
S
ource

inc
lusion

�

U
sed

to
decom

pose
large

program
s

into
m

anageable
pieces

�

M
ostcom

m
on

usage
is:

fo
o

.h
-

interface
file

fo
o

.c
-

im
plem

entation

fo
o

.o
-

com
piled

im
plem

entation

�
Interface

file
contains:

function
headers

shared
definitions

structs,constants,types,m
acros

A
void

shared
variables

�

P
rogram

s
thatuse

foo
include

fo
o

.h
to

getinterface

and
getlinked

w
ith

fo
o

.o
to

getthe
im

plem
entation

354

R
eading

A
ssignm

ent

K
.N

.
K

in
g

C
h

a
p

te
r

1
4

S
e

ctio
n

2
6

.1

352

C
P

reprocessor

�

P
rocesses

program
textbefore

com
piler

�

Im
plem

ents

S
ource

Include
m

echanism

C
onditionalcom

pilation

M
acro

D
efinition

and
U

se

353

C
S

C
181F

Lecture
N

otes

T
hese

lecture
notes

are
provided

for
the

personaluse
of

students
taking

C
S

C
181F

in
the

Fallterm
1999/2000

atthe

U
niversity

ofToronto

C
opying

for
purposes

other
than

this
use

and
allform

s
of

distribution
are

expressly
prohibited.

c�

D
avid

B
.W

ortm
an,1995,1996,1998,1999

c�

H
iroshiH

ayashi,1997
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M
acro

D
efinition

#define
m

acroN
am

e
text

m
acroN

am
e

is
the

nam
e

ofthe
m

acro

G
ood

Technique:
use

U
P

P
E

R
C

A
S

E
N

A
M

E
S

for
m

acros
to

m
ake

them
stand

outa
program

thatuses
them

T
he

text(ifany)
on

the
sam

e
line

follow
ing

the
m

acro
nam

e
becom

es
the

definition
ofthe

m
acro.

U
se

the
backslash

character
(\

)
atthe

end
ofa

line
to

extend
long

definitions.

E
xam

ples:

#define
A

S
IZ

E
(

15
)

#define
P

R
O

M
P

T
(”H

i:”
)

358

#inc
lude

#inc
lude

”fileN
am

e”

#inc
lude�

system
F

ile�

�

fileN
am

e
is

the
nam

e
ofthe

file
to

include.

C
om

piler
searches

through
a

standard
listofdirectories

looking
for

it.

U
sually

startw
ith

currentdirectory.

�

T
he

second
form

specifies
a

system
interface

file.

T
he

com
pilers

search
starts

in
the

directory
/u

sr/in
clu

d
e

�

G
ood

Technique:
U

se
only

the
firstform

ofinclude.
T

he
com

piler
w

illstillfind

system
files,butyou

can
custom

ize
include

files
ifyou

have
to.

356

M
acros

�

A
m

acro
is

a
piece

oftextthatis
used

repeatedly
in

a
program

.

�

U
se

m
acros

for:

defining
literalconstants

defining
shortpieces

ofugly
code

hiding
details

from
the

user

�

M
acros

affectthe
source

program
te

xt
just

before
the

program
is

com
piled.

357

E
xam

ple
Interface

F
ile

/*
F

ile
house.h

-
Interface

to
house.c

*/

/*
H

ide
realrepresentation

inside
house.c

*/

#define
H

O
U

S
E

H
E

IG
H

T
2.0

#define
H

O
U

S
E

W
ID

T
H

3.0

#define
AT

T
IC

H
E

IG
H

T
0.7

���extern
void

D
raw

H
ouse(doub

le
x,

doub
le

y);
extern

void
D

raw
O

utline(doub
le

x,
doub

le
y);

extern
void

D
raw

W
indow

s(doub
le

x,
doub

le
y);

extern
void

D
raw

D
oor(doub

le
x,

doub
le

y);
extern

void
D

raw
B

ox(doub
le

x,
doub

le
y,

doub
le

w
idth

,
doub

le
height);

extern
void

D
raw

Triangle(doub
le

x,
doub

le
y,

doub
le

base
,

doub
le

height);
extern

void
D

raw
C

enteredC
ircle(doub

le
x,

doub
le

y,
doub

le
r);

���

355



M
acro

U
se

�

F
or

m
acros

w
ithoutparam

eters,justw
rite

nam
e

ofm
acro

in
program

,C

preprocessor
substitutes

m
acro

body
for

nam
e

�

F
or

m
acros

w
ith

param
eters,follow

m
acro

nam
e

w
ith

listofm
acro

param
eters

enclosed
in

parentheses.
T

he
te

xt
ofeach

param
eter

is
substituted

into
the

m
acro

body

�
E

xam
ples:

char
buf1[B

U
F

S
IZ

E
];

int
allD

one
=

FA
LS

E
;

float
circum

ference
=

T
W

O
P

I*
r;

i=
M

A
X

(
1

,i
);

S
W

A
P

(
A

[k],A
[k+

1]);

S
TO

P
H

E
R

E
;

362

M
acro

P
aram

eters

�

M
acros

can
be

defined
w

ith
sim

ple
te

xt
param

eters
thatare

substituted
as

directed
in

the
body

ofthe
m

acro

�

P
aram

eters
are

identifiers
listed

in
parentheses

after
the

m
acro

nam
e

�

U
se

this
form

for
declarations

or
code

fragm
ents

w
ith

substitutable
parts

�

P
aram

eter
substitution

is
te

xt
substitution

360

E
xam

ples
M

acro
w

ith
P

aram
eters

#define
m

acroN
am

e(
m

acroP
arm

List)
text

m
acroP

arm
Listis

a
listofidentifiers

separated
by

com
m

as

E
xam

ples:

#define
S

C
A

LE
(x)

((x)*10)

#define
M

IN
(x,y)

(
(x)�

(y)
?

(x)
:(y)

)

#define
P

O
LY

(x)
(

(x)*((x)*(3.14*(x)+
2.78)+

1.35)-2.16
)

#define
F

ILLA
R

R
AY

(
arr

,val,n)
\

�

int
i;

for
(i=

0
;

i�

(n);
)

arr[i+
+

]=
val;�

E
xam

ples
ofuse:

j=
S

C
A

LE
(

i+
1

);
if

(
M

IN
(

i,
j)

=
=

0
)

...

y
=

P
O

LY
(

y+
7.0

)
;

F
ILLA

R
R

AY
(

m
yD

ata
,

100
,

3.14
);

361

S
im

ple
M

acro
E

xam
ples

#define
B

U
F

S
IZ

E
(

1024
)

#define
N

U
LL

(
(void

*
)

0
)

#define
T

R
U

E
(

1
)

#define
FA

LS
E

(
0

)

#define
T

W
O

P
I

(2*3.14159)

#define
R

E
S

E
T�

i=
j=

k
=

0
;�

#define
P

O
LY

X
(

x
*

(x
*

(3.14
*

x
+

2.78)
+

1.35)
-

2.16
)

#define
C

LE
A

R
A�

int
i;

for
(

i=
0

;i�

N
;

)\

A
[i+

+
]=

0
;�

359



P
reprocessor

C
onstant

E
xpressions

�

T
he

conditionalexpression
thatthe

preprocessor
can

evaluate
are

m
ade

up
of

–
Integer

constants
defined

using
#define

.

–
Integer

constants
defined

using
the

com
piler

option
-D

n
a

m
e

=
co

n
sta

n
t

–
use

ofthe
defined(

identifier
)

function
w

hich
has

the
value

one
ifthe

identifier
has

been
defined

in
the

preprocessor
atthatpoint.

–
A

lm
ostallC

arithm
etic

and
logicaloperators.

Logicalexpressions
can

be
used

to

define
com

plicated
conditions.

–
S

ym
bols

predefined
by

the
com

piler,e.g.
i4

8
6

,
G

N
U

C

G
enerally

these
sym

bols
identify

the
hardw

are,the
com

piler
and

the
operating

system
.

U
se

the
com

m
and

g
cc

-d
M

-E
to

see
your

definitions.

366

M
ore

M
acro

E
xam

ples

#define
D

ATA
R

R
AY

(nam
e,size)

floatnam
e[size]

#define
M

A
X

(
a,b

)
((a)�

(b)
?

(a)
:

(b)
)

#define
S

W
A

P
(

x,y
)�

intt=
(x);x

=
(y);y

=
t	

#define
C

R
A

S
H

_
A

N
D

_
B

U
R

N
(

w
hy

)
\

�

fprintf(stderr,”B
ailing

outofprogram
due

to
error

%
s\

n”,w
hy

);\

abort();\

	

#define
M

A
LLO

C
(

size,type
,pointer

)\

�

void
*

m
Tem

p
;

\

m
Tem

p
=

m
alloc(

(size)
);

\

assert
(

m
Tem

p
);

\

pointer
=

(
type

)
m

Tem
p

;
\

	

N
ote

use
of(

)
around

expressions
and�	

around
statem

ents.

m
Tem

p
is

used
in

M
A

LLO
C

to
achieve

the
one-touch

property.

364

C
onditional

C
om

pilation

�

U
sed

to
selectively

include
or

exclude
parts

ofa
program

�

U
sed

for:

O
ptionalcode

(e.g.
debugging)

M
achine

custom
ization

O
perating

system
custom

ization

�

S
electbased

on:

defined
and

undefined
m

acro
nam

es

com
piler

flags
-D

n
a

m
e

,
-D

n
a

m
e

=
va

lu
e

,
-U

n
a

m
e

com
pile

tim
e

expressions,can
use

m
ostC

operators

�

C
onditionals

m
ay

be
nested

365

H
O

W
TO

U
se

M
acros

�

U
se

m
acros

for
program

param
eterization

and
as

an
abstraction

tool.

D
on’t

use
it

to
m

ake
program

s
unreadab

le
or

obscure
.

M
ake

bod
y

of
m

acro
a

com
plete

expression
or

statem
ent

�

M
acros

w
ith

expression
param

eters
should

be
designed

to
w

ork
w

ith
any

valid
expression

passed
as

an
argum

ent.

�

G
ood

Technique:
W

rap
param

eter
nam

es
in

parentheses
to

avoid

unexpected
expansions

and
to

force
error

m
essage

for
invalid

param
eters

�

G
ood

Technique:
M

acros
thatlook

like
statem

ents
should

behave
like

statem
ents.

W
rap

body
in�

and� .
D

o
notput

;
atend.

�

T
he

truely
paranoid

w
illuse

each
m

acro
param

eter
exactly

once.

363



H
O

W
TO

U
S

E
#if

et.al.

�

K
IS

S

�

U
se

conditionalcom
pilation

sparingly
to

custom
ize

your
program

for
different

environm
ents.

�

U
se

indentation
and

paragraphing
to

indicate
m

atching
#if

,#else
and

#endif.

�
C

om
plicated

#if
structures

are
a

sym
ptom

ofbad
program

design.
�

A
s

w
ith

any
use

ofconditionals,m
ake

sure
allcases

are
covered

and
each

logicalexpression
does

w
hatyou

expect.

�

K
IS

S

370

P
reprocessor

C
onditional

S
tatem

ent

if-head

text

#elif
constant-expression

text

#elsetext

#endif

textis
any

program
text.

Itm
ay

be
arbitrarily

long.
Itm

ay
contain

nested

conditionals.

Ifif-head
evaluates

to
true,textis

included
in

the
program

T
he

elifpartm
ay

be
repeated

as
m

any
tim

es
as

required.
T

he
else

partis

optional.
Ifitappears,then

the
textfollow

ing
the

#else
is

included
in

the

program
ifnone

ofthe
preceding

ifor
elifs

have
evaluated

to
true.

368

#if
exam

ples

#if
X

=
=

3

int
data3[100

];

#elseint
data2[50

],data1[200
];

#endif

#ifdef
D

E
B

U
G

fprintf(stderr,”M
ade

itas
far

as
C

heckpointC
harlie\

n”);

#endif

#ifndef
O

N
C

E

#define
O

N
C

E

...

#endif

#if
defined(U

N
IX

)||
defined(

unix
)

#inc
lude


stdio.h�

#elif
defined(V

M
S

)

#inc
lude


V
M

S
stdio.h�

#else#inc
lude

”D
:/S

Y
S

/IN
C

LU
D

E
/S

T
D

IO
.H

”

#endif
369

#if
head

#if
constant-expression

#ifdef
identifier

#ifndef
identifier

T
he

three
form

s
ofifhead

listed
above

are
used

atthe
startofa

preprocessor

conditionalstatem
ent.

the
firstform

is
true

ifthe
constant(i.e.

com
pile

tim
e)

expression
evaluates

to

non-zero.

T
his

expression
can

include
use

ofthe
d

e
fin

e
d

(identifier)
predicate

S
econd

form
is

true
ifidentifier

has
been

defined
using

#define
or

by
the

com
piler-D

option.

T
hird

form
is

true
ifidentifier

has
not

been
defined

using
#define

or
ithas

been
undefined

using
the

com
piler-U

option.

367



E
valuating

P
rogram

P
erform

ance �

H
ow

F
ast

D
oes

it
R

un?

�

C
ostofexecuting

a
program

can
be

m
easured

in
term

s
ofthe

am
ountoftim

e

and
space

the
program

uses.

�

O
ften

there
is

a
tradeoffbetw

een
space

and
tim

e

�
Itis

very
usefulto

be
able

to
estim

ate
the

tim
e

and/or
space

used
by

a

program
in

term
s

ofthe
size

ofthe
inputitm

ustprocess
�

A
dapted

from
:

F.F
ich

&
D

.H
orton,C

S
C

148F
Lecture

N
otes,1993

374

H
O

W
TO

U
se

V
ariab

le
Length

A
rgum

ent
Lists

�

D
eclare

a
variable

oftype
va

list
to

hold
an

index
into

the
variable

length
argum

entlistw
hile

itis
being

processed.
E

xam
ple

va
list

a
p

;

�

T
he

variable
argum

entlistcom
es

after
the

lastnam
ed

param
eter.

C
all

va
sta

rt
to

initialize
the

argum
entpointer

ap
to

the
firstvariable

argum
ent

va
sta

rt(
a

p
,

first
)

;

�

T
he

function
va

a
rg

is
used

to
fetch

a
varialble

argum
entand

advance
to

the
nextargum

entin
the

list.

a
rg

V
a

l
=

va
a

rg
(

a
p

,
type-nam

e
)

;
w

here
type-nam

e
is

the
type

ofthe
variable

(
argV

al)
being

assigned
to.

�

C
allthe

function
va

e
n

d
to

clean
up

after
argum

entprocessing.

va
e

n
d

(
a

p
)

;

�

You
can

cycle
through

the
argum

entlistm
ore

than
once

by
calling

va
sta

rt
to

reinitialize
the

argum
entpointer.

You
can

use
m

ore
than

one

argm
entpointer

on
the

sam
e

list.
372

W
hic

h
M

achine
for

You?

P
roblem

M
achine

M
achine

S
ize

A
B

10
3.0

m
icroseconds

200
m

illiseconds

100
3.0

m
illiseconds

2.0
seconds

1,000
3.0

seconds
20

seconds

10,000
49

m
inutes

3.2
m

inutes

100,000
35

days
32

m
inutes

1,000,000
95

years
5.4

hours

C
om

e
to

Lecture
and

F
ind

O
ut

373

F
unctions

w
ith

a
V

ariab
le

N
um

ber
of

A
rgum

ents

�

T
here

is
a

m
echanism

in
C

thatallow
s

you
to

w
rite

your
ow

n
functions

that

take
a

variable
num

ber
ofargum

ents
like

printfand
scanf.

�

T
he

include
file

std
a

rg
.h

defines
three

m
acros

void
va

start(
va

listap
,parm

N
);

type-nam
e

va
arg(

va
listap,type-nam

e
);

void
va

end(
va

listap
);

thatcan
be

used
to

access
variable

length
argum

entlists
in

a
safe

and

portable
w

ay.

�

A
function

thattakes
a

variable
num

ber
ofargum

ents
m

usthave
atleastone

nam
ed

argum
ent.

A
n

ellipsis
(...)

is
used

to
tellthe

com
piler

thatthe

function
takes

an
arbitrary

num
ber

ofargum
ents.

E
xam

ple

int
doList(

intfirst,...
);
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O
A

lg
ebra

iff(n)
is

O
(g(n))

and
g(n)

is
O

(h(n))

f(n)
is

O
(h(n))

if
 �

(n)
is

O
(� �

(n))
and
 �

(n)
is

O
(� �

(n))


 �

(n)
+
 �

(n)
is

O
(� �

(n)
+� �

(n))

if
 �

(n)
is

O
(� �

(n))
and
 �

(n)
is

O
(� �

(n))


 �

(n)

�

 �

(n)
is

O
(� �

(n)

�
� �

(n))

f(n)
+

g(n)
is

O
(

m
ax(

f(n),g(n)
)

)

378

R
unning

T
im

e
F

unctions

A
pproxim

ate
V

alue
ofT

(n)
for

n
=

T
(n)

10
100

1000
10,000

100,000

��� �

(n)
3

6
9

13
16

��� ��

(n)
9

36
81

169
256

� �

3
10

31
100

316

�

10
100

1000
10,000

100,000

�
��� �

(

�

)
30

600
9000

13 ��� �

16 ��� �

� �

100
10,000

�� �

�� �

�� � 

� !

1000

�� �
�� "

�� ��

�� ��

# $

1024

�� !
 

�� !
  

�� !
%    

�� !
 %    

G
row

th
R

ate
ofvarious

functions

376

B
ig

O
N

otation

�

f(n)
and

g(n)
be

functions
defined

on
the

non-negative
integers

such
that

f(n)>
=

0
and

g(n)>
=

0
for

alln

�

A
function

f(n)
is

order
g(n)

ifthere
exists

positive
constants

c
and

B
such

that

f(n)<
=

c

�

g(n)
for

alln
>

=
B

�

W
ritten

as
”f(n)

is
O

(
g(n)

)”

�

C
onstantfactors

and
low

er
order

term
s

are
ignored

�

E
xam

ples:

&� ' �

+&� '

+&(

is
O

(

' �

)

&) '
)

+'
*+� ,

(

'

)
is

O
(

'
))

377

M
easuring

T
im

e

�

R
un

program
on

various
inputs

and
m

easure
how

long
ittakes

�

U
sually

unsatisfactory,can
depend

on
things

externalto
the

program
like

other
users

on
the

com
puter

�

A
lternative,countnum

ber
of(certain)

operations
the

program
perform

s

�

E
xam

ples:
assignm

ent,arithm
etic,com

parisons,array
access,pointer

access,branching

�

W
e

w
antto

characterize
the

running
tim

e
ofa

program
as

a
function

ofthe

size
ofits

input.
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Linear
Tab

le
M

ana
g

em
ent

13

256 27

42

1051 17

181

23

�

Im
plem

entTable
as

array
and

pointer

S
tore

elem
ents

in
insertion

order

Linear
search

for
key

value

�

P
erform

ance

O
peration

M
ethod

T
im

e

insert
atend

-

delete
rem

ove
&

com
press

.

lookup
linear

search
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E
xam

ples

for
(

sum
=

0
,I=

0
;

I�

N
/2

;
I+

+
)

O
(

'

)

for
(

J
=

0
;

J�

I;
J+

+
)

O
(

'

)

sum
+

=
1

;
O

( -)
for

(
sum

=
0

,I=
0

;
I<

=
N

/2
;

I+
+

)
O

(

'

)

for
(

J
=

0
;

J�

N
*

N
;

J+
+

)
O

(

' �

)

sum
+

=
1

;
O

( -)
if

(
I<

=
10

)
O

( -)
sm

allD
ata

=
1

;
O

( -)
elsefor

(
J

=
0

;
J�

N
;

J+
+

)
O

(

'

)

data[J
]=

J
;

O
( -)380

Tab
les

and
S

earching

�

Table
-

a
collection

ofkey,objectpairs

�

K
eys

m
ustuniquely

identify
objects

�

Typicaloperations
on

tables:

insert-
10

%

delete
-

5
%

search
-

85
%

�

Im
plem

enttable
as

an
array

ofstructures
or

as
a

dynam
ically

allocated
list

structure
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A
nalyzing

R
unning

T
im

e

�

C
ode

w
ithoutloops

or
procedure

calls
takes

O
(1)

tim
e

�

Ifthe
body

ofa
for

loop
is

executed
O

(f(n))
tim

es
and

each
iteration

takes
O

(g(n))
tim

e,then
the

entire
loop

takes

O
(

1
+

f(n)

�

g(n)
)

tim
e

�

ifthe
true

and
false

parts
ofan

if
statem

enttake
O

(f(n))
and

O
(g(n))

tim
e

respectively
then

the
ifstatem

enttakes

O
(m

ax(f(n),g(n)))
tim

e
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H
ash

F
unction

E
xam

ple

�

F
or

w
ords

use:

F
irstletter

F
irstletter+

length

F
irstletter

&
lastletter

�
C

om
bine

letters
using

arithm
etic

or
bitoperations

R
educe

m
odulo

table
size

�
E

xam
ple:

W
ord

first
first+

length
first+

last
firstˆ

last

TA
H

IR
84

89
166

6

T
E

R
S

IG
N

I
84

92
157

29

V
A

N
D

E
R

B
Y

86
94

175
15

V
A

R
O

D
AYA

N
86

95
164

24
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H
ash

Tab
le

M
ana

g
em

ent �

42

105

27

256

1

13

23

181

17

�

Im
plem

entTable
as

array
and

pointer

S
tore

elem
ents

indexed
by

hash(key)

U
se

hash(key)
and

chaining
for

search

�

P
erform

ance

O
peration

M
ethod

T
im

e

insert
by

hashing

-

norm
ally

.

w
orstcase

delete
by

delinking

-

norm
ally

.

w
orstcase

lookup
hash

&
chain

-/ .0 1&2*34 56
3

.

w
orstcase

�

H
ash

Tables
w

illbe
discussed

in
detailin

C
S

C
190S

and
C

S
C

191S
.
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H
ash

F
unctions

�

M
aps

table
key

into
table

index.

U
sually

a
m

any-to-one
m

apping

�

S
hould

be
easy

to
com

pute

�

S
hould

spread
keys

as
uniform

ly
as

possible
across

alltable
entries

�

N
otw

orth
huge

effortto
im

prove
hash

function

�

P
erfecthash

functions
are

possible
in

restricted
cases

�

G
ood

Technique:
C

om
pute

som
e

function
ofthe

key
and

use
the

m
odulus

operator
(

%
)

to
reduce

the
value

ofthe
function

to
the

range

0
..

TA
B

LE
S

IZ
E

-
1

385

S
orted

Tab
le

M
ana

g
em

ent

42 113172327

256

181

105

�

Im
plem

entTable
as

array
and

pointer

S
tore

elem
ents

sorted
in

order
by

key

B
inary

search 7
for

key
value

�

P
erform

ance

O
peration

M
ethod

T
im

e

insert
in

order
./ *+� �8 .9

delete
rem

ove
&

com
press

./ *+� �8 .9
lookup

binary
search

*+� �8 .9

�

(S
ee

S
lides

193
&

194)
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W
ord

S
ets

in
C

�

S
m

allsets
w

ith
an

integer
base

type
can

be
represented

in
C

using
the

32

bits
in

an
integer

to
indicate

the
presence

or
absence

ofa
particular

elem
ent

�

U
se

C
bitoperations

on
integers

(&
,|

,etc.)
to

im
plem

entsetoperations

�

F
or

a
setw

ith
m

em
bers

in
the

range
low

..
high

Iflow
is

non-zero,subtractitfrom
allelem

ents
so

allsets
are

represented

internally
as

setof0
..

high
-

low
�

N
um

ber
the

bits
in

an
integer

from
0

(rightm
ost)

to
31

(leftm
ost).

A
ssociate

each
bitw

ith
a

particular
elem

entofthe
set.

�

T
his

representation
ofS

ets
is

used
in

m
any

im
plem

entations
ofTuring

and

P
ascal.
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D
ata

S
tructures

in
C

�

S
ets

�

S
parse

A
rrays

D
ata

structures
is

one
ofthe

m
ajor

topics
in

C
S

C
190S

and
C

S
C

191S
.

T
he

follow
ing

slides
are

a
sm

allpreview
.388

S
ets

in
C

�

A
setis

a
collection

ofarbitrary
elem

ents

�

P
rim

ary
issue

is
setm

em
bership

�

S
etoperations

include
union

(:

),intersection
(;

),subsetrelation
(<

),

m
em

bership
relation

(=

),m
em

ber
creation

�

S
ets

can
be

represented
in

C
in

a
num

ber
ofw

ays
depending

on:

–
type

and
hom

ogeneity
ofelem

ents

–
bounded

or
unbounded

size

–
relative

frequency
ofoperations

389

H
ash

F
unction

E
xam

ple

S
uppose

w
e

w
ere

to
store

em
ployee

records,w
here

each
em

ployee
has

a
num

ber�

.

G
iven

a
table

ofsize
13,use

the
the

follow
ing

function
(hash

function)
to

store
the

records:

>? �
@ A
? #�

BC@ D �E .

�
>? �

@

88
2

75
2

64
6

28
12

41
12

38
6

62
2

3
1

49
2

93
12

54
12

145812 11 10 9 7 6 3 2 0

388
62

49

38

28
41

93

64

54

75
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S
et

O
perations

on
A

rbitrar
y

S
ets

�

A
ssum

e
a

setofT
hings

�

A
ssum

e
an

ordering
relation

on
T

hings

�

S
tore

sets
as

ordered
lists

ofT
hings

�
O

perations:

� F
�

A
dd

A
to

listin
order

F
= G

S
earch

listB
for

A
G

:H
m

erge
lists

B
and

C
,

deleting
one

ofeach
duplicate

G
;H

m
erge

lists
B

and
C

keeping
only

one
ofeach

duplicate

G
I H

U
se8 G

;H
9 JJG
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Larg
er

W
ord

S
ets

�

F
or

a
setw

ith
elem

ents
low

..
high

w
here

high
-

low
is

greater
than

32,use
an

array
ofintegers

for
the

set

typedef
unsigned

S
et[(high-low

+
31)>

>
5];

�

U
se

division
and

m
odulus

to
selectw

ord
in

array
and

bitw
ithin

w
ord

F
or

an
arbitrary

elem
entF

array
index

is
(

A
-

low
)>

>
5

(usually
faster

than
(

A
-

low
)

/32
)

w
ord

index
is

(
A

-
low

)
&

0x1F

(faster
than

(
A

-
low

)
%

32)

�

U
se

m
acros

to
param

eterize
access

#define
getE

lem
ent(

S
etV

ar,E
lem

)\

(
S

etV
ar[((E

lem
)-S

etlow
)>

>
5]

&
(1<

<
(((E

lem
)-S

etLow
)&

0x1F
))

)
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S
ets

of
A

rbitrar
y

E
lem

ents

�

To
build

sets
ofarbitrary

(non-integer)
elem

ents
(e.g.

reals,T
hings

)
you

need

to
actually

store
elem

ents
in

the
set.

�

Ifm
em

bership/non-m
em

be
rship

is
the

dom
inantoperation,could

use
a

hash

table
to

representa
set.

C
ould

also
use

a
hash

table
to

store
T

hings

efficiently
and

store
hash

table
indices

in
the

sets.

�

Ifm
axim

um
size

ofsetis
know

n,could
representthem

as
arrays

ofT
hings

�

Ifm
axim

um
size

ofsetis
notknow

n,representsets
as

linked
listofelem

ents.

�

F
or

a
T

hing
to

be
an

elem
entofa

setw
e

need
only

a
few

operations
on

T
hings

:

–
T

he
ability

to
copy

T
hings

from
one

place
to

another

–
T

he
ability

to
store

T
hings

in
data

structures

–
A

n
equality

relation
(e.g.=

=
)

thatw
illdeterm

ine
iftw

o
T

hings
are

the
sam

e

–
P

ossibly
an

ordering
relation

(e.g.<
=

)
on

T
hings
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W
ord

S
et

O
perations �

��
0

�
all�

0xF
F

F
F

F
F

F
F

� F
�

(
1

<
<

(
A

-
low

)
)

F
= G

((A�

low
)||

(A�

high)
?

FA
LS

E
:

(
1

<
<

(
A

-
low

)
)&

B
)

G
:H

(
B

|
C

)

G
;H

(
B

&
C

)

G
< H

((
B

|
C

)=
=

C
)&

&
((

B
&

C
)

!=
C

)

G
I H

((
B

|
C

)=
=

C
)

G
K H

(
B

ˆ
C

)

�

F
or

a
setoflow

..
high

elem
ents
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S
parse

A
rra

y
-

D
oub

le
Link

3.96270

3.59271

5.94783

1.72394
2.78283

3.141592

/

7345

21

400 3

75

75

75 3

400
400

7345 2391

2391

2391

9782

9782

9782

21
21

//

//
/

/ /

/

/

typedef
struct

elem
*

elP
tr

;

struct
elem�

int
colN

o
,row

N
o

;

elP
tr

nextC
ol,nextR

ow
;

doub
le

V
al

	
;

typedef
struct

index
*

indP
tr

;

struct
index�

int
row

colN
o

;

elP
tr

row
col;

indP
tr

nextIndex

	

;

struct
S

parse�

indP
tr

row
s

;

indP
tr

cols
;

	

;
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S
tora

g
e

for
S

parse
A

rra
ys

�

A
hash

table
(hash

on
row

/colum
n

index)
could

be
used,butan

unstructured

hash
table

isn’tconvenientfor
operations

like
m

atrix
m

ultiplication.
M

ost

practicalschem
es

are
equivalentto

som
e

form
ofstructured

hash
table

�

M
ostrepresentation

schem
es

use
som

e
form

ofsingle
or

double
indexing.

S
parse

array
is

stored
in

som
e

form
oflinked

listdata
structure

�

A
rray

elem
ents

are
typically

selfidentifying,i.e.
the

row
and

colum
n

index
are

stored
w

ith
the

elem
ent

�

Tw
o

illustrative
techniques:

single
and

double
indexing

are
described

in
the

follow
ing

slides.
Linked

lists
are

used
for

both
row

and
colum

ns,buta
vector

ofpointers
could

be
used

ifthe
size

ofthe
sparse

array
isn’ttoo

large

�

S
ingle

link
is

sim
ilar

to
a

hash
table

on
the

row
index

D
ouble

link
is

sim
ilar

to
overlaid

row
and

colum
n

hash
tables
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S
parse

A
rra

y
-

S
ingle

Link

/

/

/

/
/

1.3738
4.9825

1.000002

2.78127
3.141592

2.34567

1.98765
9.45678

6.78901
0.12345

8652
1023 6421

9962
1023

3521
1762

4716 4716
200

7345

1500

400

21 3

typedef
struct

elem
*

colP
tr

;

struct
elem�

int
colN

o
;

colP
tr

nextC
ol;

doub
le

V
al

	

;

typedef
struct

row
s

*

row
P

tr
;

struct
row

s�

int
row

N
o

;

colP
tr

colum
n

;

row
P

tr
nextR

ow

	

;

typedef
row

P
tr

S
parse

;
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S
parse

A
rra

ys

�

A
n

array
is

sparse
ifm

ore
than

99%
ofit’s

elem
ents

have
the

values
zero

�

S
parse

arrays
arise

naturally
in

the
solution

ofm
any

num
ericalproblem

s
in

science
and

engineering.

�

S
parse

arrays
are

also
often

very
large

(e.g.
10,000

X
10,000)

so
storing

them
in

a
space

efficientfashion
is

an
im

portantissue.

�

O
perations

on
sparse

arrays
include

access
to

individualelem
ents

and

standard
m

atrix
operations

such
as

m
atrix

m
ultiplication

�

M
ostnum

ericalalgorithm
s

thatw
ork

on
m

atrices
can

be
adapted

to
w

ork
on

sparse
arrays
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