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

!"#$%&'()*+,-./01-*(+-(!-23/+4,("56+426

$*+(740+/,4

!"#$%&&#"'(
89-2:6(!;(<,466-/.
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/0+)'1&!"#$%&!'#($%&)*+&,*#(-(.$

! 2(3.($(*4*-&"*50.6)40*&)$&7"#$
! !"#89(:(9&6)*"3;9)40*$
! ,*#(-(.$

! =43,464*+:1-*'(/*6>?*4.(:*.(6>?*4.

! !-*@4,6>-*A(0:61*?

! BC3:*.>*?A(+,/*0:1*?

! D..>1-*A(*4?:1-*A(2/E13E>0:1-*A(69>F>*?

! <;66).'
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=*>0+"*-&!'#(&?)9;($

! !'#(&@&A&7"#$
! <>*:,5(GGGGGGGGB(+-(&&&&&&&&B

! H40>2:E'(GCD(+-($IICD

! J4C:.40>2:E(GGCE(+-(KKCE

! <:64(&L(*/2M4,(,43,464*+:1-*

! N64(09:,:0+4,6(OGP(+-(OQP(:*.(ODP(+-(OKP

! R,>+4(KD&HST<CE(>*(!(:6

U GCKD&HST<

U GCV:&.STM(

0 0 0000
1 1 0001
2 2 0010
3 3 0011
4 4 0100
5 5 0101
6 6 0110
7 7 0111
8 8 1000
9 9 1001
A 10 1010
B 11 1011
C 12 1100
D 13 1101
E 14 1110
F 15 1111

Hex
Decim

al

Binary
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!'#(8F."(*#(+&G(60.'&F.-)*"H)40*

! I.0-.)6$&2(5(.&#0&?".#;)9&J++.($$($
! !-*043+/:EE5(@4,5(E:,?4(:,,:5(-V(M5+46

! D0+/:EE5(>23E424*+4.(W>+9(9>4,:,095(-V(.>X4,4*+(242-,5(+5346

! "56+42(3,-@>.46(:..,466(63:04(3,>@:+4(+-(3:,10/E:,(Y3,-0466Z

! [,-?,:2(M4>*?(4C40/+4.

! [,-?,:2(0:*(0E-MM4,(>+6(-W*(.:+:A(M/+(*-+(+9:+(-V(-+94,6

! K063"9(.&L&2;*8/"6(&<'$#(6&K0*#.09&J990>)40*
! R94,4(.>X4,4*+(3,-?,:2(-M\40+6(69-/E.(M4(6+-,4.

! DEE(:EE-0:1-*(W>+9>*(6>*?E4(@>,+/:E(:..,466(63:04

• • •
00
••
•0

FF
••
•F
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G)>M"*(&N0.+$

! G)>M"*(&O)$&PN0.+&<"H(Q
! ]-2>*:E(6>^4(-V(>*+4?4,#@:E/4.(.:+:

! )*0E/.>*?(:..,46646

! _-6+(0/,,4*+(2:09>*46(/64(S$(M>+6(`a(M5+46b(W-,.6

! 7>2>+6(:..,46646(+-(ac<

! <40-2>*?(+--(62:EE(V-,(242-,5#>*+4*6>@4(:33E>0:1-*6

! J>?9#4*.(656+426(/64(La(M>+6(`%(M5+46b(W-,.6

! [-+4*1:E(:..,466(63:04(d(&;%(e(&GCR(M5+46

! C%L#La(2:09>*46(6/33-,+(a%#M>+(:..,46646'($IL(84,:M5+46

! _:09>*46(6/33-,+(2/E13E4(.:+:(V-,2:+6

! K,:01-*6(-,(2/E13E46(-V(W-,.(6>^4

! DEW:56(>*+4?,:E(*/2M4,(-V(M5+46
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N0.+8F."(*#(+&G(60.'&F.-)*"H)40*

! J++.($$($&<3(>"5'&!'#(&S0>)40*$
! D..,466(-V(f,6+(M5+4(>*(W-,.

! D..,46646(-V(6/00466>@4(W-,.6(.>X4,(

M5(a(`S$#M>+b(-,(%(`La#M>+b

0000
0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011

32-bit
Words Bytes Addr.

0012
0013
0014
0015

64-bit
Words

Addr 
=
??

Addr 
=
??

Addr 
=
??

Addr 
=
??

Addr 
=
??

Addr 
=
??

0000

0004

0008

0012

0000

0008
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T)#)&2(3.($(*#)40*$

C Data Type Typical 32-bit Intel IA32 x86-64

char 1 1 1

short 2 2 2

int 4 4 4

long 4 4 8

long long 8 8 8

float 4 4 4

double 8 8 8

long double 8 10/12 10/16

pointer 4 4 8

Denison University
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!'#(&F.+(."*-

! O0U&$M0;9+&7'#($&U"#M"*&)&6;9487'#(&U0.+&7(&0.+(.(+&"*&
6(60.'V

! K0*:(*40*$
! <>?(B*.>:*'("/*A([[!(_:0A()*+4,*4+

! 74:6+(6>?*>f0:*+(M5+4(9:6(9>?946+(:..,466

! 7>gE4(B*.>:*'(C%L

! 74:6+(6>?*>f0:*+(M5+4(9:6(E-W46+(:..,466
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!'#(&F.+(."*-&=W)639(

! !"-&=*+")*
! 74:6+(6>?*>f0:*+(M5+4(9:6(9>?946+(:..,466

! S"X9(&=*+")*
! 74:6+(6>?*>f0:*+(M5+4(9:6(E-W46+(:..,466

! =W)639(
! h:,>:ME4(C(9:6(a#M5+4(,43,464*+:1-*(GCG&$SaILT

! D..,466(?>@4*(M5(iC(>6(GC&GG

0x100 0x101 0x102 0x103

01 23 45 67

0x100 0x101 0x102 0x103

67 45 23 01

Big Endian

Little Endian

01 23 45 67

67 45 23 01
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 Address! Instruction Code! Assembly Rendition
 8048365: 5b                    pop    %ebx
 8048366: 81 c3 ab 12 00 00     add    $0x12ab,%ebx
 804836c: 83 bb 28 00 00 00 00  cmpl   $0x0,0x28(%ebx)

2()+"*-&!'#(82(:(.$(+&S"$4*-$

! T"$)$$(679'
! 84C+(,43,464*+:1-*(-V(M>*:,5(2:09>*4(0-.4

! c4*4,:+4.(M5(3,-?,:2(+9:+(,4:.6(+94(2:09>*4(0-.4

! =W)639(&Y.)-6(*#

! T(>"3M(."*-&Z;67(.$
! h:E/4'( 0x12ab
! [:.(+-(S$(M>+6'( 0x000012ab
! "3E>+(>*+-(M5+46'( 00 00 12 ab
! =4@4,64'( ab 12 00 00
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=W)6"*"*-&T)#)&2(3.($(*#)40*$

! K0+(&#0&I."*#&!'#(&2(3.($(*#)40*&05&T)#)
! !:61*?(3->*+4,(+-(/*6>?*4.(09:,(j(0,4:+46(M5+4(:,,:5

Printf directives:
%p: Print pointer

%x: Print Hexadecimal

typedef unsigned char *pointer;

void show_bytes(pointer start, int len){
  int i;
  for (i = 0; i < len; i++)
    printf(”%p\t0x%.2x\n",start+i, start[i]);
  printf("\n");
}
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show_bytes&=W(>;40*&=W)639(

int a = 15213;
printf("int a = 15213;\n");
show_bytes((pointer) &a, sizeof(int));

Result (Linux):
int a = 15213;
0x11ffffcb8 0x6d
0x11ffffcb9 0x3b
0x11ffffcba 0x00
0x11ffffcbb 0x00
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2(3.($(*4*-&,*#(-(.$
Decimal:! 15213

Binary:   0011 1011 0110 1101

Hex:     3    B    6    D

6D
3B
00
00

IA32, x86-64

3B
6D

00
00

Sun

int A = 15213;

93
C4
FF
FF

IA32, x86-64

C4
93

FF
FF

Sun

Twoʼs complement representation
(Covered later)

int B = -15213;

long int C = 15213;

00
00
00
00

6D
3B
00
00

x86-64

3B
6D

00
00

Sun
6D
3B
00
00

IA32
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2(3.($(*4*-&I0"*#(.$

!"#$%$&'()*+,"-$%.(/(+0)1"&$.(0.."2&(3"#$%$&'(-*)04*&.('*(*56$)'.

int B = -15213;
int *P = &B;

x86-64Sun IA32
EF
FF
FB
2C

D4
F8
FF
BF

0C
89
EC
FF
FF
7F
00
00
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char S[6] = "18243";

2(3.($(*4*-&<#."*-$

! <#."*-$&"*&K
! =43,464*+4.(M5(:,,:5(-V(09:,:0+4,6

! B:09(09:,:0+4,(4*0-.4.(>*(D"!))(V-,2:+

! "+:*.:,.(T#M>+(4*0-.>*?(-V(09:,:0+4,(64+

! !9:,:0+4,(YGZ(9:6(0-.4(GCSG

U H>?>+(!((9:6(0-.4(GCSGk!

! "+,>*?(69-/E.(M4(*/EE#+4,2>*:+4.

! K>*:E(09:,:0+4,(l(G

! K063)47"9"#'
! <5+4(-,.4,>*?(*-+(:*(>66/4

Linux/Alpha Sun

31
38
32
34
33
00

31
38
32
34
33
00
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/0+)'1&!"#$%&!'#($%&)*+&,*#(-(.$

! 2(3.($(*4*-&"*50.6)40*&)$&7"#$
! !"#89(:(9&6)*"3;9)40*$
! ,*#(-(.$

! =43,464*+:1-*'(/*6>?*4.(:*.(6>?*4.

! !-*@4,6>-*A(0:61*?

! BC3:*.>*?A(+,/*0:1*?

! D..>1-*A(*4?:1-*A(2/E13E>0:1-*A(69>F>*?

! <;66).'
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!009()*&J9-(7.)

! T(:(903(+&7'&[(0.-(&!009(&"*&CR#M&K(*#;.'
! DE?4M,:>0(,43,464*+:1-*(-V(E-?>0

! B*0-.4(Y8,/4Z(:6(&(:*.(YK:E64Z(:6(G

7&3
" ()*+(,(-(./%0(1#2/(),-(304(+,-

8%
" ()5+(,(-(./%0(%62/%"(),-(#"(+,-

9*'
" (7)(,(-(./%0(),8

:;)-<."=$>8%(?@*%A
" ()9+(,(-(./%0(%62/%"(),-(#"(+,-:(1;2(0#2(1#2/
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[(*(.)9&!009()*&J9-(7.)$

! F3(.)#(&0*&!"#&?(>#0.$
! m34,:1-*6(:33E>4.(M>+W>64

! J99&05&#M(&I.03(.4($&05&!009()*&J9-(7.)&J339'

  01101001
& 01010101
  01000001

  01101001
| 01010101
  01111101

  01101001
^ 01010101
  00111100

  
~ 01010101
  10101010  01000001 01111101 00111100 10101010
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!"#8S(:(9&F3(.)40*$&"*&K

! F3(.)40*$&&%&&|%&&~%&&^&J:)"9)79(&"*&K
! D33E5(+-(:*5(Y>*+4?,:EZ(.:+:(+534

! long, int, short, char, unsigned
! h>4W(:,?/24*+6(:6(M>+(@40+-,6

! D,?/24*+6(:33E>4.(M>+#W>64

! =W)639($&\>M).&+)#)&#'3(]
! ~0x41 ! 0xBE

! ~010000012 ! 101111102
! ~0x00 ! 0xFF

! ~000000002 ! 111111112
! 0x69 & 0x55 ! 0x41

! 011010012 & 010101012 ! 010000012
! 0x69 | 0x55 ! 0x7D

! 011010012 | 010101012 ! 011111012
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K0*#.)$#1&S0-">&F3(.)40*$&"*&K

! K0*#.)$#&#0&S0-">)9&F3(.)#0.$
! &&, ||, !

! h>4W(G(:6(YK:E64Z

! D*5+9>*?(*-*^4,-(:6(Y8,/4Z

! DEW:56(,4+/,*(G(-,(&

! B:,E5(+4,2>*:1-*

! =W)639($&\>M).&+)#)&#'3(]
! !0x41  !  0x00
! !0x00  !  0x01
! !!0x41  !  0x01

! 0x69 && 0x55  !  0x01
! 0x69 || 0x55  !  0x01
! p && *p ( `:@->.6(*/EE(3->*+4,(:00466b
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<M"^&F3(.)40*$

! S(^&<M"^1&& x << y
! "9>F(M>+#@40+-,(x(E4F(y(3-6>1-*6

U 89,-W(:W:5(4C+,:(M>+6(-*(E4F

! K>EE(W>+9(0P6(-*(,>?9+
! 2"-M#&<M"^1&&x >> y
! "9>F(M>+#@40+-,(x(,>?9+(y(3-6>1-*6

! 89,-W(:W:5(4C+,:(M>+6(-*(,>?9+

! 7-?>0:E(69>F

! K>EE(W>+9(0P6(-*(E4F
! D,>+92410(69>F

! =43E>0:+4(2-6+(6>?*>f0:*+(M>+(-*(,>?9+

! _*+(`*(+&!(M):"0.
! "9>F(:2-/*+(n(G(-,(o(W-,.(6>^4

01100010Argument x

00010000<< 3

00011000Log. >> 2

00011000Arith. >> 2

10100010Argument x

00010000<< 3

00101000Log. >> 2

11101000Arith. >> 2

0001000000010000

0001100000011000

0001100000011000

00010000

00101000

11101000

00010000

00101000

11101000
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/0+)'1&!"#$%&!'#($%&)*+&,*#(-(.$

! 2(3.($(*4*-&"*50.6)40*&)$&7"#$
! !"#89(:(9&6)*"3;9)40*$
! ,*#(-(.$

! <%="%&%023>#0'(;0&6?0%4(304(&6?0%4

! !-*@4,6>-*A(0:61*?

! BC3:*.>*?A(+,/*0:1*?

! D..>1-*A(*4?:1-*A(2/E13E>0:1-*A(69>F>*?

! <;66).'
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=*>0+"*-&,*#(-(.$

  short int x =  15213;
  short int y = -15213;

! K&short&B&7'#($&90*-

! <"-*&!"#
! K-,($P6(0-23E424*+A(2-6+(6>?*>f0:*+(M>+(>*.>0:+46(6>?*

! G(V-,(*-**4?:1@4

! &(V-,(*4?:1@4

_*$"-*(+ /U0a$&K0639(6(*#

<"-*
!"#

Carnegie Mellon
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=*>0+"*-&=W)639(&\K0*#b]
  x =      15213: 00111011 01101101
  y =     -15213: 11000100 10010011
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Z;6(.">&2)*-($
! N*6>?*4.(h:E/46

! "#!$( l( G

DDDcD

! "#%&(( l( ($'(U(&

CCCcC

!(8W-P6(!-23E424*+(h:E/46

! (#!$( l( (U$'dC

CDDcD

! (#%&(( l( ($'dC(U(&

DCCcC

!(m+94,(h:E/46

! _>*/6(&

CCCcC

h:E/46(V-,()(l(&L
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?)9;($&50.&T"e(.(*#&N0.+&<"H($

! F7$(.:)40*$
! p(#!$*p((l(( (#%&(k(&

! D65224+,>0(,:*?4

! "#%&( l( $(j((#%&(k(&(
( (

! B(C%*2%0++"&2
! q>*0E/.4(nE>2>+6;9r

! H40E:,46(0-*6+:*+6A(4;?;A

! N7m]cs_De

! 7m]cs_De

! 7m]cs_)]

! h:E/46(3E:t-,2(

6340>f0( (
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_*$"-*(+&f&<"-*(+&Z;6(.">&?)9;($
! =g;":)9(*>(

! ":24(4*0-.>*?6(V-,(*-**4?:1@4(

@:E/46

! _*"g;(*($$
! B@4,5(M>+(3:g4,*(,43,464*+6(

/*>u/4(>*+4?4,(@:E/4

! B:09(,43,464*+:ME4(>*+4?4,(9:6(

/*>u/4(M>+(4*0-.>*?

! !&K)*&,*:(.#&G)33"*-$
! N$<`&b((l((<$N8C`&b

! <>+(3:g4,*(V-,(/*6>?*4.(>*+4?4,

! 8$<`&b((l((<$88C`&b
! <>+(3:g4,*(V-,(+W-P6(0-23(

>*+4?4,

+ +@AB!C+@DB!C

DDDD D
DDDC C
DDCD B
DDCC h
DCDD i
DCDC j
DCCD E
DCCC k

dAA
dkR
dECD
djCC
diCB
dhCh
dBCi
dCCj

CDDD
CDDC
CDCD
CDCC
CCDD
CCDC
CCCD
CCCC

D
C
B
h
i
j
E
k
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/0+)'1&!"#$%&!'#($%&)*+&,*#(-(.$

! 2(3.($(*4*-&"*50.6)40*&)$&7"#$
! !"#89(:(9&6)*"3;9)40*$
! ,*#(-(.$

! =43,464*+:1-*'(/*6>?*4.(:*.(6>?*4.

! E#0F%"&6#0:(G3&>0?

! BC3:*.>*?A(+,/*0:1*?

! D..>1-*A(*4?:1-*A(2/E13E>0:1-*A(69>F>*?

! <;66).'
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8$N

8$< <$N

/U0a$&K0639(6(*# _*$"-*(+

_:>*+:>*(":24(<>+([:g4,*

x uxX

G)33"*-&!(#U((*&<"-*(+&f&_*$"-*(+

N$8

N$< <$8

/U0a$&K0639(6(*#_*$"-*(+

_:>*+:>*(":24(<>+([:g4,*

ux xX

! G)33"*-$&7(#U((*&;*$"-*(+&)*+&#U0a$&>0639(6(*#&*;67(.$1
&l((3&7"#&.(3.($(*#)40*$&)*+&.("*#(.3.(#
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G)33"*-&<"-*(+&!&_*$"-*(+
H6?0%4

0

1

2

3

4

5

6

7

-8

-7

-6

-5

-4

-3

-2

-1

D0&6?0%4

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

+62&

0000

0001

0010

0011

0100

0101

0110

0111

1000

1001

1010

1011
1100

1101

1110

1111

D@A

A@D
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G)33"*-&<"-*(+&!&_*$"-*(+
H6?0%4

0

1

2

3

4

5

6

7

-8

-7

-6

-5

-4

-3

-2

-1

D0&6?0%4

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

+62&

0000

0001

0010

0011

0100

0101

0110

0111

1000

1001

1010

1011
1100

1101

1110

1111

@

Lm8&CE
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+ + + + + +• • •

- + + + + +• • •

ux
x

w–1 0

2(9)40*&7(#U((*&<"-*(+&f&_*$"-*(+

S).-(&*(-)4:(&U("-M#
,-./0-1

S).-(&30$"4:(&U("-M#

8$N

/B! !B_

/U0a$&K0639(6(*# _*$"-*(+

_:>*+:>*(":24(<>+([:g4,*

x uxX
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D

(#%&

(#!$

dC
dB

D

"#%&
"#%&&d&C

(#%&
(#%&**L&C

$P6(!-23E424*+(

=:*?4

N*6>?*4.

=:*?4

K0*:(.$"0*&?"$;)9"H(+
! Ba$&K063b&"&_*$"-*(+

! m,.4,>*?()*@4,6>-*

! ]4?:1@4("(<>?([-6>1@4
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<"-*(+&:$b&_*$"-*(+&"*&K
! K0*$#)*#$

! <5(.4V:/E+(:,4(0-*6>.4,4.(+-(M4(6>?*4.(>*+4?4,6

! N*6>?*4.(>V(9:@4(YNZ(:6(6/vC

0U, 4294967259U

! K)$4*-
! BC3E>0>+(0:61*?(M4+W44*(6>?*4.(i(/*6>?*4.(6:24(:6(N$8(:*.(8$N

int tx, ty;
unsigned ux, uy;
tx = (int) ux;
uy = (unsigned) ty;

! )23E>0>+(0:61*?(:E6-(-00/,6(@>:(:66>?*24*+6(:*.(3,-04./,4(0:EE6

tx = ux;
uy = ty;
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 0 0U == ;0&6?0%4

 -1 0 < &6?0%4

 -1 0U > ;0&6?0%4

 2147483647 -2147483648  > &6?0%4

 2147483647U -2147483648  < ;0&6?0%4

 -1 -2  > &6?0%4

 (unsigned) -1 -2  > ;0&6?0%4

  2147483647  2147483648U  < ;0&6?0%4

  2147483647  (int) 2147483648U > &6?0%4

K)$4*-&<;.3."$($
! =W3.($$"0*&=:)9;)40*

! )V(+94,4(>6(:(2>C(-V(/*6>?*4.(:*.(6>?*4.(>*(6>*?E4(4C3,466>-*A(

"#$%&'()*+,&"(#-.+#/#0+1(/*"0(02(,%"#$%&'

! )*0E/.>*?(0-23:,>6-*(-34,:1-*6(<:(>:(==:(<=:(>=
! BC:23E46(V-,()(l(S$'((((AIJK(,(L@:-MN:MOP:QMO(:(((((AI)R(,(@:-MN:MOP:QMN

! K0*$#)*#C& K0*$#)*#B& 2(9)40*& =:)9;)40*

&D& D_&

&8C& D&

&8C& D_&

&BCikiAhEik& 8BCikiAhEik8C&&

&BCikiAhEik_& 8BCikiAhEik8C&&

&8C& 8B&&

&\;*$"-*(+]8C& 8B&&

&&BCikiAhEik&& BCikiAhEiA_&&

&&BCikiAhEik&& \"*#]&BCikiAhEiA_& 

Denison University

36

<;66).'
K)$4*-&<"-*(+&n&_*$"-*(+1&!)$">&2;9($
! !"#&3)X(.*&"$&6)"*#)"*(+
! !;#&.("*#(.3.(#(+
! K)*&M):(&;*(W3(>#(+&(e(>#$1&)++"*-&0.&$;7#.)>4*-&BU

! =W3.($$"0*&>0*#)"*"*-&$"-*(+&)*+&;*$"-*(+&"*#
! int(>6(0:6+(+-(unsignedww
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/0+)'1&!"#$%&!'#($%&)*+&,*#(-(.$

! 2(3.($(*4*-&"*50.6)40*&)$&7"#$
! !"#89(:(9&6)*"3;9)40*$
! ,*#(-(.$

! =43,464*+:1-*'(/*6>?*4.(:*.(6>?*4.

! !-*@4,6>-*A(0:61*?

! ST=30460?:(2";0G3>0?

! D..>1-*A(*4?:1-*A(2/E13E>0:1-*A(69>F>*?

! <;66).'

Denison University
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<"-*&=W#(*$"0*
! /)$l1

! c>@4*('#M>+(6>?*4.(>*+4?4,(&

! !-*@4,+(>+(+-('k2#M>+(>*+4?4,(W>+9(6:24(@:E/4

! 2;9(1
! _:x4(2(0-3>46(-V(6>?*(M>+'

! +(#(l((&'dC&AyA(&'dC&A(&'dC&A(&'dB&AyA(&D

2&>03"($&05&G<!

• • •X 

X " • • • • • •

• • •

'

'2
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<"-*&=W#(*$"0*&=W)639(

! K0*:(.4*-&5.06&$6)99(.&#0&9).-(.&"*#(-(.&+)#)&#'3(
! K&);#06)4>)99'&3(.50.6$&$"-*&(W#(*$"0*

  short int x =  15213;
  int      ix = (int) x; 
  short int y = -15213;
  int      iy = (int) y;

Decimal Hex Binary
x 15213 3B 6D 00111011 01101101
ix 15213 00 00 3B 6D 00000000 00000000 00111011 01101101
y -15213 C4 93 11000100 10010011
iy -15213 FF FF C4 93 11111111 11111111 11000100 10010011
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<;66).'1
=W3)*+"*-%&/.;*>)4*-1&!)$">&2;9($

! =W3)*+"*-&\(b-b%&$M0.#&"*#&#0&"*#]
! N*6>?*4.'(^4,-6(:..4.

! ">?*4.'(6>?*(4C+4*6>-*

! <-+9(5>4E.(4C340+4.(,46/E+

! /.;*>)4*-&\(b-b%&;*$"-*(+&#0&;*$"-*(+&$M0.#]
! N*6>?*4.z6>?*4.'(M>+6(:,4(+,/*0:+4.

! =46/E+(,4>*+4,3,4+4.

! N*6>?*4.'(2-.(-34,:1-*

! ">?*4.'(6>2>E:,(+-(2-.

! K-,(62:EE(*/2M4,6(5>4E.6(4C340+4.(M49:@>-/,
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/0+)'1&!"#$%&!'#($%&)*+&,*#(-(.$

! 2(3.($(*4*-&"*50.6)40*&)$&7"#$
! !"#89(:(9&6)*"3;9)40*$
! ,*#(-(.$

! =43,464*+:1-*'(/*6>?*4.(:*.(6>?*4.

! !-*@4,6>-*A(0:61*?

! BC3:*.>*?A(+,/*0:1*?

! )446>#0:(0%?3>#0:(U;V>=V6G3>#0:(&/6W60?

! <;66).'
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Z(-)40*1&K0639(6(*#&f&,*>.(6(*#
! K9)"61&Y0990U"*-&O09+$&50.&Ba$&K0639(6(*#

 ~x + 1 == -x

! K0639(6(*#
! mM64,@:1-*'(~x + x == 1111…111 == -1

! K0639(#(&I.005V

C D D C D CC C&W

D C C D C DD DoWL

C C C C C CC C8C
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K0639(6(*#&f&,*>.(6(*#&=W)639($

W&@&CjBCh

W&@&D
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_*$"-*(+&J++"40*

! <#)*+).+&J++"40*&Y;*>40*
! )?*-,46(0:,,5(-/+3/+

! ,639(6(*#$&G0+;9).&J."#M6(4>
1( (l( (ND..'`3(A(4b( l( 3(k(4((2-.($'

• • •

• • •

u
v+

• • •u + v

• • •

8,/4("/2'('k&(M>+6

m34,:*.6'('(M>+6

H>60:,.(!:,,5'('(M>+6 UAddw(u , v)
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G)#M(6)4>)9&I.03(.4($

! G0+;9).&J++"40*&Y0.6$&)*&5,-6!%$*78/39
! EV#&%4(/*.4,(:..>1-*

G(($(ND..'`3(A(4b((($(($
'(U&

! E#UU;23>F%

ND..'`3(A(4b((l(((ND..'`4(A(3b

! )&&#G63>F%

ND..'`:A(ND..'`3(A(4bb((l(((ND..'`ND..'`:A(3(bA(4b

! 8(>6(:..>1@4(>.4*1+5
ND..'`3(A(Gb((l((3

! B@4,5(4E424*+(9:6(:..>1@4(60F%"&%

! 74+(( N!-23'*`3(b((l($
'(U(3

ND..'`3(A(N!-23'*`3(bb((l((G
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/U0a$&K0639(6(*#&J++"40*

! /J++&)*+&_J++&M):(&,+(*4>)9&!"#8S(:(9&!(M):"0.
! ">?*4.(@6;(/*6>?*4.(:..>1-*(>*(!'

 int s, t, u, v;
 s = (int) ((unsigned) u + (unsigned) v);
  t = u + v

! R>EE(?>@4 s == t

• • •

• • •

u
v+

• • •u + v

• • •

8,/4("/2'('k&(M>+6

m34,:*.6'('(M>+6

H>60:,.(!:,,5'('(M>+6 TAddw(u , v)
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/J++&F:(.p0U

! Y;*>40*)9"#'
! 8,/4(6/2(,4u/>,46('k&(

M>+6

! H,-3(-X(_"<

! 8,4:+(,42:>*>*?(M>+6(:6(

$P6(0-23;(>*+4?4,

dB'*dCdC

dB'

D

B'*dC

B'dC

/.;(&<;6

/J++&2($;9#

C&DDDcD

C&DCCcC

D&DDDcD

D&CDDcD

D&CCCcC

CDDcD

DDDcD

DCCcC

I0$F:(.

Z(-F:(.
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KM).)>#(."H"*-&/J++

! Y;*>40*)9"#'
! 8,/4(6/2(,4u/>,46('k&(M>+6

! H,-3(-X(_"<

! 8,4:+(,42:>*>*?(M>+6(:6($P6(

0-23;(>*+4?4,

\Z(-F:(.]

\I0$F:(.]

u

v
q&D r&D

q&D

r&D

Z(-)4:(&F:(.p0U

I0$"4:(&F:(.p0U

/J++\3&%&4]

2w

2w
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G)#M(6)4>)9&I.03(.4($&05&/J++

! ,$060.3M">&[.0;3&#0&;*$"-*(+$&U"#M&_J++
! 8D..'`3(A(4b(l((N$8`ND..'`8$N`3(bA(8$N`4bbb

! ">*04(M-+9(9:@4(>.4*10:E(M>+(3:g4,*6

! /U0a$&K0639(6(*#&_*+(.&/J++&Y0.6$&)&[.0;3
! !E-64.A(!-22/+:1@4A(D66-0>:1@4A(G(>6(:..>1@4(>.4*1+5

! B@4,5(4E424*+(9:6(:..>1@4(>*@4,64

Denison University
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G;9439">)40*
! K063;4*-&=W)>#&I.0+;>#&05&'87"#&*;67(.$&&%&;

! B>+94,(6>?*4.(-,(/*6>?*4.

! 2)*-($
! N*6>?*4.'(G({(&(j(;({(`$'(U(&b(B((l(($B'(U($'LC(k(&

! N3(+-($'(M>+6

! 8W-P6(0-23E424*+(2>*'(&(j(;((o(`U$'dCbj`$'dCU&b((l((U$B'dB&k($'dC

! N3(+-($'U&(M>+6

! 8W-P6(0-23E424*+(2:C'(&(j(;({(`U$'dCb(B((l(($B'dB

! N3(+-($'(M>+6A(M/+(-*E5(V-,(`(#!$'b
B

! G)"*#)"*"*-&=W)>#&2($;9#$
! R-/E.(*44.(+-(x443(4C3:*.>*?(W-,.(6>^4(W>+9(4:09(3,-./0+(0-23/+4.

! H-*4(>*(6-FW:,4(M5(Y:,M>+,:,5(3,40>6>-*Z(:,>+92410(3:0x:?46
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_*$"-*(+&G;9439">)40*&"*&K

! <#)*+).+&G;9439">)40*&Y;*>40*
! )?*-,46(9>?9(-,.4,('(M>+6

! ,639(6(*#$&G0+;9).&J."#M6(4>
N_/E+'`3(A(4b(l( 3(((|(4((2-.($'

• • •

• • •

u
v*

• • •u · v

• • •

8,/4([,-./0+'($j'((M>+6

m34,:*.6'('(M>+6

H>60:,.('(M>+6'('(M>+6
UMultw(u , v)

• • •
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K0+(&<(>;."#'&=W)639(&sB
! <_Z&tT2&9"7.).'

! R>.4E5(/64.(E>M,:,5(V-,(+,:*6V4,,>*?(.:+:(M4+W44*(2:09>*46

void* copy_elements(void *ele_src[], int ele_cnt, size_t ele_size);

ele_src

6)990>\(9(u>*#&v&(9(u$"H(]
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tT2&K0+(

void* copy_elements(void *ele_src[], int ele_cnt, size_t ele_size) {
    /*
     * Allocate buffer for ele_cnt objects, each of ele_size bytes
     * and copy from locations designated by ele_src
     */
    void *result = malloc(ele_cnt * ele_size);
    if (result == NULL)
 /* malloc failed */
 return NULL;
    void *next = result;
    int i;
    for (i = 0; i < ele_cnt; i++) {
        /* Copy object i to destination */
        memcpy(next, ele_src[i], ele_size);
 /* Move pointer to next memory region */
 next += ele_size;
    }
    return result;
}

Denison University
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tT2&?;9*(.)7"9"#'

! NM)#&"51
! ele_cnt ( l($BD(k(&

! ele_size(( l(aGQL(( ( l($CB

! DEE-0:1-*(l(}}

! O0U&>)*&,&6)l(&#M"$&5;*>40*&$(>;.(V

6)990>\(9(u>*#&v&(9(u$"H(]
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<"-*(+&G;9439">)40*&"*&K

! <#)*+).+&G;9439">)40*&Y;*>40*
! )?*-,46(9>?9(-,.4,('(M>+6

! "-24(-V(W9>09(:,4(.>X4,4*+(V-,(6>?*4.(@6;(

/*6>?*4.(2/E13E>0:1-*

! 7-W4,(M>+6(:,4(+94(6:24

• • •

• • •

u
v*

• • •u · v

• • •

8,/4([,-./0+'($j'((M>+6

m34,:*.6'('(M>+6

H>60:,.('(M>+6'('(M>+6
TMultw(u , v)

• • •

Denison University
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I0U(.8058B&G;9439'&U"#M&<M"^
! F3(.)40*

! u << k(?>@46(u * 34

! <-+9(6>?*4.(:*.(/*6>?*4.

! =W)639($
! u << 3 == u * 8
! u << 5 - u << 3 == u * 24
! _-6+(2:09>*46(69>F(:*.(:..(V:6+4,(+9:*(2/E13E5

! !-23>E4,(?4*4,:+46(+9>6(0-.4(:/+-2:10:EE5

• • •

0 0 1 0 0 0•••

u
2k*

u · 2k8,/4([,-./0+'('k2((M>+6

m34,:*.6'('(M>+6

H>60:,.(2*(M>+6'('(M>+6 UMultw(u , 2k)

•••

k

• • • 0 0 0•••

TMultw(u , 2k)
0 0 0••••••
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 leal (%eax,%eax,2), %eax
 sall $2, %eax

K063"9(+&G;9439">)40*&K0+(

! K&>063"9(.&);#06)4>)99'&-(*(.)#($&$M"^m)++&>0+(&UM(*&
6;9439'"*-&7'&>0*$#)*#

int mul12(int x)
{

  return x*12;
}

 t <- x+x*2
 return t << 2;

!(K/*01-*

!-23>E4.(D,>+92410(m34,:1-*6 BC3E:*:1-*
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_*$"-*(+&I0U(.8058B&T":"+(&U"#M&<M"^
! w;04(*#&05&_*$"-*(+&7'&I0U(.&05&B

! u >> k(?>@46((% u / 34(&
! N646(E-?>0:E(69>F

0 0 1 0 0 0•••

u
2k/

u / 2kT":"$"0*1&
F3(.)*+$1 •••

k
••• •••

•••0 0 0••• •••

% u / 2k & •••2($;9#1

;

!"*).'&I0"*#

0

0 0 0•••0
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 shrl $3, %eax

K063"9(+&_*$"-*(+&T":"$"0*&K0+(

! _$($&90-">)9&$M"^&50.&;*$"-*(+
! Y0.&x):)&_$(.$&

! 7-?>0:E(69>F(W,>g4*(:6(>>>

unsigned udiv8(unsigned x)
{

  return x/8;
}

 # Logical shift
 return x >> 3;

!(K/*01-*

!-23>E4.(D,>+92410(m34,:1-*6 BC3E:*:1-*
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<"-*(+&I0U(.8058B&T":"+(&U"#M&<M"^
! w;04(*#&05&<"-*(+&7'&I0U(.&05&B

! x >> k(?>@46((% x / 34(&
! N646(:,>+92410(69>F

! =-/*.6(W,-*?(.>,401-*(W94*(u < 0

0 0 1 0 0 0•••

x
2k/

x / 2kH>@>6>-*'(

m34,:*.6'

•••

k
••• •••

•••0 ••• •••
RoundDown(x / 2k) •••=46/E+'

b

!"*).'&I0"*#

0 •••
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K0..(>#&I0U(.8058B&T":"+(
! w;04(*#&05&Z(-)4:(&Z;67(.&7'&I0U(.&05&B

! R:*+((' x / @4((    `=-/*.(8-W:,.(Gb

! !-23/+4(:6((% (x+@4-1)/ @4(&
! )*(!'((x + (1<<k)-1) >> k
! <>:646(.>@>.4*.(+-W:,.(G

K)$(&C1&Z0&.0;*+"*-

T":"$0.1&

T":"+(*+1

0 0 1 0 0 0•••

u

2k/

 ' u / 2k  (
•••

k
1 ••• 0 0 0•••

1 •••0 1 1••• ;

<>*:,5([->*+

1

0 0 0 1 1 1•••+2k –1 •••

1 1 1•••

1 ••• 1 1 1•••

5#*"#%$(6*"(%2(&7&/0
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K0..(>#&I0U(.8058B&T":"+(&\K0*#b]

T":"$0.1&

T":"+(*+1

K)$(&B1&20;*+"*-

0 0 1 0 0 0•••

x

2k/
 ' x / 2k  (

•••

k1 ••• •••

1 •••0 1 1••• ;

!"*).'&I0"*#

1

0 0 0 1 1 1•••+2k –1 •••

1 ••• •••

5#*"#%$(*''"(8(02(9%*+(:&",+0

•••

,*>.(6(*#(+&7'&C

,*>.(6(*#(+&7'&C
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 testl %eax, %eax
 js L4
L3:

 sarl $3, %eax
 ret
L4:

 addl $7, %eax
 jmp L3

K063"9(+&<"-*(+&T":"$"0*&K0+(

! _$($&)."#M6(4>&$M"^&50.&"*#

! Y0.&x):)&_$(.$&

! J."#Mb&$M"^&U."X(*&)$&>>

int idiv8(int x)
{

  return x/8;
}

 if x < 0
    x += 7;

 # Arithmetic shift
 return x >> 3;

!(K/*01-*

!-23>E4.(D,>+92410(m34,:1-*6 BC3E:*:1-*
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J."#M6(4>1&!)$">&2;9($

! J++"40*1
! N*6>?*4.z6>?*4.'(]-,2:E(:..>1-*(V-EE-W4.(M5(+,/*0:+4A

6:24(-34,:1-*(-*(M>+(E4@4E

! N*6>?*4.'(:..>1-*(2-.($U

! _:+942:10:E(:..>1-*(k(3-66>ME4(6/M+,:01-*(-V($W

! ">?*4.'(2-.>f4.(:..>1-*(2-.($U&`,46/E+(>*(3,-34,(,:*?4b

! _:+942:10:E(:..>1-*(k(3-66>ME4(:..>1-*(-,(6/M+,:01-*(-V($W

! G;9439">)40*1
! N*6>?*4.z6>?*4.'(]-,2:E(2/E13E>0:1-*(V-EE-W4.(M5(+,/*0:+4A(6:24(

-34,:1-*(-*(M>+(E4@4E

! N*6>?*4.'(2/E13E>0:1-*(2-.($U

! ">?*4.'(2-.>f4.(2/E13E>0:1-*(2-.($U&`,46/E+(>*(3,-34,(,:*?4b
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J."#M6(4>1&!)$">&2;9($

! _*$"-*(+&"*#$%&Ba$&>0639(6(*#&"*#$&).(&"$060.3M">&."*-$1&
"$060.3M"$6&@&>)$4*-

! S(^&$M"^
! N*6>?*4.z6>?*4.'(2/E13E>0:1-*(M5($l

! DEW:56(E-?>0:E(69>F

! 2"-M#&$M"^
! N*6>?*4.'(E-?>0:E(69>FA(.>@(`.>@>6>-*(k(,-/*.(+-(^4,-b(M5($l

! ">?*4.'(:,>+92410(69>F

! [-6>1@4(*/2M4,6'(.>@(`.>@>6>-*(k(,-/*.(+-(^4,-b(M5($l

! ]4?:1@4(*/2M4,6'(.>@(`.>@>6>-*(k(,-/*.(:W:5(V,-2(^4,-b(M5($l

N64(M>:6>*?(+-(fC
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/0+)'1&,*#(-(.$

! 2(3.($(*#)40*1&;*$"-*(+&)*+&$"-*(+
! K0*:(.$"0*%&>)$4*-
! =W3)*+"*-%&#.;*>)4*-
! J++"40*%&*(-)40*%&6;9439">)40*%&$M"^"*-
! <;66).'
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I.03(.4($&05&_*$"-*(+&J."#M6(4>

! _*$"-*(+&G;9439">)40*&U"#M&J++"40*&Y0.6$&K066;#)4:(&
2"*-
! D..>1-*(>6(0-22/+:1@4(?,-/3

! !E-64.(/*.4,(2/E13E>0:1-*

G(($(N_/E+'`3(A(4b(($(($
'(U&

! _/E13E>0:1-*(!-22/+:1@4

N_/E+'`3(A(4b((l(((N_/E+'`4(A(3b

! _/E13E>0:1-*(>6(D66-0>:1@4

N_/E+'`:A(N_/E+'`3(A(4bb((l(((N_/E+'`N_/E+'`:A(3(bA(4b

! &(>6(2/E13E>0:1@4(>.4*1+5

N_/E+'`3(A(&b((l((3

! _/E13E>0:1-*(.>6+,>M/+46(-@4,(:..1-*

N_/E+'`:A(ND..'`3(A(4bb((l(((ND..'`N_/E+'`:A(3(bA(N_/E+'`:A(4bb
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I.03(.4($&05&/U0a$&K063b&J."#M6(4>
! ,$060.3M">&J9-(7.)$

! N*6>?*4.(2/E13E>0:1-*(:*.(:..>1-*

! 8,/*0:1*?(+-('(M>+6

! 8W-P6(0-23E424*+(2/E13E>0:1-*(:*.(:..>1-*

! 8,/*0:1*?(+-('(M>+6

! !0#M&Y0.6&2"*-$
! )6-2-,39>0(+-(,>*?(-V(>*+4?4,6(2-.($'

! K063)."$0*&#0&\G)#M(6)4>)9]&,*#(-(.&J."#M6(4>
! <-+9(:,4(,>*?6

! )*+4?4,6(-M45(-,.4,>*?(3,-34,146A(4;?;A

3(r(G( !( 3(k(4(r(4

3(r(GA(4(r(G( !( 3(|(4(r(G

! 89464(3,-34,146(:,4(*-+(-M454.(M5(+W-P6(0-23;(:,>+92410

(#%& + 1 == (#!$

15213 * 30426 == -10030 `&L#M>+(W-,.6b
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NM'&<M0;9+&,&_$(&_*$"-*(+V

! </$=:&_$(&x;$#&!(>);$(&Z;67(.&Z0**(-)4:(
! B:65(+-(2:x4(2>6+:x46

unsigned i;
for (i = cnt-2; i >= 0; i--)
  a[i] += a[i+1];

! !:*(M4(@4,5(6/M+E4

#define DELTA sizeof(int)
int i;
for (i = CNT; i-DELTA >= 0; i-= DELTA)
  . . .

! </&_$(&NM(*&I(.50.6"*-&G0+;9).&J."#M6(4>
! _/E13,40>6>-*(:,>+92410

! </&_$(&NM(*&_$"*-&!"#$&#0&2(3.($(*#&<(#$
! 7-?>0:E(,>?9+(69>FA(*-(6>?*(4C+4*6>-*


