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+%-'.("-,*D1"-%<*E&9=;%#)*FG-9:,;#
H-,&;* C;:%;#;"$-.("
	5 3/4	 101.112
 2 7/8	 010.1112
 63/64	 000.1111112

I=#;%J-.("#
F9G9.,'<:'/'<:'&"9H97>'+9>"=

I-86A8:'<:'/'<:'&"9H97>'8,H

;-$<,+&'#?'?#+$'J)111111K/'%+,'L-&='<,8#C'1)J

12/'M'120'M'123'M'K'M'12/9'M'K'!'1)J

N&,'7#=%6#7'1)J'O'P
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C;:%;#;"$-=,;*E&9=;%#

K191$-.("
(%7'#78:',Q%5=8:'+,A+,&,7='7-$<,+&'#?'=",'?#+$'Q2/R

S=",+'+%6#7%8'7-$<,+&'"%G,'+,A,%67>'<9='+,A+,&,7=%6#7&

H-,&;* C;:%;#;"$-.("
12T' 0.0101010101[01]…2
12U' 0.001100110011[0011]…2
121J' 0.0001100110011[0011]…2
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!FFF*+,(-."/*0(1"$

!FFF*3$-"8-%8*LMN
V&=%<89&",.'97'1W3U'%&'-79?#+$'&=%7.%+.'?#+'X#%67>'A#97='%+9="$,65

*,?#+,'="%=Y'$%7:'9.9#&:75+%65'?#+$%=&

Z-AA#+=,.'<:'%88'$%L#+'([N&

O%1J;"*=<*"&9;%1'-,*'("';%"#
;95,'&=%7.%+.&'?#+'+#-7.97>Y'#G,+X#CY'-7.,+X#C

\%+.'=#'$%R,'?%&='97'"%+.C%+,

;-$,+95%8'%7%8:&=&'A+,.#$97%=,.'#G,+'"%+.C%+,'.,&9>7,+&'97'.,]797>'

&=%7.%+.
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E&9;%1'-,*+(%9)*
* * * PQ7R#*!**5"

31/"*=1$'#'.,=,+$97,&'C",=",+'7-$<,+'9&'7,>%6G,'#+'A#&96G,

31/"1S'-"8'!''7#+$%88:'%'?+%56#7%8'G%8-,'97'+%7>,'^1)JY/)J_)

FG:(";"$'"'C,9>"=&'G%8-,'<:'A#C,+'#?'=C#

F"'(81"/
IZ*'s'9&'&9>7'<9='#
exp'],8.',75#.,&'"'`<-='9&'7#=',a-%8'=#'V_
frac'],8.',75#.,&'!'`<-='9&'7#=',a-%8'=#'I_

+,(-."/*0(1"$*C;:%;#;"$-.("

s exp frac
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0%;'1#1("#

31"/,;*:%;'1#1(")*T5*=1$#

O(&=,;*:%;'1#1(")*UN*=1$#

FG$;"8;8*:%;'1#1(")*6@*=1$#*P!"$;,*(",<R

s exp frac

1 8-bits 23-bits

s exp frac

1 11-bits 52-bits

s exp frac

1 15-bits 63 or 64-bits
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E(%9-,1V;8*H-,&;#

2("81.(")*;G:*W*@@@X@*-"8*;G:*W*777X7

FG:(";"$*'(8;8*-#*$%&#'(*J-,&;)*"**Y**")**Q*+%&#
*+,E'-7&9>7,.'G%8-,'exp'
-!./'b'/Rc1'c'1Y'C",+,'0'9&'7-$<,+'#?',QA#7,7='<9=&

Z97>8,'A+,59&9#7E'1/d'`VQAE'1K/U0Y'VE'c1/eK1/d_

F#-<8,'A+,59&9#7E'1J/T'`VQAE'1K/J0eY'VE'c1J//K1J/T_

31/"1S'-"8*'(8;8*Z1$?*19:,1;8*,;-81"/*7)*!**Y**1.xxx…x2
'xxx…xE'<9=&'#?'frac
I979$-$'C",7'000…0'`1'b'1)J_

I%Q9$-$'C",7'111…1'`1'b'/)J'O'P_

f,=',Q=+%'8,%.97>'<9='?#+'@?+,,B
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;#+$%89g,.'V75#.97>'VQ%$A8,

h%8-,E'Float F = 15213.0;
1U/1T

1J
''b'111J11J11J11J1

/''
'

'''''''''''''''''''''b'1)11J11J11J11J1
/
'Q'/1T

Z9>79]5%7.

1'' b'' 1.11011011011012
frac =    110110110110100000000002

VQA#7,7=

*2 '' b'' 1T

-!./'' b'' 1/d

*+,'' b'' 10J'' b' 100011002
D,&-8=E

0 10001100 11011011011010000000000 
s exp frac
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O;"(%9-,1V;8*H-,&;#

2("81.(")*exp = 000…0

FG:(";"$*J-,&;)*"*Y*Q+%&#*[*7*P1"#$;-8*(\*"*Y*@*Q*+%&#R
31/"1S'-"8*'(8;8*Z1$?*19:,1;8*,;-81"/*@)*!*Y*@AGGGXG5

xxx…xE'<9=&'#?'frac

2-#;#
'exp'b'000…0Y'frac'b'000…0

D,A+,&,7=&'g,+#'G%8-,

;#=,'.9&675='G%8-,&E'MJ'%7.'OJ'`C":i_

exp'b'000…0Y'frac'j'000…0
;-$<,+&'G,+:'58#&,'=#'J)J

k#&,'A+,59&9#7'%&'>,='&$%88,+

Va-9&A%5,.
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3:;'1-,*H-,&;#

2("81.(")*exp*Y*111…1

2-#;)*exp*Y*111…1]*frac*Y*000…0
D,A+,&,7=&'G%8-,'!'`97]79=:_

SA,+%6#7'="%='#G,+X#C&

*#="'A#&96G,'%7.'7,>%6G,

V)>)Y'1)J2J)J'b'l1)J2lJ)J'b'M!Y''1)J2lJ)J'b'l!

2-#;)*exp*Y*111…1]*frac*W*000…0
;#=c%c;-$<,+'`;%;_

D,A+,&,7=&'5%&,'C",7'7#'7-$,+95'G%8-,'5%7'<,'.,=,+$97,.

V)>)Y'&a+=`O1_Y'!'l'!Y'!'"'J
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h9&-%89g%6#7E'48#%67>'[#97='V75#.97>&

!!"!

##

!$%&'() !*'()+,-.%/"$%&'()"*'()+,-.%/

!#
*+* *+*
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^1"<*+,(-."/*0(1"$*FG-9:,;

64=1$*+,(-."/*0(1"$*C;:%;#;"$-.("
=",'&9>7'<9='9&'97'=",'$#&='&9>79]5%7='<9=

=",'7,Q='?#-+'<9=&'%+,'=",',QA#7,7=Y'C9="'%'<9%&'#?'d

=",'8%&='="+,,'<9=&'%+,'=",'frac

3-9;*/;";%-,*\(%9*-#*!FFF*+(%9-$
7#+$%89g,.Y'.,7#+$%89g,.

+,A+,&,7=%6#7'#?'JY';%;Y'97]79=:

s exp frac

1 4-bits 3-bits
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s exp  frac E Value 

0 0000 000 -6 0
0 0000 001 -6 1/8*1/64 = 1/512
0 0000 010 -6 2/8*1/64 = 2/512
…
0 0000 110 -6 6/8*1/64 = 6/512
0 0000 111 -6 7/8*1/64 = 7/512
0 0001 000 -6 8/8*1/64 = 8/512
0 0001 001   -6 9/8*1/64 = 9/512
…
0 0110 110 -1 14/8*1/2 = 14/16
0 0110 111 -1 15/8*1/2 = 15/16
0 0111 000 0 8/8*1    = 1
0 0111 001 0 9/8*1    = 9/8
0 0111 010 0 10/8*1   = 10/8
…
0 1110 110 7 14/8*128 = 224
0 1110 111 7 15/8*128 = 240
0 1111 000 n/a inf

O<"-91'*C-"/;*P0(#1.J;*I",<R

',(#;#$*$(*V;%(

,-%/;#$*8;"(%9

#9-,,;#$*"(%9

',(#;#$*$(*7*=;,(Z

',(#;#$*$(*7*-=(J;

,-%/;#$*"(%9

O;"(%9-,1V;8
"&9=;%#

E(%9-,1V;8
"&9=;%#

Denison University
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-15.0000-11.2500-7.5000-3.7500 0 3.7500 7.500011.250015.0000
Denormalized Normalized Infinity

Denison University

O1#$%1=&.("*(\*H-,&;#

U4=1$*!FFF4,1_;*\(%9-$
,'b'T',QA#7,7='<9=&

?'b'/'?+%56#7'<9=&

*9%&'9&'/Tc1c1'b'T

E(.';*?(Z*$?;*81#$%1=&.("*/;$#*8;"#;%*$(Z-%8*V;%(A*
'3'G%8-,&

s exp frac

1 3-bits 2-bits
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O1#$%1=&.("*(\*H-,&;#*P',(#;4&:*J1;ZR

U4=1$*!FFF4,1_;*\(%9-$
,'b'T',QA#7,7='<9=&

?'b'/'?+%56#7'<9=&

*9%&'9&'T

s exp frac

1 3-bits 2-bits

-1.0000-0.7500-0.5000-0.2500 0 0.2500 0.5000 0.7500 1.0000
Denormalized Normalized
Infinity
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!"$;%;#."/*E&9=;%#
,'#-.%*/012 ')*2 3.&-2 456'.%-27&85'
`;%(* @@X@@* @@X@@* @A@
39-,,;#$*0(#A*O;"(%9A* @@X@@* @@X@7* 5012345637*G*501283958#337

Z97>8,'m'1)0'Q'1JO0U

F#-<8,'m'0)W'Q'1JOT/0

K-%/;#$*O;"(%9-,1V;8* @@X@@* 77X77* P7A@*Q*aR*G*501283958#337

Z97>8,'m'1)13'Q'1JOT3

F#-<8,'m'/)/'Q'1JOTJ3

39-,,;#$*0(#A*E(%9-,1V;8* @@X@7* @@X@@* 7A@*G*501283958#337

n-&='8%+>,+'="%7'8%+>,&='.,7#+$%89g,.

I";* @7X77* @@X@@* 7A@
*K-%/;#$*E(%9-,1V;8* 77X7@* 77X77* P5A@*Q*aR*G*5283:58#347

Z97>8,'m'T)0'Q'1JT3

F#-<8,'m'1)3'Q'1JTJ3

bsingle,doublec
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3:;'1-,*0%(:;%.;#*(\*F"'(81"/

+0*`;%(*3-9;*-#*!"$;/;%*`;%(
o88'<9=&'b'J

2-"*Pd,9(#$R*e#;*e"#1/";8*!"$;/;%*2(9:-%1#("
I-&=']+&='5#$A%+,'&9>7'<9=&

I-&='5#7&9.,+'lJ'b'J

;%;&'A+#<8,$%65

p988'<,'>+,%=,+'="%7'%7:'#=",+'G%8-,&

p"%='&"#-8.'5#$A%+9&#7':9,8.i

'S=",+C9&,'Sq

F,7#+$'G&)'7#+$%89g,.

;#+$%89g,.'G&)'97]79=:
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+,(-."/*0(1"$*I:;%-.("#)*D-#1'*!8;-
x +f y = Round(x + y)

x "f y = Round(x " y)

D-#1'*18;-
49+&='5#$A-=,',Q%5='+,&-8=

I%R,'9=']='97=#'.,&9+,.'A+,59&9#7

[#&&9<8:'#G,+X#C'9?',QA#7,7='=##'8%+>,

[#&&9<8:'+#-7.'=#']='97=#'frac
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C(&"81"/

C(&"81"/*f(8;#*P1,,&#$%-$;*Z1$?*g*%(&"81"/R

* g7AN@* g7AU@* g7AM@* g5AM@* Qg7AM@
!#C%+.&'g,+#' r1' r1' r1' r/' Or1

D#-7.'.#C7'`l!_' r1' r1' r1' r/' Or/

D#-7.'-A'`M!_'' r/' r/' r/' rT' Or1

;,%+,&='VG,7'`.,?%-8=_' r1' r/' r/' r/' Or/

>?-$*-%;*$?;*-8J-"$-/;#*(\*$?;*9(8;#B

Denison University
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2,(#;%*K((_*-$*C(&"84^(4FJ;"
O;\-&,$*C(&"81"/*f(8;

\%+.'=#'>,='%7:'#=",+'R97.'C9="#-='.+#AA97>'97=#'%&&,$<8:

o88'#=",+&'%+,'&=%6&65%88:'<9%&,.

Z-$'#?'&,='#?'A#&96G,'7-$<,+&'C988'5#7&9&=,7=8:'<,'#G,+c'#+'-7.,+c'

,&6$%=,.

d::,<1"/*$(*I$?;%*O;'19-,*0,-';#*h*D1$*0(#1.("#
p",7',Q%5=8:'"%8?C%:'<,=C,,7'=C#'A#&&9<8,'G%8-,&

D#-7.'&#'="%='8,%&='&9>79]5%7='.9>9='9&',G,7

V)>)Y'+#-7.'=#'7,%+,&='"-7.+,.="

' 1)/T0WWWW' 1)/T' `k,&&'="%7'"%8?'C%:_

' 1)/TUJJJ1' 1)/0' `f+,%=,+'="%7'"%8?'C%:_

' 1)/TUJJJJ' 1)/0' `\%8?'C%:s+#-7.'-A_

' 1)/0UJJJJ' 1)/0' `\%8?'C%:s+#-7.'.#C7_
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C(&"81"/*D1"-%<*E&9=;%#

D1"-%<*+%-'.("-,*E&9=;%#
@VG,7B'C",7'8,%&='&9>79]5%7='<9='9&'0
@\%8?'C%:B'C",7'<9=&'=#'+9>"='#?'+#-7.97>'A#&96#7'b'100…2

FG-9:,;#
D#-7.'=#'7,%+,&='120'`/'<9=&'+9>"='#?'<97%+:'A#97=_

h%8-,' *97%+:' D#-7.,.' o56#7' D#-7.,.'h%8-,

/'T2T/' 1J)JJJ11/' 1J)JJ/' `t12/s.#C7_' /

/'T21e' 1J)JJ11J/' 1J)J1/' `u12/s-A_' /'120

/'d23' 1J)111JJ/' 11)JJ/' `''12/s-A_' T

/'U23' 1J)1J1JJ/' 1J)1J/' `''12/s.#C7_' /'12/
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Denison University

+0*f&,.:,1'-.("

PQ7R#7*!9**5"9***G***PQ7R#:*!:**5":

FG-'$*C;#&,$)*PQ7R#*!**5"
Z9>7'/E'' ' /#'v'/'
Z9>79]5%7.'1E'' 1#'Q''1'
VQA#7,7='*E'' *#'M'*'

+1G1"/
w?'1'x'/Y'&"9H'1'+9>"=Y'975+,$,7='*
w?'*'#-='#?'+%7>,Y'#G,+X#C'
D#-7.'1'=#']='frac'A+,59&9#7

!9:,;9;"$-.("
*9>>,&='5"#+,'9&'$-86A8:97>'&9>79]5%7.&
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+,(-."/*0(1"$*d881.("

PQ7R#9*!9**5"9***[***P47R#:*!:**5":
o&&-$,'*#'u'*'

FG-'$*C;#&,$)*PQ7R#*!**5"
Z9>7'/Y'&9>79]5%7.'1E'

D,&-8='#?'&9>7,.'%89>7'y'%..

VQA#7,7='*E'' *#

+1G1"/
w?'1'x'/Y'&"9H'1'+9>"=Y'975+,$,7='*'
9?'1't'1Y'&"9H'1'8,H'0'A#&96#7&Y'.,5+,$,7='*'<:'0
SG,+X#C'9?'*'#-='#?'+%7>,
D#-7.'1'=#']='frac'A+,59&9#7

PQ7R#9*!9*

PQ7R#:*!:*

E1–E2

M

PQ7R#*!
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^(8-<)*+,(-."/*0(1"$

D-'_/%(&"8)*+%-'.("-,*=1"-%<*"&9=;%#
!FFF*i(-."/*:(1"$*#$-"8-%8)*O;S"1.("
FG-9:,;*-"8*:%(:;%.;#
C(&"81"/]*-881.("]*9&,.:,1'-.("
+,(-."/*:(1"$*1"*2
3&99-%<
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+,(-."/*0(1"$*1"*2

2*j&-%-"$;;#*^Z(*K;J;,#
float' &97>8,'A+,59&9#7

double' .#-<8,'A+,59&9#7

2("J;%#1("#h2-#."/
(%&67>'<,=C,,7'intY'floatY'%7.'double'5"%7>,&'<9='+,A+,&,7=%6#7
'double2float'z'int
!+-75%=,&'?+%56#7%8'A%+=

k9R,'+#-7.97>'=#C%+.'g,+#

;#='.,]7,.'C",7'#-='#?'+%7>,'#+';%;E'f,7,+%88:'&,=&'=#'!I97

'int'z'double
VQ%5='5#7G,+&9#7Y'%&'8#7>'%&'int'"%&'{'UT'<9='C#+.'&9g,

'int'z'float
p988'+#-7.'%55#+.97>'=#'+#-7.97>'$#.,

Denison University
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+,(-."/*0(1"$*0&VV,;#

+(%*;-'?*(\*$?;*\(,,(Z1"/*2*;G:%;##1("#]*;1$?;%)
o+>-,'="%='9='9&'=+-,'?#+'%88'%+>-$,7='G%8-,&

VQA8%97'C":'7#='=+-,

• x == (int)(float) x
• x == (int)(double) x
• f == (float)(double) f
• d == (float) d
• f == -(-f);
• 2/3 == 2/3.0
• d < 0.0	  ⇒ 	((d*2) < 0.0)
• d > f	  ⇒ 	-f > -d
• d * d >= 0.0
• (d+f)-d == f

int x = …;
float f = …;
double d = …;

o&&-$,'7,9=",+

d'7#+'f'9&';%;
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48#%67>'[#97=

D-'_/%(&"8)*+%-'.("-,*=1"-%<*"&9=;%#
!FFF*i(-."/*:(1"$*#$-"8-%8)*O;S"1.("
FG-9:,;*-"8*:%(:;%.;#
C(&"81"/]*-881.("]*9&,.:,1'-.("
+,(-."/*:(1"$*1"*2
3&99-%<

Denison University
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3&99-%<

!FFF*+,(-."/*0(1"$*?-#*',;-%*9-$?;9-.'-,**:%(:;%.;#
C;:%;#;"$#*"&9=;%#*(\*\(%9*f*G*5F

I";*'-"*%;-#("*-=(&$*(:;%-.("#*1"8;:;"8;"$*(\*
19:,;9;"$-.("

o&'9?'5#$A-=,.'C9="'A,+?,5='A+,59&9#7'%7.'=",7'+#-7.,.

E($*$?;*#-9;*-#*%;-,*-%1$?9;.'
h9#8%=,&'%&&#59%6G9=:2.9&=+9<-6G9=:

I%R,&'89?,'.9|5-8='?#+'5#$A98,+&'y'&,+9#-&'7-$,+95%8'%AA895%6#7&'

A+#>+%$$,+&
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2%;-."/*+,(-."/*0(1"$*E&9=;%

3$;:#
;#+$%89g,'=#'"%G,'8,%.97>'1

D#-7.'=#']='C9="97'?+%56#7

[#&=7#+$%89g,'=#'.,%8'C9="',},5=&'#?'+#-7.97>

2-#;*3$&8<
(#7G,+='3c<9='-7&9>7,.'7-$<,+&'=#'67:'X#%67>'A#97='?#+$%=

VQ%$A8,';-$<,+&

128	 10000000
 15	 00001101
 33	 00010001
 35	 00010011
138	 10001010
 63	 00111111

s exp frac

1 4-bits 3-bits

Denison University
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E(%9-,1V;

C;k&1%;9;"$
Z,='<97%+:'A#97='&#'="%='7-$<,+&'#?'?#+$'1)QQQQQ

o.L-&='%88'=#'"%G,'8,%.97>'#7,

F,5+,$,7=',QA#7,7='%&'&"9H'8,H

7&85'2 +%1&.;2 <.&-/012 ")*01'1=
 128	 10000000	 1.0000000	 7
  15	 00001101	 1.1010000	 3
  17	 00010001	 1.0001000	 4
  19	 00010011	 1.0011000	 4
 138	 10001010	 1.0001010	 7
  63	 00111111	 1.1111100	 5

s exp frac

1 4-bits 3-bits
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C(&"81"/

C(&"8*&:*'("81.("#
D#-7.'b'1Y'Z65R:'b'1'!'u'J)U

f-%+.'b'1Y'D#-7.'b'1Y'Z65R:'b'J'!'D#-7.'=#',G,7

7&85'2 <.&-/012 >?@2 A1-.B2 ?051('(
 128	 1.0000000	 000	 N	  1.000
 15	 1.1010000	 100	 N	  1.101
 17	 1.0001000	 010	 N	  1.000
 19	 1.0011000	 110	 Y	  1.010
 138	 1.0001010	 011	 Y	  1.001
 63	 1.1111100	 111	 Y	 10.000

1.BBGRXXX
j&-%8*=1$)*K3D*(\*%;#&,$

C(&"8*=1$)*7#$*=1$*%;9(J;8
3.'_<*=1$)*IC*(\*%;9-1"1"/*=1$#

Denison University
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0(#$"(%9-,1V;

!##&;
D#-7.97>'$%:'"%G,'5%-&,.'#G,+X#C

\%7.8,'<:'&"9H97>'+9>"='#75,'y'975+,$,767>',QA#7,7=

7&85'2 ?051('(2 ")*2 C(D5#='(2 ?'#58=
 128	  1.000	 7	 	 128
  15	  1.101	 3	 	  15
  17	  1.000	 4	 	  16
  19	  1.010	 4	 	  20
 138	  1.001	 7	 	 134	
  63	 10.000	 5	 1.000/6	  64


