
P
ag

e
1

B
it

s
an

d
B

yt
es

Ja
n

.1
6,

20
03

T
o

pi
cs

T
o

pi
cs �

W
h

y
b

it
s?

�

R
ep

re
se

n
ti

n
g

in
fo

rm
at

io
n

as
b

it
s

� B
in

ar
y/

H
ex

ad
ec

im
al

� B
yt

e
re

p
re

se
n

ta
ti

o
n

s
»

n
u

m
b

er
s

»
ch

ar
ac

te
rs

an
d

st
ri

n
g

s
»

In
st

ru
ct

io
n

s

�

B
it

-l
ev

el
m

an
ip

ul
at

io
n

s

� B
o

o
le

an
al

g
eb

ra

� E
xp

re
ss

in
g

in
C

1
5

-2
1

3
S

’0
3

c
l
a
s
s
0
2
.
p
p
t

15
-2

13
“T

h
e

C
la

ss
T

h
at

G
iv

es
C

M
U

It
s

Z
ip

!”

–
2

–
15

-2
13

,S
’0

3

W
h

y
D

o
n

’t
C

o
m

p
u

te
rs

U
se

B
as

e
10

?

B
as

e
10

N
um

be
r

R
ep

re
se

n
ta

tio
n

B
as

e
10

N
um

be
r

R
ep

re
se

n
ta

tio
n

�

T
h

at
’s

w
h

y
fin

g
er

s
ar

e
kn

o
w

n
as

“d
ig

its
”

�

N
at

u
ra

lr
ep

re
se

n
ta

ti
o

n
fo

r
fin

an
ci

al
tr

an
sa

ct
io

n
s

	 F
lo

at
in

g
po

in
tn

u
m

b
er

ca
n

n
ot

ex
ac

tl
y

re
p

re
se

n
t

$1
.2

0




E
ve

n
ca

rr
ie

s
th

ro
u

g
h

in
sc

ie
n

tif
ic

n
o

ta
tio

n

� 1.
52

13
X

10
4

Im
pl

em
en

ti
ng

E
le

ct
ro

n
ic

al
ly

Im
pl

em
en

ti
ng

E
le

ct
ro

n
ic

al
ly

�

H
ar

d
to

st
o

re

 E
N

IA
C

(F
ir

st
el

ec
tr

o
n

ic
co

m
p

u
te

r)
u

se
d

10
va

cu
u

m
tu

b
es

/d
ig

it

�

H
ar

d
to

tr
an

sm
it

� N
ee

d
h

ig
h

p
re

ci
si

o
n

to
en

co
d

e
10

si
g

n
al

le
ve

ls
o

n
si

n
g

le
w

ir
e

�

M
es

sy
to

im
p

le
m

en
t

d
ig

ita
ll

o
g

ic
fu

n
ct

io
n

s

� A
d

d
it

io
n

,m
u

lt
ip

lic
at

io
n

,e
tc

.

–
3

–
15

-2
13

,S
’0

3

B
in

ar
y

R
ep

re
se

n
ta

ti
o

n
s

B
as

e
2

N
u

m
b

er
R

ep
re

se
n

ta
tio

n
B

as
e

2
N

u
m

b
er

R
ep

re
se

n
ta

tio
n

�

R
ep

re
se

n
t

15
21

3 1
0

as
11

10
11

01
10

11
01

2

�

R
ep

re
se

n
t

1.
20

10
as

1.
00

11
00

11
00

11
00

11
[0

01
1]

…
2

�

R
ep

re
se

n
t

1.
52

13
X

10
4

as
1.

11
01

10
11

01
10

1 2
X

213

E
le

ct
ro

ni
c

Im
p

le
m

en
ta

ti
on

E
le

ct
ro

ni
c

Im
p

le
m

en
ta

ti
on

�

E
as

y
to

st
o

re
w

ith
b

is
ta

b
le

el
em

en
ts

�

R
el

ia
b

ly
tr

an
sm

it
te

d
o

n
n

o
is

y
an

d
in

ac
cu

ra
te

w
ir

es

0.
0V

0.
5V

2.
8V

3.
3V

0
1

0

–
4

–
15

-2
13

,S
’0

3

B
yt

e-
O

ri
en

te
d

M
em

o
ry

O
rg

an
iz

at
io

n

P
ro

g
ra

m
s

R
ef

er
to

V
ir

tu
al

A
dd

re
ss

es
P

ro
g

ra
m

s
R

ef
er

to
V

ir
tu

al
A

dd
re

ss
es

�

C
o

n
ce

p
tu

al
ly

ve
ry

la
rg

e
ar

ra
y

o
f

b
yt

es

�

A
ct

u
al

ly
im

p
le

m
en

te
d

w
it

h
h

ie
ra

rc
h

y
o

f
di

ff
er

en
t

m
em

o
ry

ty
p

es � S
R

A
M

,D
R

A
M

,d
is

k

� O
n

ly
al

lo
ca

te
fo

r
re

g
io

n
s

ac
tu

al
ly

u
se

d
b

y
p

ro
g

ra
m

�

In
U

n
ix

an
d

W
in

d
o

w
s

N
T

,a
d

d
re

ss
sp

ac
e

p
ri

va
te

to
p

ar
ti

cu
la

r
“p

ro
ce

ss
”

� P
ro

g
ra

m
b

ei
n

g
ex

ec
u

te
d

� P
ro

g
ra

m
ca

n
cl

o
b

b
er

it
s

o
w

n
d

at
a,

b
u

t
no

t
th

at
o

fo
th

er
s

C
o

m
pi

le
r

+
R

u
n

C
o

m
pi

le
r

+
R

u
n

-- T
im

e
S

ys
te

m
C

o
n

tr
o

lA
llo

ca
tio

n
T

im
e

S
ys

te
m

C
o

n
tr

o
lA

llo
ca

tio
n

�

W
h

er
e

d
if

fe
re

n
t

p
ro

g
ra

m
o

b
je

ct
s

sh
o

u
ld

b
e

st
o

re
d

�

M
u

lt
ip

le
m

ec
h

an
is

m
s:

st
at

ic
,s

ta
ck

,a
n

d
h

ea
p

 

In
an

y
ca

se
,a

ll
al

lo
ca

tio
n

w
ith

in
si

n
g

le
vi

rt
u

al
ad

d
re

ss
sp

ac
e



P
ag

e
2

–
5

–
15

-2
13

,S
’0

3

E
n

co
d

in
g

B
yt

e
V

al
u

es

B
yt

e
=

8
bi

ts
B

yt
e

=
8

bi
ts

!

B
in

ar
y

00
00

00
00

2
to

11
11

11
11

2

"

D
ec

im
al

:
0 1

0
to

25
5 1

0

#

H
ex

ad
ec

im
al

00
16

to
F

F
16

$ B
as

e
16

n
u

m
b

er
re

p
re

se
n

ta
ti

o
n

% U
se

ch
ar

ac
te

rs
‘0

’t
o

‘9
’a

n
d

‘A
’t

o
‘F

’

& W
ri

te
F

A
1D

37
B

16
in

C
as

0
x
F
A
1
D
3
7
B

»
O

r
0
x
f
a
1
d
3
7
b

0
0

0
0
0
0

1
1

0
0
0
1

2
2

0
0
1
0

3
3

0
0
1
1

4
4

0
1
0
0

5
5

0
1
0
1

6
6

0
1
1
0

7
7

0
1
1
1

8
8

1
0
0
0

9
9

1
0
0
1

A
1
0

1
0
1
0

B
1
1

1
0
1
1

C
1
2

1
1
0
0

D
1
3

1
1
0
1

E
1
4

1
1
1
0

F
1
5

1
1
1
1

Hex
Dec

im
al Bin

ar
y

–
6

–
15

-2
13

,S
’0

3

M
ac

h
in

e
W

o
rd

s

M
ac

h
in

e
H

as
“W

o
rd

S
iz

e”
M

ac
h

in
e

H
as

“W
o

rd
S

iz
e”

'

N
o

m
in

al
si

ze
o

f
in

te
g

er
-v

al
u

ed
d

at
a

( In
cl

u
d

in
g

ad
d

re
ss

es

)

M
o

st
cu

rr
en

t
m

ac
h

in
es

ar
e

32
b

its
(4

b
yt

es
)

* L
im

it
s

ad
d

re
ss

es
to

4G
B

+ B
ec

o
m

in
g

to
o

sm
al

lf
o

r
m

em
o

ry
-in

te
n

si
ve

ap
p

lic
at

io
n

s

,

H
ig

h
-e

n
d

sy
st

em
s

ar
e

64
b

its
(8

by
te

s)

- P
o

te
n

ti
al

ly
ad

d
re

ss

. 1.
8

X
10

19
b

yt
es

/

M
ac

h
in

es
su

p
p

o
rt

m
u

lti
p

le
d

at
a

fo
rm

at
s

0 F
ra

ct
io

n
s

o
r

m
u

lt
ip

le
s

of
w

o
rd

si
ze

1 A
lw

ay
s

in
te

g
ra

ln
u

m
b

er
of

b
yt

es

–
7

–
15

-2
13

,S
’0

3

W
o

rd
-O

ri
en

te
d

M
em

o
ry

O
rg

an
iz

at
io

n

A
d

d
re

ss
es

S
p

ec
ify

B
yt

e
A

d
d

re
ss

es
S

p
ec

ify
B

yt
e

L
o

ca
tio

ns
L

o
ca

tio
ns

2

A
d

d
re

ss
o

f
fi

rs
tb

yt
e

in
w

o
rd

3

A
d

d
re

ss
es

o
f

su
cc

es
si

ve
w

o
rd

s
d

if
fe

r
b

y
4

(3
2-

b
it)

o
r

8
(6

4-
b

it)

4
4
4
4

4
4
45

4
4
46

4
4
47

4
4
48

4
4
49

4
4
4:

4
4
4;

4
4
4<

4
4
4=

4
45
4

4
45
5

32
-b

it
W

o
rd

s
B

yt
es

A
d

d
r.

>
>?
@

A
AB
C

D
DE
F

G
GH
I

64
-b

it
W

o
rd

s

A
d

d
r

= JJ

A
d

d
r

= KK

A
d

d
r

= LL

A
d

d
r

= MM

A
d

d
r

= NN

A
d

d
r

= OOPP
PP

QQ
QR

SS
ST

UUV
W

XX
XX

YY
YZ

–
8

–
15

-2
13

,S
’0

3

D
at

a
R

ep
re

se
n

ta
ti

o
n

s

S
iz

es
o

f
C

O
b

je
ct

s
(in

B
yt

es
)

S
iz

es
o

f
C

O
b

je
ct

s
(in

B
yt

es
)

[

C
D

at
a

T
yp

e
C

o
m

p
aq

A
lp

h
a

T
yp

ic
al

32
-b

it
In

te
lI

A
32

\ in
t

4
4

4

] lo
n

g
in

t
8

4
4

^ ch
ar

1
1

1

_ sh
o

rt
2

2
2

` fl
o

at
4

4
4

a d
o

u
b

le
8

8
8

b lo
n

g
d

ou
b

le
8

8
10

/1
2

c ch
ar

*
8

4
4

»
O

r
an

y
o

th
er

p
o

in
te

r



P
ag

e
3

–
9

–
15

-2
13

,S
’0

3

B
yt

e
O

rd
er

in
g

H
o

w
sh

ou
ld

by
te

s
w

ith
in

m
u

lti
H

o
w

sh
ou

ld
by

te
s

w
ith

in
m

u
lti

-- b
yt

e
w

o
rd

b
e

o
rd

er
ed

in
by

te
w

o
rd

b
e

o
rd

er
ed

in
m

em
o

ry
?

m
em

o
ry

?

C
o

n
ve

n
tio

n
s

C
o

n
ve

n
tio

n
s

d

S
u

n
’s

,M
ac

’s
ar

e
“B

ig
E

n
d

ia
n

”
m

ac
h

in
es

e L
ea

st
si

g
n

if
ic

an
t

b
yt

e
h

as
h

ig
h

es
t

ad
d

re
ss

f

A
lp

h
as

,P
C

’s
ar

e
“L

it
tl

e
E

n
d

ia
n

”
m

ac
h

in
es

g L
ea

st
si

g
n

if
ic

an
t

b
yt

e
h

as
lo

w
es

t
ad

d
re

ss

–
10

–
15

-2
13

,S
’0

3

B
yt

e
O

rd
er

in
g

E
xa

m
p

le

B
ig

B
ig

E
n

di
an

E
n

di
an

h

L
ea

st
si

gn
if

ic
an

t
by

te
h

as
h

ig
h

es
t

ad
d

re
ss

L
it

tle
L

it
tle

E
n

di
an

E
n

di
an

i

L
ea

st
si

gn
if

ic
an

t
by

te
h

as
lo

w
es

t
ad

d
re

ss

E
xa

m
p

le
E

xa
m

p
le

j

V
ar

ia
b

le
x

h
as

4-
b

yt
e

re
p

re
se

n
ta

tio
n
0
x
0
1
2
3
4
5
6
7

k

A
d

d
re

ss
g

iv
en

b
y
&
x

is
0
x
1
0
0

0
x
1
0
0

0
x
1
0
1

0
x
1
0
2

0
x
1
0
3

0
1

2
3

4
5

6
7

0
x
1
0
0

0
x
1
0
1

0
x
1
0
2

0
x
1
0
3

6
7

4
5

2
3

0
1

B
ig

E
n

d
ia

n

L
it

tl
e

E
n

d
ia

n

0
1

2
3

4
5

6
7

6
7

4
5

2
3

0
1

–
11

–
15

-2
13

,S
’0

3

R
ea

d
in

g
B

yt
e-

R
ev

er
se

d
L

is
ti

n
g

s

D
is

as
se

m
b

ly
D

is
as

se
m

b
ly

l

T
ex

t
re

p
re

se
n

ta
tio

n
o

f
b

in
ar

y
m

ac
h

in
e

co
d

e

m

G
en

er
at

ed
b

y
p

ro
g

ra
m

th
at

re
ad

s
th

e
m

ac
h

in
e

co
d

e

E
xa

m
p

le
F

ra
gm

en
t

E
xa

m
p

le
F

ra
gm

en
t

A
d

d
re

ss
In

st
ru

ct
io

n
C

od
e

A
ss

em
b

ly
R

en
d

it
io

n
8
0
4
8
3
6
5
:

5
b

p
o
p

%
e
b
x

8
0
4
8
3
6
6
:

8
1
c
3
a
b
1
2
0
0

0
0

a
d
d

$
0
x
1
2
a
b
,
%
e
b
x

8
0
4
8
3
6
c
:

8
3
b
b
2
8
0
0
0
0

0
0

0
0

c
m
p
l

$
0
x
0
,
0
x
2
8
(
%
e
b
x
)

D
ec

ip
he

ri
ng

N
um

be
rs

D
ec

ip
he

ri
ng

N
um

be
rs

n

V
al

u
e:

0
x
1
2
a
b

o

P
ad

to
4

b
yt

es
:

0
x
0
0
0
0
1
2
a
b

p

S
p

lit
in

to
b

yt
es

:
0
0
0
0
1
2
a
b

q

R
ev

er
se

:
a
b
1
2
0
0
0
0

–
12

–
15

-2
13

,S
’0

3

E
xa

m
in

in
g

D
at

a
R

ep
re

se
n

ta
ti

o
n

s

C
o

d
e

to
P

ri
nt

B
yt

e
R

ep
re

se
n

ta
tio

n
of

D
at

a
C

o
d

e
to

P
ri

nt
B

yt
e

R
ep

re
se

n
ta

tio
n

of
D

at
a

r

C
as

ti
n

g
p

oi
n

te
r

to
u
n
s
i
g
n
e
d

c
h
a
r
*

cr
ea

te
s

b
yt

e
ar

ra
y

t
y
p
e
d
e
f

u
n
s
i
g
n
e
d

c
h
a
r
*
p
o
i
n
t
e
r
;

v
o
i
d

s
h
o
w
_
b
y
t
e
s
(
p
o
i
n
t
e
r

s
t
a
r
t
,
i
n
t
l
e
n
)

{
i
n
t
i
;

f
o
r
(
i
=

0
;

i
<

l
e
n
;

i
+
+
)

p
r
i
n
t
f
(
"
0
x
%
p
\
t
0
x
%
.
2
x
\
n
"
,

s
t
a
r
t
+
i
,

s
t
a
r
t
[
i
]
)
;

p
r
i
n
t
f
(
"
\
n
"
)
;

}

P
ri

n
tf

d
ir

ec
ti

ve
s:

%
p

:
P

ri
n

t
p

o
in

te
r

%
x

:
P

ri
n

t
H

ex
ad

ec
im

al



P
ag

e
4

–
13

–
15

-2
13

,S
’0

3

s
h
o
w
_
b
y
t
e
s

E
xe

cu
ti

o
n

E
xa

m
p

le

i
n
t

a
=

1
5
2
1
3
;

p
r
i
n
t
f
(
"
i
n
t
a

=
1
5
2
1
3
;
\
n
"
)
;

s
h
o
w
_
b
y
t
e
s
(
(
p
o
i
n
t
e
r
)

&
a
,
s
i
z
e
o
f
(
i
n
t
)
)
;

R
es

ul
t

(L
in

u
x)

:

i
n
t

a
=

1
5
2
1
3
;

0
x
1
1
f
f
f
f
c
b
8

0
x
6
d

0
x
1
1
f
f
f
f
c
b
9

0
x
3
b

0
x
1
1
f
f
f
f
c
b
a

0
x
0
0

0
x
1
1
f
f
f
f
c
b
b

0
x
0
0

–
14

–
15

-2
13

,S
’0

3

R
ep

re
se

n
ti

n
g

In
te

g
er

s
i
n
t

i
n
t

A
=

1
5
2
1
3
;

A
=

1
5
2
1
3
;

i
n
t

i
n
t

B
=

B
=

--
1
5
2
1
3
;

1
5
2
1
3
;

l
o
n
g

l
o
n
g

i
n
t

i
n
t

C
=

1
5
2
1
3
;

C
=

1
5
2
1
3
;

D
ec

im
al

:
1
5
2
1
3

B
in

ar
y:

0
0
1
1

1
0
1
1

0
1
1
0

1
1
0
1

H
ex

:
3

B
6

D

6
D
3
B

0
0

0
0

L
in

u
x/

A
lp

h
a
A

3
B

6
D

0
0
0
0

S
u

n
A

9
3

C
4

F
F

F
F

L
in

u
x/

A
lp

h
a
B

C
4

9
3

F
F

F
F

S
u

n
B

T
w

o
’s

co
m

p
le

m
en

t
re

p
re

se
n

ta
ti

on
(C

o
ve

re
d

n
ex

t
le

ct
u

re
)

0
0

0
0

0
0

0
0

6
D

3
B

0
0

0
0

A
lp

h
a
C

3
B

6
D

0
0

0
0

S
u

n
C

6
D

3
B

0
0

0
0

L
in

u
x
C

–
15

–
15

-2
13

,S
’0

3

R
ep

re
se

n
ti

n
g

P
o

in
te

rs
i
n
t

i
n
t

B
=

B
=

--
1
5
2
1
3
;

1
5
2
1
3
;

i
n
t

i
n
t

*
P

=
&
B
;

*
P

=
&
B
;

A
lp

h
a

A
d

d
re

ss

H
ex

:
1

F
F

F
F

F
C

A
0

B
in

ar
y:

0
0
0
1

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1
1
1
1
1

1
1
0
0
1
0
1
0

0
0
0
0

0
1

0
0

0
0

0
0

A
0

F
C

F
F

F
F

A
lp

h
a
P

S
u

n
A

d
d

re
ss

H
ex

:
E

F
F

F
F

B
2

C
B

in
ar

y:
1
1
1
0

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1
1
0
1
1

0
0
1
0
1
1
0
0

D
if

fe
re

n
t

co
m

p
ile

rs
&

m
ac

h
in

es
as

si
g

n
d

iff
er

en
t

lo
ca

tio
n

s
to

o
b

je
ct

s

F
B

2
C

E
F

F
F

S
u

n
P

F
F

B
F

D
4

F
8

L
in

u
x
P

L
in

u
x

A
d

d
re

ss

H
ex

:
B

F
F

F
F

8
D

4
B

in
ar

y:
1
0
1
1

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1
1
0
0
0

1
1
0
1
0
1
0
0

–
16

–
15

-2
13

,S
’0

3

R
ep

re
se

n
ti

n
g

F
lo

at
s

F
l
o
a
t
F

=
1
5
2
1
3
.
0
;

F
l
o
a
t
F

=
1
5
2
1
3
.
0
;

IE
E

E
S

in
g

le
P

re
ci

si
o

n
F

lo
at

in
g

P
o

in
t

R
ep

re
se

n
ta

tio
n

H
ex

:
4

6
6

D
B

4
0

0
B

in
ar

y:
0
1
0
0

0
1
1
0

0
1
1
0

1
1
0
1

1
0
1
1
0
1
0
0

0
0
0
0
0
0
0
0

15
21

3:
1
1
1
0

1
1
0
1

1
0
1
1
0
1

N
o

t
sa

m
e

as
in

te
g

er
re

p
re

se
n

ta
ti

o
n

,b
u

t
co

n
si

st
en

t
ac

ro
ss

m
ac

h
in

es

0
0

B
4

6
D

4
6

L
in

u
x/

A
lp

h
a
F

B
4

0
0

4
6

6
D

S
u

n
F

C
an

se
e

so
m

e
re

la
ti

o
n

to
in

te
g

er
re

p
re

se
n

ta
ti

o
n

,b
u

tn
o

to
b

vi
o

u
s

IE
E

E
S

in
g

le
P

re
ci

si
o

n
F

lo
at

in
g

P
o

in
t

R
ep

re
se

n
ta

tio
n

H
ex

:
4

6
6

D
B

4
0

0
B

in
ar

y:
0
1
0
0

0
1
1
0

0
1
1
0

1
1
0
1

1
0
1
1
0
1
0
0

0
0
0
0
0
0
0
0

15
21

3:
1
1
1
0

1
1
0
1

1
0
1
1
0
1

IE
E

E
S

in
g

le
P

re
ci

si
o

n
F

lo
at

in
g

P
o

in
t

R
ep

re
se

n
ta

tio
n

H
ex

:
4

6
6

D
B

4
0

0
B

in
ar

y:
0
1
0
0

0
1
1
0

0
1
1
0

1
1
0
1

1
0
1
1
0
1
0
0

0
0
0
0
0
0
0
0

15
21

3:
1
1
1
0

1
1
0
1

1
0
1
1
0
1



P
ag

e
5

–
17

–
15

-2
13

,S
’0

3

c
h
a
r

S
[
6
]

=
"
1
5
2
1
3
"
;

c
h
a
r

S
[
6
]

=
"
1
5
2
1
3
"
;

R
ep

re
se

n
ti

n
g

S
tr

in
g

s

S
tr

in
gs

in
C

S
tr

in
gs

in
C

s

R
ep

re
se

n
te

d
b

y
ar

ra
y

o
f

ch
ar

ac
te

rs

t

E
ac

h
ch

ar
ac

te
r

en
co

d
ed

in
A

S
C

II
fo

rm
at

u S
ta

n
d

ar
d

7-
b

it
en

co
d

in
g

of
ch

ar
ac

te
r

se
t

v O
th

er
en

co
d

in
g

s
ex

is
t,

b
u

tu
n

co
m

m
o

n

w C
h

ar
ac

te
r

“0
”

h
as

co
d

e
0
x
3
0

»
D

ig
it

i
h

as
co

d
e
0
x
3
0

+i

x

S
tr

in
g

sh
o

u
ld

b
e

nu
ll-

te
rm

in
at

ed

y F
in

al
ch

ar
ac

te
r

=
0

C
o

m
pa

tib
ili

ty
C

o
m

pa
tib

ili
ty

z

B
yt

e
o

rd
er

in
g

n
ot

an
is

su
e

{ D
at

a
ar

e
si

n
g

le
b

yt
e

q
u

an
ti

ti
es

|

T
ex

t
fi

le
s

g
en

er
al

ly
p

la
tf

o
rm

in
d

ep
en

d
en

t

} E
xc

ep
t

fo
r

d
if

fe
re

n
t

co
n

ve
n

ti
o

n
s

o
f

lin
e

te
rm

in
at

io
n

ch
ar

ac
te

r(
s)

!

L
in

u
x/

A
lp

h
a
S

S
u

n
S

3
2

3
1

3
1
3
5

3
3

0
0

3
2

3
1

3
1
3
5

3
3

0
0

–
18

–
15

-2
13

,S
’0

3

M
ac

h
in

e-
L

ev
el

C
o

d
e

R
ep

re
se

n
ta

ti
o

n

E
n

co
d

e
P

ro
g

ra
m

as
S

eq
u

en
ce

o
fI

n
st

ru
ct

io
ns

E
n

co
d

e
P

ro
g

ra
m

as
S

eq
u

en
ce

o
fI

n
st

ru
ct

io
ns

~

E
ac

h
si

m
p

le
o

p
er

at
io

n

� A
ri

th
m

et
ic

o
p

er
at

io
n

� R
ea

d
o

r
w

ri
te

m
em

o
ry

� C
o

n
d

it
io

n
al

b
ra

n
ch

�

In
st

ru
ct

io
n

s
en

co
d

ed
as

b
yt

es

� A
lp

h
a’

s,
S

u
n

’s
,M

ac
’s

u
se

4
b

yt
e

in
st

ru
ct

io
n

s
»

R
ed

u
ce

d
In

st
ru

ct
io

n
S

et
C

o
m

pu
te

r
(R

IS
C

)

� P
C

’s
u

se
va

ri
ab

le
le

n
g

th
in

st
ru

ct
io

n
s

»
C

o
m

p
le

x
In

st
ru

ct
io

n
S

et
C

o
m

pu
te

r
(C

IS
C

)

�

D
if

fe
re

n
t

in
st

ru
ct

io
n

ty
p

es
an

d
en

co
d

in
g

s
fo

r
d

if
fe

re
n

t
m

ac
h

in
es

� M
o

st
co

d
e

n
o

tb
in

ar
y

co
m

p
at

ib
le

P
ro

g
ra

m
s

ar
e

B
yt

e
S

eq
u

en
ce

s
T

oo
!

P
ro

g
ra

m
s

ar
e

B
yt

e
S

eq
u

en
ce

s
T

oo
!

–
19

–
15

-2
13

,S
’0

3

R
ep

re
se

n
ti

n
g

In
st

ru
ct

io
n

s
i
n
t

i
n
t

s
u
m
(
i
n
t

s
u
m
(
i
n
t

x
,

x
,

i
n
t

i
n
t

y
)

y
)

{{
r
e
t
u
r
n

x
+
y
;

r
e
t
u
r
n

x
+
y
;

}}

D
if

fe
re

n
t

m
ac

h
in

es
u

se
to

ta
lly

d
if

fe
re

nt
in

st
ru

ct
io

n
s

an
d

en
co

d
in

g
s

0
0

0
0

3
0

4
2

A
lp

h
a
s
u
m

0
1
8
0

F
A

6
B

E
0

0
8

8
1

C
3

S
u

n
s
u
m

9
0
0
2

0
0

0
9

�

F
o

r
th

is
ex

am
p

le
,A

lp
h

a
&

S
u

n
u

se
tw

o
4-

b
yt

e
in

st
ru

ct
io

n
s

� U
se

d
if

fe
ri

n
g

n
um

b
er

s
o

f
in

st
ru

ct
io

n
s

in
ot

h
er

ca
se

s

�

P
C

u
se

s
7

in
st

ru
ct

io
n

s
w

ith
le

n
g

th
s

1,
2,

an
d

3
by

te
s

� S
am

e
fo

r
N

T
an

d
fo

r
L

in
u

x

� N
T

/L
in

u
x

n
ot

fu
lly

b
in

ar
y

co
m

p
at

ib
le

E
5

8
B

5
5

8
9

P
C
s
u
m

4
5
0
C

0
3

4
5 0
8

8
9
E
C

5
D

C
3

–
20

–
15

-2
13

,S
’0

3

B
o

o
le

an
A

lg
eb

ra
D

ev
el

op
ed

by
G

eo
rg

e
D

ev
el

op
ed

by
G

eo
rg

e
B

oo
le

B
oo

le
in

19
th

C
en

tu
ry

in
19

th
C

en
tu

ry

�

A
lg

eb
ra

ic
re

p
re

se
n

ta
ti

on
o

fl
o

g
ic

� E
n

co
d

e
“T

ru
e”

as
1

an
d

“F
al

se
”

as
0

A
n

d
A

n
d

�

A
&

B
=

1
w

h
en

b
o

th
A

=1
an

d
B

=1
&

0
1

0
0

0
1

0
1

~ 0
1

1
0

N
o

t
N

o
t

�

~A
=

1
w

h
en

A
=0

O
r

O
r

�

A
|B

=
1

w
h

en
ei

th
er

A
=1

o
r

B
=1

|
0

1
0

0
1

1
1

1

^
0

1
0

0
1

1
1

0

E
xc

lu
si

ve
E

xc
lu

si
ve

-- O
r

(
O

r
( X

o
r

X
o

r ))

�

A
^B

=
1

w
h

en
ei

th
er

A
=1

o
r

B
=1

,b
u

tn
o

tb
o

th



P
ag

e
6

–
21

–
15

-2
13

,S
’0

3

A ~
A

~
B B

C
o

n
ne

ct
io

n
w

he
n

A
&

~B
|~

A
&

B

A
p

p
lic

at
io

n
o

f
B

o
o

le
an

A
lg

eb
ra

A
p

p
lie

d
to

D
ig

it
al

S
ys

te
m

s
by

C
la

ud
e

S
ha

nn
o

n
A

p
p

lie
d

to
D

ig
it

al
S

ys
te

m
s

by
C

la
ud

e
S

ha
nn

o
n

�

19
37

M
IT

M
as

te
r’

s
T

h
es

is

�

R
ea

so
n

ab
o

ut
n

et
w

o
rk

s
o

f
re

la
y

sw
it

ch
es

� E
n

co
d

e
cl

o
se

d
sw

it
ch

as
1,

o
p

en
sw

it
ch

as
0

A
&

~B

~A
&

B
=

A
^B

–
22

–
15

-2
13

,S
’0

3

In
te

g
er

A
lg

eb
ra

In
te

g
er

A
ri

th
m

et
ic

In
te

g
er

A
ri

th
m

et
ic

�

〈Z
,+

,*
,–

,0
,1

〉f
o

rm
s

a
“r

in
g

”

�

A
d

d
it

io
n

is
“s

u
m

”
o

p
er

at
io

n

�

M
u

lt
ip

lic
at

io
n

is
“p

ro
du

ct
”

op
er

at
io

n

�

–
is

ad
d

iti
ve

in
ve

rs
e

�

0
is

id
en

ti
ty

fo
r

su
m

�

1
is

id
en

ti
ty

fo
r

p
ro

d
u

ct

–
23

–
15

-2
13

,S
’0

3

B
o

o
le

an
A

lg
eb

ra

B
o

o
le

an
A

lg
eb

ra
B

o
o

le
an

A
lg

eb
ra

�

〈{
0,

1}
,|

,&
,~

,0
,1

〉f
o

rm
s

a
“B

o
o

le
an

al
g

eb
ra

”

�

O
r

is
“s

u
m

”
o

p
er

at
io

n

�

A
n

d
is

“p
ro

d
u

ct
”

o
p

er
at

io
n

�

~
is

“c
o

m
p

le
m

en
t”

op
er

at
io

n
(n

o
ta

d
d

iti
ve

in
ve

rs
e)

�

0
is

id
en

ti
ty

fo
r

su
m

 

1
is

id
en

ti
ty

fo
r

p
ro

d
u

ct

–
24

–
15

-2
13

,S
’0

3

¡

C
o

m
m

u
ta

ti
vi

ty
A

|B
=

B
|A

A
+

B
=

B
+

A
A

&
B

=
B

&
A

A
*

B
=

B
*

A

¢

A
ss

o
ci

at
iv

it
y

(A
|

B
)

|C
=

A
|(

B
|C

)
(A

+
B

)
+

C
=

A
+

(B
+

C
)

(A
&

B
)

&
C

=
A

&
(B

&
C

)
(A

*
B

)
*

C
=

A
*

(B
*

C
)

£

P
ro

d
u

ct
d

is
tr

ib
ut

es
o

ve
r

su
m

A
&

(B
|C

)
=

(A
&

B
)

|(
A

&
C

)
A

*
(B

+
C

)
=

A
*

B
+

B
*

C

¤

S
u

m
an

d
p

ro
d

u
ct

id
en

tit
ie

s
A

|0
=

A
A

+
0

=
A

A
&

1
=

A
A

*
1

=
A

¥

Z
er

o
is

p
ro

d
u

ct
an

n
ih

ila
to

r
A

&
0

=
0

A
*

0
=

0

¦

C
an

ce
lla

ti
o

n
o

fn
eg

at
io

n
~

(~
A

)=
A

–
(–

A
)

=
A

B
o

o
le

an
A

lg
eb

ra
B

o
o

le
an

A
lg

eb
ra

§¨

In
te

g
er

R
in

g
In

te
g

er
R

in
g



P
ag

e
7

–
25

–
15

-2
13

,S
’0

3

©

B
o

o
le

an
:

S
u

m
d

is
tr

ib
ut

es
o

ve
r

p
ro

du
ct

A
|(

B
&

C
)

=
(A

|B
)

&
(A

|C
)

A
+

(B
*

C
)

ª

(A
+

B
)

*
(B

+
C

)

«

B
o

o
le

an
:

Id
em

p
o

te
n

cy
A

|A
=

A
A

+
A

¬ A

 “A
is

tr
u

e”
o

r
“A

is
tr

u
e”

=
“A

is
tr

u
e”

A
&

A
=

A
A

*
A

® A

¯

B
o

o
le

an
:

A
b

so
rp

ti
o

n
A

|(
A

&
B

)
=

A
A

+
(A

*
B

)

° A

± “A
is

tr
u

e”
o

r
“A

is
tr

u
e

an
d

B
is

tr
u

e”
=

“A
is

tr
u

e”

A
&

(A
|B

)
=

A
A

*
(A

+
B

)

² A

³

B
o

o
le

an
:

La
w

s
o

fC
o

m
p

le
m

en
ts

A
|~

A
=

1
A

+
–A

´ 1

µ “A
is

tr
u

e”
o

r
“A

is
fa

ls
e”

¶

R
in

g
:

E
ve

ry
el

em
en

t
h

as
ad

d
it

iv
e

in
ve

rs
e

A
|~

A

· 0
A

+
–A

=
0

B
o

o
le

an
A

lg
eb

ra
B

o
o

le
an

A
lg

eb
ra

¸¹

In
te

g
er

R
in

g
In

te
g

er
R

in
g

–
26

–
15

-2
13

,S
’0

3

P
ro

p
er

ti
es

o
f

&
an

d
^

B
o

o
le

an
R

in
g

B
o

o
le

an
R

in
g

º
» {0

,1
},

^,
&

,

¼ ,0
,1

½

¾

Id
en

ti
ca

lt
o

in
te

ge
rs

m
o

d
2

¿

À is
id

en
ti

ty
o

p
er

at
io

n
:

Á (A
)

=
A

A
^

A
=

0

P
ro

p
er

ty
P

ro
p

er
ty

B
o

o
le

an
R

in
g

B
o

o
le

an
R

in
g

Â

C
o

m
m

u
ta

ti
ve

su
m

A
^

B
=

B
^

A

Ã

C
o

m
m

u
ta

ti
ve

p
ro

d
u

ct
A

&
B

=
B

&
A

Ä

A
ss

o
ci

at
iv

e
su

m
(A

^
B

)
^

C
=

A
^

(B
^

C
)

Å

A
ss

o
ci

at
iv

e
p

ro
du

ct
(A

&
B

)
&

C
=

A
&

(B
&

C
)

Æ

P
ro

d
.o

ve
r

su
m

A
&

(B
^

C
)

=
(A

&
B

)
^

(B
&

C
)

Ç

0
is

su
m

id
en

ti
ty

A
^

0
=

A

È

1
is

p
ro

d
.i

d
en

tit
y

A
&

1
=

A

É

0
is

p
ro

d
u

ct
an

n
ih

ila
to

r
A

&
0

=
0

Ê

A
d

d
it

iv
e

in
ve

rs
e

A
^

A
=

0

–
27

–
15

-2
13

,S
’0

3

R
el

at
io

n
s

B
et

w
ee

n
O

p
er

at
io

n
s

D
eM

o
rg

an
’s

D
eM

o
rg

an
’s

La
w

s
La

w
s

Ë

E
xp

re
ss

&
in

te
rm

s
o

f
|,

an
d

vi
ce

-v
er

sa

Ì A
&

B
=

~(
~A

|~
B

)
»

A
an

d
B

ar
e

tr
u

e
if

an
d

o
n

ly
if

n
ei

th
er

A
n

o
r

B
is

fa
ls

e

Í A
|B

=
~(

~A
&

~B
)

»
A

o
r

B
ar

e
tr

u
e

if
an

d
o

n
ly

if
A

an
d

B
ar

e
n

o
tb

o
th

fa
ls

e

E
xc

lu
si

ve
E

xc
lu

si
ve

-- O
r

us
in

g
In

cl
us

iv
e

O
r

O
r

us
in

g
In

cl
us

iv
e

O
r

Î A
^

B
=

(~
A

&
B

)
|(

A
&

~B
)

»
E

xa
ct

ly
o

n
e

o
f

A
an

d
B

is
tr

u
e

Ï A
^

B
=

(A
|B

)
&

~(
A

&
B

)
»

E
it

h
er

A
is

tr
u

e,
o

r
B

is
tr

u
e,

b
u

t
n

o
t

bo
th

–
28

–
15

-2
13

,S
’0

3

G
en

er
al

B
o

o
le

an
A

lg
eb

ra
s

O
p

er
at

e
o

n
B

it
V

ec
to

rs
O

p
er

at
e

o
n

B
it

V
ec

to
rs

Ð

O
p

er
at

io
n

s
ap

p
lie

d
b

it
w

is
e

A
ll

of
th

e
P

ro
pe

rt
ie

s
o

f
B

o
o

le
an

A
lg

eb
ra

A
p

p
ly

A
ll

of
th

e
P

ro
pe

rt
ie

s
o

f
B

o
o

le
an

A
lg

eb
ra

A
p

p
ly

0
1
1
0
1
0
0
1

&
0
1
0
1
0
1
0
1

0
1
0
0
0
0
0
1

0
1
1
0
1
0
0
1

|
0
1
0
1
0
1
0
1

0
1
1
1
1
1
0
1

0
1
1
0
1
0
0
1

^
0
1
0
1
0
1
0
1

0
0
1
1
1
1
0
0

~
0
1
0
1
0
1
0
1

1
0
1
0
1
0
1
0

0
1
0
0
0
0
0
1

0
1
1
1
1
1
0
1

0
0
1
1
1
1
0
0

1
0
1
0
1
0
1
0



P
ag

e
8

–
29

–
15

-2
13

,S
’0

3

R
ep

re
se

n
ti

n
g

&
M

an
ip

u
la

ti
n

g
S

et
s

R
ep

re
se

n
ta

tio
n

R
ep

re
se

n
ta

tio
n

Ñ

W
id

th
w

b
it

ve
ct

o
r

re
p

re
se

n
ts

su
b

se
ts

o
f{

0,
…

,w
–1

}

Ò

a j
=

1
if

j
∈

A
0
1
1
0
1
0
0
1

{
0,

3,
5,

6
}

7
6
5
4
3
2
1
0

0
1
0
1
0
1
0
1

{
0,

2,
4,

6
}

7
6
5
4
3
2
1
0

O
p

er
at

io
n

s
O

p
er

at
io

n
s

Ó

&
In

te
rs

ec
ti

on
0
1
0
0
0
0
0
1

{
0,

6
}

Ô

|
U

n
io

n
0
1
1
1
1
1
0
1

{
0,

2,
3,

4,
5,

6
}

Õ

^
S

ym
m

et
ri

c
d

if
fe

re
n

ce
0
0
1
1
1
1
0
0

{
2,

3,
4,

5
}

Ö

~
C

o
m

p
le

m
en

t
1
0
1
0
1
0
1
0

{
1,

3,
5,

7
}

–
30

–
15

-2
13

,S
’0

3

B
it

-L
ev

el
O

p
er

at
io

n
s

in
C

O
p

er
at

io
n

s
&

,
|,

~,
^

A
va

ila
b

le
in

C
O

p
er

at
io

n
s

&
,

|,
~,

^
A

va
ila

b
le

in
C

×

A
p

p
ly

to
an

y
“i

n
te

g
ra

l”
d

at
a

ty
p

e

Ø l
o
n
g

,
i
n
t

,
s
h
o
r
t

,
c
h
a
r

Ù

V
ie

w
ar

g
u

m
en

ts
as

b
it

ve
ct

o
rs

Ú

A
rg

u
m

en
ts

ap
p

lie
d

b
it

-w
is

e

E
xa

m
p

le
s

(C
ha

r
da

ta
ty

p
e)

E
xa

m
p

le
s

(C
ha

r
da

ta
ty

p
e)

Û

~
0
x
4
1
-
-
>

0
x
B
E

~
0
1
0
0
0
0
0
1
2

-
-
>

1
0
1
1
1
1
1
0
2

Ü

~
0
x
0
0
-
-
>

0
x
F
F

~
0
0
0
0
0
0
0
0
2

-
-
>

1
1
1
1
1
1
1
1
2

Ý

0
x
6
9

&
0
x
5
5

-
-
>

0
x
4
1

0
1
1
0
1
0
0
1
2
&

0
1
0
1
0
1
0
1
2
-
-
>
0
1
0
0
0
0
0
1
2

Þ

0
x
6
9

|
0
x
5
5

-
-
>

0
x
7
D

0
1
1
0
1
0
0
1
2
|

0
1
0
1
0
1
0
1
2
-
-
>
0
1
1
1
1
1
0
1
2

–
31

–
15

-2
13

,S
’0

3

C
o

n
tr

as
t:

L
o

g
ic

O
p

er
at

io
n

s
in

C

C
o

n
tr

as
t

to
L

o
gi

ca
lO

p
er

at
o

rs
C

o
n

tr
as

t
to

L
o

gi
ca

lO
p

er
at

o
rs

ß

&
&

,|
|

,!

à V
ie

w
0

as
“F

al
se

”

á A
n

yt
h

in
g

n
o

nz
er

o
as

“T
ru

e”

â A
lw

ay
s

re
tu

rn
0

o
r

1

ã E
ar

ly
te

rm
in

at
io

n

E
xa

m
p

le
s

(c
h

ar
d

at
a

ty
pe

)
E

xa
m

p
le

s
(c

h
ar

d
at

a
ty

pe
)

ä

!
0
x
4
1

-
-
>

0
x
0
0

å

!
0
x
0
0

-
-
>

0
x
0
1

æ

!
!
0
x
4
1

-
-
>

0
x
0
1

ç

0
x
6
9

&
&

0
x
5
5

-
-
>

0
x
0
1

è

0
x
6
9

|
|

0
x
5
5

-
-
>

0
x
0
1

é

p
&
&

*
p

(
av

o
id

s
n

u
ll

p
o

in
te

r
ac

ce
ss

)
–

32
–

15
-2

13
,S

’0
3

S
h

if
t

O
p

er
at

io
n

s

L
ef

tS
h

ift
:

L
ef

tS
h

ift
:

x
<
<
y

x
<
<
y

ê

S
h

if
t

b
it-

ve
ct

o
r
x

le
ft
y

p
o

si
ti

on
s

ë T
h

ro
w

aw
ay

ex
tr

a
b

it
s

on
le

ft

ì F
ill

w
it

h
0’

s
o

n
ri

g
ht

R
ig

h
tS

hi
ft

:
R

ig
h

tS
hi

ft
:

x
>
>
y

x
>
>
y

í

S
h

if
t

b
it-

ve
ct

o
r
x

ri
g

h
t
y

p
o

si
ti

on
s

î T
h

ro
w

aw
ay

ex
tr

a
b

it
s

on
ri

g
h

t

ï

L
o

g
ic

al
sh

if
t

ð F
ill

w
it

h
0’

s
o

n
le

ft

ñ

A
ri

th
m

et
ic

sh
if

t

ò R
ep

lic
at

e
m

o
st

si
g

n
if

ic
an

t
b

it
on

le
ft

ó U
se

fu
lw

it
h

tw
o

’s
co

m
p

le
m

en
t

in
te

g
er

re
p

re
se

n
ta

ti
o

n

0
1
1
0
0
0
1
0

A
rg

u
m

en
t
x

0
0
0
1
0
0
0
0

<
<
3

0
0
0
1
1
0
0
0

L
o

g
.>
>
2

0
0
0
1
1
0
0
0

A
ri

th
.>
>
2

1
0
1
0
0
0
1
0

A
rg

u
m

en
t
x

0
0
0
1
0
0
0
0

<
<
3

0
0
1
0
1
0
0
0

L
o

g
.>
>
2

1
1
1
0
1
0
0
0

A
ri

th
.>
>
2

0
0
0
1
0
0
0
0

0
0
0
1
0
0
0
0

0
0
0
1
1
0
0
0

0
0
0
1
1
0
0
0

0
0
0
1
1
0
0
0

0
0
0
1
1
0
0
0

0
0
0
1
0
0
0
0

0
0
1
0
1
0
0
0

1
1
1
0
1
0
0
0

0
0
0
1
0
0
0
0

0
0
1
0
1
0
0
0

1
1
1
0
1
0
0
0



P
ag

e
9

–
33

–
15

-2
13

,S
’0

3

C
o

o
lS

tu
ff

w
it

h
X

o
r

v
o
i
d

v
o
i
d

f
u
n
n
y
(
i
n
t

f
u
n
n
y
(
i
n
t

*
x
,

*
x
,

i
n
t

i
n
t

*
y
)

*
y
)

{{
*
x
=

*
x

^
*
y
;

/
*

#
1

*
/

*
x
=

*
x

^
*
y
;

/
*

#
1

*
/

*
y
=

*
x

^
*
y
;

/
*

#
2

*
/

*
y
=

*
x

^
*
y
;

/
*

#
2

*
/

*
x
=

*
x

^
*
y
;

/
*

#
3

*
/

*
x
=

*
x

^
*
y
;

/
*

#
3

*
/

}}

ô

B
it

w
is

e
X

o
r

is
fo

rm
o

f
ad

d
iti

o
n

õ

W
it

h
ex

tr
a

p
ro

p
er

ty
th

at
ev

er
y

va
lu

e
is

it
s

o
w

n
ad

d
iti

ve
in

ve
rs

e
A

^
A

=
0

B
A

B
eg

in

B
A
^
B

1

(
A
^
B
)
^
B

=
A

A
^
B

2

A
(
A
^
B
)
^
A

=
B

3

A
B

E
n

d

*
y

*
x

–
34

–
15

-2
13

,S
’0

3

M
ai

n
P

o
in

ts

It
’s

A
ll

A
b

ou
t

B
it

s
&

B
yt

es
It

’s
A

ll
A

b
ou

t
B

it
s

&
B

yt
es

ö

N
u

m
b

er
s

÷

P
ro

g
ra

m
s

ø

T
ex

t

D
if

fe
re

n
t

M
ac

hi
ne

s
F

ol
lo

w
D

if
fe

re
nt

C
on

ve
n

tio
ns

D
if

fe
re

n
t

M
ac

hi
ne

s
F

ol
lo

w
D

if
fe

re
nt

C
on

ve
n

tio
ns

ù

W
o

rd
si

ze

ú

B
yt

e
o

rd
er

in
g

û

R
ep

re
se

n
ta

ti
o

n
s

B
o

o
le

an
A

lg
eb

ra
is

M
at

he
m

at
ic

al
B

as
is

B
o

o
le

an
A

lg
eb

ra
is

M
at

he
m

at
ic

al
B

as
is

ü

B
as

ic
fo

rm
en

co
d

es
“f

al
se

”
as

0,
“t

ru
e”

as
1

ý

G
en

er
al

fo
rm

lik
e

b
it-

le
ve

lo
p

er
at

io
n

s
in

C

þ G
o

o
d

fo
r

re
p

re
se

n
ti

n
g

&
m

an
ip

u
la

ti
n

g
se

ts


