\±²(ª
1

2(n + 1)
< Hn −

·²ª
n − γ <

1

2n
,

¼}¨S©@¯\©
γ = 0.57721666 . . .

±²µl°\¨�© �Ê¸S·²©@¯�-4�iºbµ\«�¨S©@¯J(ªS±}«@(ª�µU°�ºbª�°4Â�¼;© ³(©@°
Hn � 18.998

ÈÉy¯
n = 108

Á�Ç;¨�ºZ°�±²µ4Â�°J¨S©WÅ-ºZ«�Ã�¼�ºZ¯J´iµG¸�¾�½S¯J/®�±²´S©4µ�ºq¾q¸S«�¨tÅ+©@°\°\©@¯�ºZ½S½�¯\/Ä�±²¾LºZ°J±²(ªL(È
Hn

Á
§[¨�Æ]´Sk©4µF°J¨S©cÈÉy¯\¼�ºs¯J´eµG¸�¾¡Å3©4¨�º6®N©Lµ\EÅoºb´S·»Æ � Ç;¨S©�¯J©6ºbµG(ªe±²µFµG±²¾�½�·²© Ó �}µF°J¨S©c·ÉºZ¯J³(©A¯

µ\¸S¾c¾LºbªS´Sµ�ºZ¯J©�ºZ´�´S©4´ ¸_½ ×S¯JµG°4Â�°J¨S©�±»ª�°J©@¯\¾c©4´S±ÉºZ°J©}®bºb·²¸S©`(È	°\¨�©�µ\¸S¾ °J�Å+©�«4(¾�½�¸_°J©4´Y³y¯Js¼&µ
Ø<«4(¾�½oºZ¯JºZ°J±»®N©4·aÆSÛ�ÈCºbµG°4Á��v°�µ\(¾c©�½+(±»ª�°6ÂN°J¨S©&µ\±»Ö4©}´S±»Í3©A¯J©4ªS«4©&Å+©A°d¼;©@©4ªc°J¨S©�½oºZ¯\°J±²ºb·Sµ\¸S¾ ºbªS´�°J¨S©
µ\¸S¾c¾LºbªS´ 1

i

°JLÅ+©�ºb´S´�©@´X±²µWµ\t·²ºZ¯J³(©F°J¨�ºZ°W°J¨S©lºZ´�´S±»°\±²(ªE´��©4µ¤ª�y°�«�¨�ºbªS³(©q°J¨S©�½oºZ¯\°J±ÉºZ·	µ\¸S¾
ºbª�Æ�¾cy¯J©yÂ �d¸SµG°v·²±»ÃN©&±²ª

2p + 1 � � = � � 2p
ÁÇ�¨�¸�µ@Âk¯J©4³NºZ¯\´�·»©4µ\µ"(È+¨S/¼£¾Lºbª�Æl¾cy¯J©�µ\¸S¾c¾LºbªS´Sµ$ºs¯J©

ºb´S´S©4´t°J�±»°6Â�°J¨S©¤µ\¸S¾ µU°�º4Æ�µ;°J¨S©�µJºZ¾c©yÁ
Ð<ªL«4(ª�°\¯JºbµG°6ÂN°J¨S©&Åoºb«JÃk¼�ºZ¯\´cµ\¸S¾�µG°�ºs¯\°Jµ$°\Fºb´S´c¸_½c°J¨S©}µ\¾Lºb·²·_µG¸�¾c¾LºZª�´SµQ×S¯JµG°6ÁÊÇ;¨S©@¯J©4ÈÉy¯\©yÂ

°J¨S©&®bºb·²¸S©}(È3°J¨S©&½oºZ¯G°J±Éºb·�µ\¸S¾ ³y¯J/¼}µ}ØP«4(¾�½oºZ¯�ºZ°J±a®N©4·»ÆSÛ�µG·²s¼&·»ÆNÂ�ºb·²·²/¼}±²ªS³W°J¨S©}µ\¾Lºb·»·�µG¸�¾c¾LºZª�´Sµ
°JH«4(ª�°G¯J±»Å�¸_°J©yÁ8Ç�¨S©Lµ\¸S¾c¾LºbªS´Sµ�°\¯J©4ºZ°J©4´e±²ª�°\¨�©L©4ªS´e(È�°J¨S©Lµ\¸S¾c¾LºZ°J±»(ªn¨�º4®N©YµG°\±²·²·"º ³(�k´
«�¨�ºbªS«4©Y°J8±²ª_Ô�¸�©@ª�«@©L°\¨�©Oµ\±²³(ªS±»×�«6ºZª�´�(È&°J¨S©L½oºZ¯\°J±ÉºZ·vµ\¸S¾ Â$µ\±»ª�«@©O°J¨S©@ÆeºZ¯\©nØ<«4(¾�½oºZ¯JºZ°J±»®N©4·aÆSÛ
·ÉºZ¯\³(©yÁ
Ç�¨S©¤½o¨S©4ªS(¾c©4ªS(ª �d¸�µU°&yÅ�µ\©@¯G®N©4´ ·²©6ºb´Sµ�¸Sµ�°J�(¸_¯&µ\©@«4(ªS´ ³(¸�±»´�©@·²±²ªS©yÁ

Floating Point Arithmetic Guideline 2:
�&®N(±»´iºb´S´S±²ªS³q°�¼;qªk¸S¾�Å+©@¯Jµ;°J¨�ºZ°�«4(ªSµ\±²´S©@¯�ºsÅo·aÆ

´S±»Í-©@¯&±»ªtµ\±²Ö@©yÁ

Cancellation.
¶;(ªSµ\±»´�©A¯�°J¨S© �k¸�ºb´_¯�ºZ°\±²«W© �k¸�ºZ°J±»(ª

ax2 + bx + c = 0, a �= 0.

ÐP°�±²µ�¼;©@·²·3Ã�ªS/¼}ªt°J¨�ºZ°�±»°\µ�°�¼;�¯Jky°Jµ�ºZ¯J©¤³(±»®N©4ªYÅkÆ

r1,2 =
−b

� �
b2 − 4ac

2a
.

Ð<ª ºF½S¯J(³y¯�ºb¾�°J¨�ºZ°�«4(¾�½�¸_°J©4µv°J¨S©4µ\©¤¯Jky°Jµ@ÂS¼;©¤¾c±²³(¨�°v°J¨S©@¯J©4ÈÉy¯J©¤¼�ºbª�°�°J�«4(¾�½�¸S°\©W°\¨�©W®bºb·²¸S©
d = b2 − 4ac

(È�°J¨S©]DN:P>bK4,6:^5t:PM	=NMr.1Á]Ð<È
b2
ºbªS´

4ac
ºs¯J©c¯J©@½S¯J©4µ\©@ª�°�ºZÅ�·²©Yºbµ�Ô�NºZ°J±²ªS³i½+(±²ª�°

ªk¸S¾�Å+©@¯Jµ�¼}±»°J¨X½S¯J©@«4±²µ\±²(ª
p
ÂQ(¸_¯�½S¯J©A®�±²(¸Sµ�©@¯G¯Jy¯�©4µG°J±»¾LºZ°J©4µ�³(¸oºs¯�ºbª�°\©4©l°J¨�ºZ°�°\¨�©�¯\©4µ\¸S·»°

d̂
(È

°J¨S©`×�ª�ºb·�µG¸SÅS°\¯Jºb«@°J±²(ª ¨�ºbµ�µG¾Lºb·²·+¯J©4·Éºs°J±»®N©`©A¯\¯Jy¯ Ó |d − d̂| � 2−p|d|
Á�Ç;¨�±»µ}¾c©6ºbªSµ4Âo©@®N©4ªH±²È

d
±²µ

«4·²(µG©¤°J�Ö4©@¯J_Â
d̂
¼&±²·²·-Å3©`º4¼�º4ÆOÈ²¯J(¾

d
ÅkÆE5t*gK60nBC26>4>F°J¨�ºbªO°J¨S©�´S±²µG°JºbªS«4©�(È

d
°JqÖ4©@¯J�Á

Ç�¨S©l½S¯JyÅ�·²©@¾¡ºZ¯J±»µ\©4µ�±²È$°J¨S©�ªk¸S¾�Å+©@¯Jµ
b2
ºbªS´��by¯

4ac
ºs¯J©�ªSy°`¯J©A½�¯\©4µ\©4ª�°�ºZÅ�·²©cºbµ�ÔoNºs°J±²ªS³

½+(±²ª�°&ª�¸S¾qÅ+©A¯Jµ4Â-±»ªi¼}¨S±²«�¨ «6ºbµ\©`©@¯\¯Jy¯Jµ}ºZ¯J©�¾Lºb´S©�±²ª «4(¾�½�¸_°J±²ªS³q°\¨�©@¾ Á �}µ\µ\¸S¾c©
b = 2p, a =

2p−1 −1, c = 2p−1 +1
Ø1ºb·²·�°J¨S©4µ\©&ª�¸S¾qÅ+©A¯JµºZ¯J©�©AÄSºb«A°J·»ÆF¯J©@½S¯J©@µ\©4ª�°JºZÅ�·²©/ÛAÁÊÇ;¨S©4ªl°J¨S©�©AÄSºb«A°$®bºb·²¸S©

(È
d
±²µ

4
ÁÇ;¨�©}®bºb·²¸S©

b2 = 22p
±²µ;º�¯J©A½�¯\©4µ\©4ª�°�ºZÅ�·²©}Ô�NºZ°J±²ªS³¤½+(±²ª�°"ªk¸S¾qÅ3©@¯6Â�Å�¸_°

4ac = 22p − 4±²µÊªSy°6ÂNµ\±²ªS«4©;°J¨S±²µÊªk¸S¾�Å+©@¯Ê¨�ºbµ
2p−2

µG±²³(ªS±»×�«6ºbª�°Ê´S±²³(±a°JµvØ1ºb·²·_(È�°J¨S©4¾ © �k¸�ºb·_°J
1
Û	±²ªl±a°JµQÅo±»ªoºs¯\Æ



���������	��
���	��������
������������ �"!$#&% Ù(Ù �
©AÄk½-ºZª�µG±²(ªrÁ	Ç;¨�©$ªS©6ºZ¯J©4µU°	Ô�NºZ°J±²ªS³;½+(±²ª�°gªk¸S¾�Å+©@¯g±²µÕyÅ�°Jºb±²ªS©4´`Å�Æ�¯J(¸SªS´S±²ªS³&¸_½LØ1ºb´S´S±²ªS³

4
ÛAÂyºZª�´

ºbÈ²°J©A¯¤°\¨�©cØP©@¯\¯Jy¯�-<È²¯J©4©/Û�µ\¸_ÅS°\¯�ºb«A°J±²(ªrÂ-¼;©F³(©@°
d̂ = 0

Á`Ç;¨S©F¯J©4·ÉºZ°\±»®N©F©@¯\¯Jy¯¤(ÈÊ°J¨S±²µ}«4(¾�½�¸_°�ºZ°\±²(ª
±²µ;°J¨S©@¯J©4ÈÉy¯\©

1
±²ªSµG°J©6ºb´Y(È

2−p
Á

Ç�¨S©;¯J©6ºbµG(ªc±²µQ°J¨�ºZ°±²ªlµ\¸_ÅS°\¯�ºZ«@°J±²ªS³W°d¼;�ªk¸S¾�Å+©@¯JµQ°J¨�ºZ°$ºZ¯J©�ºb·²¾c(µU°Q© �k¸�ºb·PÂN°\¨�©�¾cy¯J©;µ\±²³(ªS±²È -
±²«6ºZª�°v´S±²³(±»°\µ�«6ºbªS«4©@·3©6ºb«�¨ty°\¨�©A¯6ÁÊÐ<È1Â_(ªc°J¨S©�y°J¨S©@¯;¨�ºbªS´ÕÂ�°J¨S©}¯J©4¾Lºb±»ª�±»ª�³¤·²©4µGµvµ\±²³(ªS±»×�«6ºbª�°"´S±²³(±»°Jµ
ºb·»¯\©6ºb´_ÆL«6ºZ¯\¯GÆYµG(¾c©¤©A¯\¯Jy¯Jµ�È²¯J(¾�½�¯\©@®�±²(¸Sµ;«4(¾�½�¸_°�ºZ°J±»(ª�µ@Â�°J¨S©Wµ\¸_ÅS°\¯�ºb«@°\±²(ªt¨�¸�³(©@·»ÆOºb¾�½�·²±»×�©4µ
°J¨S©4µ\© ©A¯\¯Jy¯Jµ Ó °J¨S© «6ºbªS«4©4·»·ÉºZ°J±²(ªe½�¯\(¾cy°J©4µ�°\¨�©i½S¯J©A®�±²(¸Sµ\·»Æ�·²©4µ\µcµG±²³(ªS±»×�«6ºbª�°�´S±²³(±»°Jµq°J]¾�¸S«�¨¾cy¯J©Wµ\±²³(ªS±»×�«6ºZª�°;´S±²³(±»°Jµv(Èg°J¨S©¤¯J©@µ\¸S·»°6Á

�}³Nºb±²ªrÂs°J¨S©�©AÄ_ºb¾�½�·²©¼;©$³Nº4®N©"¨S©@¯J©"±²µ�ºZ¯\°J±a×o«@±Éºb·<Â6Å�¸_°�Å+©vºZµ\µ\¸_¯J©4´F°J¨�ºZ°g«6ºbªS«4©4·»·ÉºZ°J±²(ª�¨�ºZ½S½+©4ªSµ
±²ªl½S¯�ºZ«@°J±²«4©bÁ �Ê®N©4ªc±»ªl°J¨S© ��¸�ºb´_¯�ºZ°J±²«;© ��¸�ºZ°J±²(ª�©�ÄSºb¾�½�·²©yÂ(±a°�¾c±²³(¨�°QÅ+©;°J¨�ºZ°$°\¨�©�© ��¸oºs°J±²(ªSµ°\¨oºs°
«4(¾c©�¸_½X±²ªnºbª¢ºZ½S½�·²±²«4ºZ°J±²(ª ¨�º4®N©�°J¨S©F½S¯Jy½+©@¯G°dÆE°J¨�ºZ°W°J¨S©4±a¯�´S±²µG«@¯J±²¾c±²ª�ºbª�°

b2 − 4ac
±»µ�¾q¸S«�¨

µ\¾Lºb·»·²©@¯v°J¨�ºbª
a, b

ºbªS´
c
°\¨�©@¾cµ\©4·»®N©4µ@Á$Ð<ªY°J¨S±²µ�«4ºbµ\©yÂS«6ºbªS«4©@·²·ÉºZ°J±»(ªHV;:<B^B	¨�ºZ½S½+©4ªrÁ

Ç�¨S©�´�±»µ\«4¸Sµ\µ\±²(ªY«6ºbªtÅ3©�µ\¸S¾c¾LºZ¯\±²Ö4©4´L±²ªiÈÉy¯\¾ (È�º�°J¨S±»¯\´t³(¸S±²´S©4·²±²ªS©yÁ

Floating Point Arithmetic Guideline 3:
�&®N(±»´tµ\¸_ÅS°\¯�ºb«A°J±²ªS³q°�¼;�ªk¸S¾qÅ3©@¯Jµ;(È	ºb·»¾c(µG°;© �k¸�ºb·

µ\±»Ö4©yÂS±²Èg°\¨�©@µ\©`ª�¸�¾�Å+©@¯\µ�ºs¯J©¤¯\©4µ\¸S·»°Jµ�(È�y°J¨S©@¯�Ô�NºZ°J±²ªS³F½+(±²ª�°�«4(¾�½�¸S°JºZ°J±²(ªSµ�Á

2.5.8 Details

Other floating point number systems.
Ç;¨�©LÐ �����jµG°�ºZª�´�ºZ¯\´�Ü � � ´�©A×oªS©4µ�°�¼; ¾cy¯J©qÔ�NºZ°J±²ªS³

½+(±²ª�°�ªk¸S¾�Å+©@¯WµGÆkµG°J©4¾cµ@ÂQ>@:PM3TNBC26w�2���.\24M	DS2�Dipr,42@K@:<>@:U7(MjØ
p = 32

ÛAÂrºbªS´¬DS7(*g�/BC26wA2���.\24M	DS2ADYpr,426w
K4:P>@:G7(M�Ø

p = 64
ÛAÂvºZª�´¬µG(¾c©O½�·ÉºZ°\ÈÉy¯J¾cµ�yÍ3©@¯c±»¾�½o·»©4¾c©4ª�°JºZ°J±²(ªSµ`(È�°J¨S©4µ\©t°�Æk½3©4µ4Á[Ç�¨S©@¯\©t±²µ

ºb·²µGO°J¨S©�Ð � ����µG°�ºbªS´�ºZ¯J´ ��� �Y°J¨�ºZ°�ºb·»·²s¼&µ}Åoºbµ\©
β = 10

ÂÕÈÉy¯�yÅk®�±»(¸�µW¯J©6ºZµ\(ªSµ Ó °\¨�©q´S©4«4±²¾LºZ·ÈÉy¯J¾LºZ°�±²µ&°\¨�©�(ªS©�±²ªi¼}¨S±²«�¨i¼;©`°\¨�±»ªSÃtºZÅ+(¸_°&ªk¸S¾qÅ3©@¯Jµ4ÂoºbªS´ ±²ªi¼}¨S±²«�¨i¼;©�¸Sµ\¸�ºb·»·»ÆL¯J©@½S¯J©4µ\©@ª�°
ªk¸S¾�Å+©@¯Jµ@ÁeÐ<ªe½-ºs¯\°J±²«4¸S·Éºs¯6Â�º Åoºbµ\© -

10
µUÆ�µG°J©@¾ ¨�ºbµ�ª�8¨S(·²©4µ�±²ª�°J¨S©L®yºZ·²¸S©O¯�ºZª�³(©YºZ°�´S©4«4±²¾Lºb·

È²¯�ºb«A°J±²(ª�ºb·+ªk¸S¾�Å+©@¯Jµ�·²±»ÃN©
1.1
ºZª�´

0.1
Á

IEEE compliance.
§ ¨S±²·»©�(ªE¾c(µG°&½�·ÉºZ°\ÈÉy¯J¾cµ4ÂS°J¨S©`°�Æk½+©4µ

float
ºbªS´

double
«4y¯G¯J©4µG½+(ªS´ °J

°J¨S©qµ\±²ªS³(·²©�ºbªS´X´S(¸SÅ�·²©F½S¯J©4«@±²µ\±²(ªHÔoNºs°J±²ªS³O½3(±²ª�°¤ªk¸S¾�Å+©@¯JµW(È�°\¨�©�Ð ��� ��µG°�ºZª�´�ºZ¯\´]Ü � �_ÂÕ°\¨�±»µ
«4y¯\¯\©4µG½+(ªS´S©4ªS«4©�±²µ�¸Sµ\¸�ºb·²·»ÆEªSy°�(ªS© -P°J -1(ªS©yÁ�¹Sy¯�©AÄSºb¾�½�·²©bÂÕ±»È�ÆN(¸]ºZ¯J©q°\¯\Æ�±»ª�³O°Jt¯J©A½�¯\k´S¸S«4©
°J¨S©¤«6ºbªS«4©4·²·²ºZ°J±²(ªO©AÄSºZ¾�½o·»©}¼;©�³Nº4®N©yÂ_ÆN(¸ ¾c±²³(¨�°"¼&¯J±a°J©
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";ºbªS´E©AÄ�½3©4«@°}°Jc³(©A°}°J¨S©`½S¯J©4´S±²«@°\©4´ ¼&¯J(ªS³l¯J©@µ\¸S·»°
0
Á ��¸_°�±»°}¾Lº4ÆY©6ºbµ\±»·»Æt¨�ºZ½S½+©@ªE°\¨oºs°&ÆN(¸E³(©@°

°J¨S©�«4y¯\¯\©4«@°;¯J©4µ\¸S·»°
4
Â_©@®N©4ªY°\¨�(¸S³(¨LÆN(¸_¯v½o·²ºZ°JÈÉy¯J¾ «@·Éºb±²¾cµ°J�ÈÉ(·²·²/¼�°J¨S©WÐ ��� ��µU°�ºbªS´�ºZ¯J´tÜ � �_Á

Ç;¨�©F¾c(µU°}·²±»ÃN©@·»Æt¯J©4ºbµ\(ªH±²µ&°J¨�ºZ°}°\¨�©�½�·Éºs°JÈÉy¯J¾ ±»ª�°J©@¯\ªoºZ·²·»ÆY¸�µG©4µWºl¯J©4³(±²µU°J©@¯�¼}±a°J¨ ¾cy¯J©�Å�±»°\µ&°J
½+©@¯\ÈÉy¯J¾ °J¨S©F«4(¾�½�¸S°JºZ°J±²(ªrÁ&§[¨S±²·²©�°J¨S±²µ�µG©4©4¾cµ�·²±»ÃN©�º�³(�k´H±²´S©6º�±²ªH³(©4ªS©@¯�ºb·PÂ3±»°W«6ºbªHÅ+©FÈCºZ°�ºZ·
ÈÉy¯&º�½S¯J(³y¯�ºZ¾�¼&¨S(µ\©�ÈÉ¸SªS«@°J±»(ªoºZ·²±»°�Æc«@¯J±a°J±²«6ºb·»·»Æl¯J©@·²±²©4µ�(ªt°J¨S©�Ð � ���¬µG°�ºbªS´�ºZ¯J´iÜ � �_Á



Ù(Ù�! ��� �����	!#����¬�$
q�	�����}�Q��
��}%
�(¸8V;:<B^BQ¾c(µG°;·²±»ÃN©4·aÆLµ\©4©�°\¨�©¤«6ºbªS«4©@·²·ÉºZ°J±»(ªO©AÍ3©4«@°&±²ªY°\¨�©¤ÈÉ(·²·²/¼}±»ª�³FµG©4©4¾c±²ªS³(·»Æc©��k¸S±»®bºb·²©4ª�°

®bºZ¯J±Éºbª�°�(È�°J¨S©`ºsÅ+s®N©¤«4�´�©bÁ
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";

�&©@¯\©yÂo°J¨S©¤¯J©4µ\¸S·»°Jµ&(È	°J¨S©`±²ª�°J©@¯J¾c©4´S±Éºs°J©W«4(¾�½�¸S°JºZ°J±²(ªSµ�ºZ¯J©¤¼&¯J±»°G°J©4ªtÅoºb«JÃt°\
float

®bºZ¯J±ÉºsÅo·»©4µ4Â
½S¯JyÅoºZÅ�·»Æt¯\©4µ\¸S·»°J±²ªS³�±»ªH°J¨S©F©AÄk½+©4«@°\©4´H¯\(¸�ªS´S±²ªS³c(È

4ac
ÁWÇ;¨�©@ªH°J¨S©F×�ª�ºb·�µ\¸_ÅS°\¯�ºZ«@°J±²(ª ¯J©@®N©4ºb·²µ

°J¨S©`«4ºbªS«4©4·²·Éºs°J±²(ªt©AÍ3©4«@°4Á��	MrBm26>@>4Âo(ÈQ«@(¸S¯\µ\©yÂo°\¨�©�«4(¾�½�±²·²©@¯�´S©4«4±»´�©@µ&°JlÃN©4©A½H°\¨�©¤®yºs¯J±ÉºZÅ�·²©
ac4±²ªEº�¯\©4³(±²µG°J©A¯}¼}±»°\¨i¾cy¯J©�½S¯J©@«4±²µ\±²(ªrÁ�¹_y¯}°J¨S±²µ�¯\©6ºbµ\(ªrÂoÆN(¸E«6ºZªE°�Æ�½o±»«6ºb·²·»ÆL½S¯J/®�±²´S©Fº�«4(¾�½�±²·²©@¯

y½S°J±²(ªO°J�¾LºsÃN©�µ\¸_¯J©W°J¨�ºZ°�Ô�NºZ°J±²ªS³F½+(±²ª�°;ªk¸S¾qÅ3©@¯Jµ�ºZ¯J©¤ª�y°�ÃN©@½S°�±²ªY¯J©@³(±²µG°J©@¯\µ4Á
§[¨oºs°�±²µ`°J¨S©�¾cy¯�ºZ·²©�(Èv°J¨S±²µ � �(¸¢¸Sµ\¸�ºb·²·»Æ8«6ºbªSªSy°FÈÉ¸S·²·»Æ8°\¯J¸SµG°�°J¨S©iz������ÒK@7(5qpÕB�:d=NMQK@2

(Èº�½�·ÉºZ°JÈÉy¯\¾ ÂoºZª�´E±»°&±²µ}ªS©4±»°\¨�©A¯�©6ºbµGÆtªSy¯�¼;y¯\°J¨�¼&¨S±²·²©W°Jl½S¯J©4´S±²«@°}¨�/¼ Ô�NºZ°\±²ªS³�½+(±²ª�°}ª�¸�¾ -
Å+©@¯\µ�©AÄSºZ«@°J·»ÆEÅ+©4¨�º4®N©�(ª]ºOµG½+©4«4±a×o«q½�·ÉºZ°JÈÉy¯J¾ ÁlÐP°�±²µ�¾cy¯J©q±²¾�½+y¯\°�ºZª�°WÈÉy¯`ÆN(¸¢°JYÃ�ªSs¼ ºbªS´
¸SªS´�©A¯JµG°�ºbªS´OÔoNºs°J±²ªS³`½+(±²ª�°;ªk¸S¾�Å+©@¯;µGÆkµG°J©4¾cµv±²ªO³(©4ªS©@¯�ºZ·<Â_ºb·²(ªS³F¼}±a°J¨c°J¨S©4±»¯;·²±²¾c±a°�ºZ°J±²(ªSµ4ÁgÇ;¨�±»µ
Ã�ªS/¼}·²©@´�³(©�¼&±²·²·rºb·²·»s¼£ÆN(¸Y°Jl±²´S©4ª�°J±²È²ÆYºbªS´t¼;y¯\ÃYºZ¯\(¸�ªS´O½�¯\yÅo·»©4¾cµv°J¨�ºZ°�¾c±²³(¨�°;«4(¾c©W¸_½ (ª
µG½+©@«4±»×�«¤½�·Éºs°JÈÉy¯J¾cµ4Á

The type long double.
Ç;¨S©`¶�Ï¤ÏjµG°�ºbªS´�ºZ¯J´c½S¯J©4µG«@¯J±»Å+©@µ;ºbªSy°J¨S©@¯;ÈÉ¸Sª�´�ºb¾c©@ª�°�ºb·SÔ�NºZ°J±²ªS³`½3(±²ª�°

ªk¸S¾�Å+©@¯}°�Æ�½+©�«6ºb·»·²©4´
long double

Á�ÐP°Jµ�·»±»°J©@¯�ºZ·²µ�©@ª�´E¼}±a°J¨i°J¨S©�·²©@°G°J©@¯
l
y¯

L
Â+ºbªS´E±»°�±»µ}³(¸�ºZ¯�-

ºbª�°J©4©4´n°\¨oºs°�°J¨S©q®bºb·²¸S©F¯�ºbªS³(©�(È
double

±²µW«4(ª�°Jºb±²ªS©4´H±²ª8°J¨S©F®bºb·²¸S©F¯�ºbªS³(©�(È
long double

Á
��©4µG½�±»°J©Ê°J¨S±²µ4Âs°J¨S©�«4(ª�®N©@¯Jµ\±»(ªFÈ²¯J(¾

double
°\

long double
±²µ�ªSy°g´�©A×oªS©4´�°\&Å+©$º�½S¯J(¾cy°J±²(ª

ÅkÆL°J¨S©�¶�Ï¤Ï µG°�ºbªS´�ºZ¯J´rÁ
§[¨�±»·²©

float
ºbªS´

double
¸�µG¸oºZ·²·»Æ]«4y¯\¯\©4µG½+(ªS´�°J8µ\±²ªS³(·²©OºbªS´�´S(¸_Å�·²©O½S¯J©@«4±²µ\±²(ªe(È&°J¨S©

Ð ��� � µG°�ºZª�´�ºZ¯\´ Ü � �_ÂF°J¨S©@¯J©�±»µ8ªS£µ\¸S«�¨Ë´S©4ÈCºb¸S·»°8«�¨�(±»«4©�ÈÉy¯
long double

Á Ð<ª ½S¯�ºZ«@°J±²«4©bÂ
long double

¾c±²³(¨�°�µ\±²¾�½�·»ÆHÅ+©LºiµGÆkªS(ª�Æ�¾ ÈÉy¯
double

ÂQÅ�¸_°�±»°F¾c±²³(¨�°Fºb·»µ\iÅ+©cµ\(¾c©@°\¨�±»ª�³
©4·²µG©yÁ��Wª�°\¨�©�½�·ÉºZ°JÈÉy¯J¾ ¸Sµ\©4´�Å�Æ�°\¨�©�ºb¸_°J¨Sy¯Jµ4Â�ÈÉy¯$©AÄSºb¾�½�·²©bÂ

long double
«4y¯G¯J©4µG½+(ªS´Sµ$°\�°J¨S©

ªSy¯J¾Lºb·²±»Ö4©4´8Ô�NºZ°\±²ªS³Y½+(±²ª�°�ª�¸�¾�Å+©@¯`µGÆ�µU°J©4¾
F
�
(2, 64, −16382, 16384)

 °\¨�±»µ`±²µ�©AÄSºb«A°J·»Æn°\¨�©
´S(¸_Åo·»© -1©AÄk°J©4ªS´S©4´t½S¯J©4«@±²µ\±²(ªY(Èg°J¨S©�Ð ������µG°�ºbªS´�ºZ¯J´EÜ � �_Á

Numeric limits.
Ð<ÈvÆN(¸¢¼�ºbª�°`°JiÃkª�/¼ °J¨S©l½oºZ¯�ºb¾c©@°\©@¯Jµ`(È"°\¨�©�ÔoNºs°J±²ªS³Y½+(±»ª�°�ªk¸S¾qÅ3©@¯�µGÆkµ�-

°J©4¾cµqÅ+©4¨S±²ªS´
float

Â
double

ºZª�´
long double

(ªhÆN(¸_¯�½�·Éºs°JÈÉy¯J¾ Â$ÆN(¸h«6ºZª[©@¾�½o·»sÆ]°J¨S©
numeric_limits

¼;©�¨�º4®N©c¸Sµ\©4´¢Å+©4ÈÉy¯\©�±²ªX°J¨S©l½S¯J(³y¯�ºZ¾
limits.C

±²ª�¿k©4«A°J±²(ª�ÀkÁ ÀkÁ �kÁ �&©@¯J©
ºZ¯J©W°J¨S©W¯J©4·²©@®bºbª�°}©AÄk½�¯\©4µ\µ\±²(ªSµ;°J(³(©@°J¨S©@¯�¼}±a°J¨Y°J¨S©4±a¯�¾c©4ºbªS±²ªS³(µ4Â�µ\¨S/¼}ªtÈÉy¯�°J¨S©¤°�Æ�½+©

float
Á



���������	��
���	��������
������������ �"!$#&% Ù(Ù/Ü
©AÄk½S¯J©4µ\µ\±»(ª¢Ø<(Èg°�Æk½3©

int
Û ¾c©6ºbªS±²ªS³

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

§X©O¯J©4¾LºZ¯\Ã¢°\¨oºs°
std::numeric_limits<float>::min()

´Sk©4µLMQ7N.�³(±»®N©L°J¨S©Oµ\¾Lºb·²·²©@µG°
float

®bºb·²¸S© ØPÅ+©@«6ºb¸Sµ\©c(Èv°J¨S©cµ\±²³(ª¢Å�±»°6Â�°\¨�±»µ�µ\¾Lºb·²·»©4µG°`®bºb·²¸S©�±»µFµ\±²¾�½�·»ÆE°J¨S©cªS©4³NºZ°J±»®N©l(È;°\¨�©
·ÉºZ¯\³(©4µG°;®yºZ·²¸S©/ÛAÂ_Å�¸S°;°J¨S©�µ\¾Lºb·²·²©@µG°vªSy¯J¾Lºb·²±»Ö4©4´�p+7N>@:P.<:P?�2�®bºb·²¸S©yÁ

Special numbers.
§X©F¨�º4®N©�¾c©4ª�°\±²(ªS©4´t°J¨�ºZ°}°\¨�©�Ô�NºZ°\±²ªS³l½+(±²ª�°}µGÆkµG°J©4¾cµ&½S¯J©@µ\«@¯J±»Å3©4´HÅ�Æi°J¨S©

Ð ��� ��µU°�ºbªS´�ºZ¯J´8Ü � �c«4(ª�°Jºb±²ªEµ\(¾c©�µG½3©4«4±Éºb·gªk¸S¾�Å+©@¯Jµ �o°J¨S©4±»¯W©4ªS«4�´�±»ª�³l¸�µG©4µW©AÄ�½+(ªS©4ª�°�®yºZ·²¸S©4µ
°J¨�ºZ°�´SlªSy°�k«4«4¸_¯�±²ªiªSy¯J¾Lºb·»±²Ö4©4´Lªk¸S¾�Å+©@¯Jµ@Á

�Wªi°\¨�©¤(ªS©�¨�ºbªS´rÂ_°J¨S©@¯J©�ºZ¯J©W°J¨S©LDS2@MQ7(,658=�B�: ��2�D ªk¸S¾�Å+©@¯Jµ�(Èg°\¨�©¤ÈÉy¯J¾
�

d0.d1 . . . dp−1

�
βe ���  ,

¼}±a°J¨
d0 = 0

Á � ´�©@ª�y¯\¾Lºb·²±²Ö4©@´8ª�¸�¾�Å+©@¯¤¨�ºbµ�µ\¾Lºb·²·²©A¯¤ºZÅ�µ\(·²¸_°J©F®yºZ·²¸S©q°J¨�ºbªXºbª�Æ8ªSy¯J¾Lºb·²±²Ö@©4´
ªk¸S¾�Å+©@¯6ÁÐ<ªt½oºZ¯G°J±²«4¸S·ÉºZ¯4Â

0
±²µ&º�´S©4ªSy¯J¾Lºb·²±»Ö4©4´Lªk¸S¾�Å+©@¯6Á

Ç�¨S©cy°J¨S©@¯`µG½+©4«@±Éºb·�ª�¸S¾qÅ+©A¯Jµ`«6ºZª�ªSy°�¯\©6ºb·²·»ÆEÅ+©l«6ºb·²·²©@´¢ªk¸S¾qÅ3©@¯Jµ4ÁYÇ�¨S©@¯\©cºZ¯J©l®bºb·²¸S©4µ�¯\©@½ -
¯J©4µG©4ª�°J±»ª�³

+∞ ºbªS´
−∞ ÂÊºbªS´X°J¨S©@Æ]ºZ¯J©�¯J©@°J¸_¯JªS©4´¢ÅkÆXs®N©@¯GÔo/¼}±»ª�³ty½+©@¯�ºZ°\±²(ªSµ4ÁOÇ�¨S©4ª]°J¨S©@¯J©ºZ¯J©�µG©@®N©@¯�ºb·3®bºb·²¸S©4µ�«6ºb·²·²©@´

NaN
µ�Ø<ÈÉy¯�ÌGªSy°;º�ªk¸S¾qÅ3©@¯JÎ�ÛÊ°\¨oºs°;ºZ¯J©}¯J©A°J¸_¯JªS©4´OÅ�Æ�y½+©A¯�ºZ°J±²(ªSµ�¼&±»°J¨

¸SªS´�©A×oªS©4´�¯\©4µ\¸S·»°6Â$·²±»ÃN©L°�ºZÃ�±»ª�³H°J¨S©tµ ��¸�ºZ¯J©Y¯\ky°�(È�º8ªS©4³NºZ°\±»®N©Yª�¸S¾qÅ+©A¯6Á�Ç;¨S©t±²´S©6º Å+©4¨S±²ªS´
°J¨S©4µ\©}®bºb·²¸S©4µv±»µ�°J�½S¯J/®�±²´S©�¾cy¯J©�Ôo©�Ä_±»Å�±²·²±a°dÆq±²ªc´S©6ºZ·²±²ªS³`¼}±a°J¨c©AÄ_«@©@½S°J±²(ª�ºb·-µG±»°J¸�ºZ°J±²(ªSµ4Á	Ð<ª�µU°J©6ºb´
(ÈÊµ\±²¾�½�·»ÆYºZÅ+y¯G°J±²ªS³�°J¨S©�½S¯J(³y¯�ºZ¾ ¼}¨S©4ªHµ\(¾c©�y½+©@¯�ºZ°\±²(ª ÈCºb±²·²µ@Â-±»°&¾LºZÃN©4µ}µ\©@ª�µG©�°\�¯J©@°J¸_¯JªHºbª
©AÄ�«4©@½S°J±²(ª�ºb·;®yºZ·²¸S©yÁ¬Ç;¨�©t«6ºb·²·²©A¯l(È&°\¨�©Yy½+©@¯�ºs°J±²(ª�«6ºZª�°J¨S©4ª¬´S©4«4±²´S©t¨S/¼�°JX´S©6ºb·;¼}±»°\¨�°J¨S©
µ\±»°\¸oºs°J±²(ªrÁ

2.5.9 Goals

Dispositional.
�;°;°J¨S±²µ;½+(±²ª�°6ÂkÆN(¸iµG¨�(¸S·²´nÁ4Á4Á

Ù/Û�Ã�ªS/¼ °J¨S©lÔ�NºZ°\±²ªS³O½+(±»ª�°�ª�¸S¾qÅ+©A¯�°�Æk½3©4µ
float

ºZª�´
double

Â	ºbªS´X°J¨�ºZ°`°J¨S©@ÆXºZ¯J©�¾cy¯J©
³(©4ªS©@¯�ºb·r°J¨�ºbªY°\¨�©¤±²ª�°J©4³y¯�ºb·+°�Æk½3©4µ �
À(Ûc¸Sª�´S©@¯\µG°�ºbªS´h°J¨S© «4(ªS«4©@½S°L(È`ºnÔ�NºZ°\±²ªS³n½+(±²ª�°�ªk¸S¾�Å+©@¯cµUÆ�µG°J©@¾ Â&ºbªS´[±²ª¬½oºZ¯\°J±²«@¸�·²ºZ¯�±»°\µ
ºb´_®yºbª�°�ºb³(©4µ�/®N©@¯�ºF×_Ä_©4´t½3(±²ª�°�ªk¸S¾�Å+©@¯�µGÆkµG°J©4¾ �
ÝNÛ�Ã�ªS/¼ °J¨�ºZ°�°J¨S©�Ð � ��� µG°JºbªS´oºs¯J´HÜ � �c´S©4µ\«@¯J±aÅ+©4µ}µG½3©4«4±»×�«`Ô�NºZ°J±»ª�³q½+(±²ª�°}ªk¸S¾�Å+©@¯&µGÆ�µG°\©4¾cµ
¸�µG©4´Eºbµ�¾ck´S©4·²µvÈÉy¯

float
ºZª�´

double
(ªi¾Lºbª�Æ�½�·ÉºZ°JÈÉy¯\¾cµ �

��Û�Ã�ªS/¼�°\¨�©W°J¨_¯J©4©�¹�·²Nºs°J±²ªS³ 	g(±²ª�° �&¯J±a°J¨S¾c©@°J±²«��W¸S±²´S©4·²±²ªS©4µ �
�(Û�Å+©�º4¼�ºZ¯J©�°J¨�ºZ°W«@(¾�½o¸_°�ºs°J±²(ªSµ�±»ª�®N(·»®k±²ªS³l°J¨S©�°�Æk½+©4µ

float
ºZª�´

double
¾Lº4Æi´S©4·²±»®N©A¯W±²ª.-

©AÄSºb«A°&¯J©4µG¸�·a°Jµ4Â_¾c(µG°J·aÆc´S¸�©¤°Jq¨�(·»©4µ�±»ªY°J¨S©�®bºb·²¸S©W¯�ºbªS³(©yÁ



Ù(Ù�� ��� �����	!#����¬�$
q�	�����}�Q��
��}%

Operational.
Ð<ªt½oºZ¯\°J±»«4¸S·ÉºZ¯6Â�ÆN(¸ µ\¨S(¸�·»´YÅ+©�ºZÅ�·²©�°JtÁ@Á6Á

Ø �qÙ/ÛL©A®yºb·»¸oºs°J© ©AÄ�½S¯J©@µ\µ\±²(ªSµL±²ª�®N(·a®�±²ªS³n°J¨S©HºZ¯J±a°J¨S¾c©@°J±²«L°�Æk½+©4µ
int
Â
unsigned int

Â
floatºbªS´

double
�

Ø ��À(ÛL«@(¾�½o¸_°J©}°\¨�©¤Å�±²ª�ºZ¯\Æc¯J©@½S¯J©@µ\©4ª�°JºZ°J±²(ªY(ÈQºq³(±a®N©4ªY¯J©4ºb·gª�¸S¾qÅ+©A¯��
Ø �¤ÝNÛL«@(¾�½o¸_°J©¤°J¨S©`Ô�NºZ°J±²ªS³q½+(±²ª�°&ªk¸S¾�Å+©@¯}ªS©6ºs¯J©4µG°}°\Lºl³(±»®N©4ª ¯J©6ºZ·�ªk¸S¾�Å+©@¯6Â�¼}±»°\¨t¯J©4µG½3©4«@°

°Jlº�×�ªS±»°J©�Ô�NºZ°J±»ª�³F½+(±»ª�°;ªk¸S¾�Å+©@¯�µGÆkµG°J©4¾ �
Ø � ��Ûc¼;y¯GÃO¼&±»°J¨Yºq³(±a®N©4ªtÔ�NºZ°J±²ªS³F½+(±²ª�°�ªk¸S¾qÅ3©@¯�µGÆ�µG°\©4¾ �
Ø � �(Ûc¯\©4«4(³(ªS±²Ö4©�¸�µ\ºb³(©�(ÈgÔoNºs°J±²ªS³q½3(±²ª�°�ªk¸S¾�Å+©@¯Jµ;°J¨�ºZ°�®�±²(·²ºZ°J©4µ�ºbª�Æt(È�°\¨�©W°J¨_¯J©4©`¹�·²NºZ°\±²ªS³

	�(±»ª�° �&¯J±»°J¨S¾c©@°\±²« �W¸�±»´�©@·²±²ªS©4µ �
Ø �B!NÛc¼�¯J±»°J©�½S¯J(³y¯�ºZ¾cµ"°J¨�ºZ°;½+©@¯JÈÉy¯J¾ «4(¾�½�¸_°�ºZ°J±»(ª�µ"¼&±»°J¨LÔ�NºZ°J±²ªS³F½+(±²ª�°�ª�¸S¾qÅ+©A¯Jµ4Á

2.5.10 Exercises

Exercise 42
��?�=�B�*Õ=�.\2e.1032LIZ7NBPBC7(V�:^M3T�2��/pr,426>@>@:G7(Mr>¢>4.\2UpÕw��6R�wG>4.\2Upr9n=SK@KA7(,@DN:PM3T£.\7�.1032hK@7(Mrw

?�24,/>A:G7(M�,6*-Bm24>[7JI]5t:É��2AD 2��/pr,426>@>@:G7(Mr>Zx  �2 =�>4>A*-5n2¬=¢��7b=�.<:PM3T�p+7(:^Mr.t,42Gpr,424>b24Mr.G=�.<:G7(M
=SK@KA7(,@DN:PM3T¢.\7nz������ �N� �-9¤.10-=�.`:P>@9 float KA7(,6,426>Up37(M	D�>t.\7 F

�
(2, 24, −126, 127)

=NM	D�DS7(*-w
�/BC2¢K@7(,6,424>Up+7(M	D�> .\7

F
�
(2, 53, −1022, 1023)

x� �2n=�B�>b7�=�>4>@*o5n2t.10-=�.
32
�6:<.1>8=N,@2 *3>b2�D�.\7

,42Gpr,@26>b24Mr.
int

?k=�B�*�24>Zx ���q�4�
º(Û

6 / 4 * 2.0f - 3

Å-Û
2 + 15.0e7f - 3 / 2.0 * 1.0e8

«6Û
392593 * 2735.0f - 8192 * 131072 + 1.0

´oÛ
16 * (0.2f + 262144 - 262144.0)

Exercise 43
�W7(5qpr*3.\2�.1032O�4:PM	=N,6R]2��/p3=NMr>A:G7(Mr>L7JI�.1032�Ib7NB^Bm7(V;:^M3T8DS2AK4:P5H=�BÊM+*o58�@24,/>Zx

= � 0.25
� � 1.52

K � 1.3
D � 11.1 ��� � �

Exercise 44
)Q7(,�.1032�M+*-5H�424,/>`:^M]�"�S24,4K4:P>b2¤���k9�KA7(5�pr*-.\2FMQ2A=N,426>@.r��7b=�.<:PM3T`p+7(:PMr."M+*o58�42@,/>

:PM�.1032�>@R�>4.\245t>B��
(2, 5, −1, 2)

=NM	D�
(2, 5, −1, 2)

x ��� � �
Exercise 45

 X0-=�.¤=N,42�.1032lBÉ=N,GT_24>4.¤=NM	Di>@58=�B^Bm26>@.¤½+(µG±»°J±»®N©�MQ7(,65H=�B�:���2ADi>@:PM3TNBC2L=NM	D8DS7(*Õ�/Bm2
pr,42AK4:<>@:U7(Mi�`7Z=�.<:PM3Tqp+7(:PMr.&M+*o58�@24,/>@9�=SK@KA7(,@DN:PM3TE.\7i.1032�z������ >4.G=NM	D_=N,AD �N� ��� ��� � �
Exercise 46

{l7(V�58=NM+R¤�`7b=�.<:^M3TFp+7(:PMr.vM+*o58�42@,/>lDS7L.1032F>@R�>4.\245i>� �
(β, p, e ���	� , e ��
�� ) =NM	D

(β, p, e ���	� , e ��
�� ) KA7(Mr.G=N:PM�� ��� � �
Exercise 47

�W7(5qpr*3.\2�.1032�?�=�B�*g2t7JI�.1032l?�=N,6:U=_�/BC2
d
=�I4.\24,l.1032YDS2@K4BC=N,@=�.<:U7(M¬>4.G=�.\245824Mr.

float d = 0.1;
� >4>A*-5n2q.1032�z������Ë>4.G=NM	D_=N,@D �N� �gx ��� � �
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Exercise 48
 X0-=�.�:<>q.1032 � p+7N.\24Mr.<:U=�B � pr,47��/BC245 V;:P.10X.1032�IZ7NBPBC7(V;:PM3TtBm7y74p � Ø �
�(Û

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

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

Exercise 49
 X0-=�.�:<>q.1032 � p+7N.\24Mr.<:U=�B � pr,47��/BC245 V;:P.10X.1032�IZ7NBPBC7(V;:PM3TtBm7y74p � Ø �
�(Û

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

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

Exercise 50
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Exercise 51
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Exercise 52
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2.5.11 Challenges

Exercise 53
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2 + c, n > 0.
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Exercise 54
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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.
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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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