
D
ynam

ic
S

tora
g

e
A

llocation

�

S
torage

can
be

allocated
for

any
type

ofdata
(i.e

any
type-nam

e
).

�

P
ointers

are
used

to
access

dynam
ically

allocated
storage.

�

S
torage

m
ustbe

allocated
and

deallocated
under

program
m

er
control

�
Item

s
in

storage
can

be
linked

together
w

ith
pointers

in
arbitrary

w
ays

�
Item

s
are

accessed
using

pointers,any
item

notpointed
to

by
som

e
pointer

is

perm
anently

inaccessible
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R
eading

A
ssignm

ent

K
.
N
.
K
i
n
g

S
e
c
t
i
o
n
s
1
7
.
1
,
1
7
.
3
,
1
7
.
4
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D
ynam

ic
S

tora
g

e
A

llocation

�

D
ynam

ic
storage

allocation
is

a
m

echanism
thatallow

s
the

program
m

er
to

create
new

storage
for

data
during

the
execution

ofa
program

�

D
ynam

ic
storage

allocation
is

used
to

build
com

plicated
data

structures
like

lists,trees,and
graphs

w
hose

size
and

shape
is

determ
ined

during
program

execution

�

T
hink

ofusing
dynam

ic
storage

allocation
for

problem
s

w
here

you
have

to

dealw
ith

arbitrarily
large

am
ounts

ofdata
or

w
here

the
structure

ofthe
data

isn’tknow
n

before
program

execution

�

U
se

of
dynam

ic
stora

g
e

allocation
is

an
im

por
tant

program
m

ing

tec
hnique

because
it

frees
the

program
m

er
from

the
restrictions

im
posed

by
statically

siz
ed

data
structures.
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C
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the
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H
O

W
TO

U
se

S
tora

g
e

A
llocation

�

A
lw

ays
use

siz
eof

to
calculate

the
am

ountofstorage
reqested

from
the

storage
allocation

functions.

�

N
ever

pass
any

pointer
to

free
thatw

asn’tobtained
directly

from
one

ofthe

storage
allocation

functions.
C

H
A

O
S

w
illensue

ifyou
getthis

w
rong.

�
S

afe
S

torage
A

llocation

#define
M

A
LLO

C
(

size,type
,pointer

)\

�

void
*

m
Tem

p
;
\

m
Tem

p
=

m
alloc(

(size)
);
\

assert
(

m
Tem

p
!=

N
U

LL
);
\

pointer
=

(
type

)
m

Tem
p

;
\

�

234

�

m
alloc

doesn’tinitialize
m

em
ory

butcalloc
does

initializes
the

m
em

ory
by

setting
allbits

to
0.

�

W
hen

itis
notpossible

to
locate

a
block

ofm
em

ory
large

enough,the
storage

allocation
functions

return
N

U
LL.

W
A

R
N

IN
G

:
A

lw
ays

check
ifthe

return
value

is
N

U
LL.

p
=

(char
*)

m
alloc(n+

1);

if
(p

=
=

N
U

LL)
...

�

W
A

R
N

IN
G

:
B

e
sure

thata
pointer

passed
to

realloc
cam

e
from

previous
call

ofm
alloc,calloc,or

realloc

�

W
A

R
N

realloc
m

ay
m

ove
the

data
being

reallocated
to

a
differentpartof

m
em

ory.
T

his
w

illin
validate

allexisting
pointers

to
thatdata.

T
he

O
N

LY

pointer
you

can
trustis

the
one

returned
by

m
alloc.
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D
eallocating

S
tora

g
e

void
free(

void
*

p)

free
releases

the
storage

block
pointed

to
by

p.

T
hat

stora
g

e
m

ust
have

been
allocated

using
m

alloc,
calloc

or
realloc

or

C
H

A
O

S
w

ill
ensue

.

D
angling

pointers
are

pointers
thatpointto

storage
elem

ents
thathave

already
been

freed

It
is

a
logic

error
in

your
program

if
you

try
to

use
a

dangling
pointer

233

S
tora

g
e

A
llocation

F
unctions

#inc
lude

�

stdlib.h

�

void
*m

alloc(
size

tsize
)

void
*calloc(

size
tnobj,size

tsize
)

void
*realloc(

void
*

p,size
tsize

)

�

m
alloc

allocates
size

bytes
ofstorage

and
returns

a
pointer

to
the

storage.

calloc
allocates

storage
for

an
array

ofnobjelem
ents

w
here

each
elem

ent

requires
size

bytes
ofstorage

�

realloc
changes

(sm
aller

or
larger)

the
size

ofthe
block

ofstorage
pointed

to

by
p

to
be

size
bytes.

R
eturns

a
pointer

to
the

new
storage.

C
opies

old
block

ofstorage
to

new
block

ofstorage
up

to
m

in(
oldS

ize,new
S

ize)

�

S
ince

m
alloc

et.al.
return

a
value

oftype
void

*
you

should
use

a
type

castto

convertthe
type

ofthe
pointer

returned
to

w
hatyou

need.
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D
angling

P
ointer

E
xam

ple

typedef
struct

�

float
X

;

...

�

bigS
truct;

typedef
struct

bigS
truct*

bigP
tr;

bigP
tr

P,Q
;

P
=

(
bigP

tr
)

m
alloc(

siz
eof

(
bigS

truct)
);

...Q
=

P
;

...free(
P

);

.../*
Q

is
a

dangling
pointer

*/

Q
-
>

X
=

25.7
;

/*
E

R
R

O
R

*/
238

N
U

LL
P

ointer
D

ereferencing

�

Itis
an

E
R

R
O

R
to

apply
the

pointer
dereferencing

operator
(

*
)

to
any

pointer

thathas
the

value
N

U
LL.

T
he

follow
ing

property
should

hold
for

correctprogram
s.

A
tevery

pointw
here

a
pointer

variable
is

dereferenced,the
pointer

variable
does

not
have

the
value

N
U

LL

Ifyou
cannotm

ake
an

inform
alargum

entthatthis
property

holds
atevery

pointer
dereference

than
you

have
an

E
R

R
O

R
in

your
program

.

�

W
A

R
N

IN
G

:
T

he
N

U
LL

pointer
is

lurking
everyw

here
w

aiting
to

cause

your
program

to
crash

236

D
angling

P
ointers

�

A
dangling

pointer
is

a
pointer

thatpoints
atsom

e
block

ofstorage
thathas

been
freed.

Itis
an

E
R

R
O

R
to

use
a

dangling
pointer

since
itpoints

to
G

A
R

B
A

G
E

.T
he

follow
ing

property
should

hold
for

correctprogram
s.

A
tevery

pointw
here

a
pointer

variable
is

dereferenced,the
pointer

variable
can

not
be

a
dangling

pointer.

Ifyou
cannotm

ake
an

inform
alargum

entthatthis
property

holds
atevery

pointer
dereference

than
you

have
an

E
R

R
O

R
in

your
program

.
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S
tora

g
e

A
llocation

E
xam

ples

int
*

A
;

int
nW

ords
=

100
;

A
=

(int
*

)
m

alloc(nW
ords

*
siz

eof
(

int
)

);

typedef
struct

�

int
X

,
Y

;

�

P
oint;

typedef
struct

P
oint*

P
ointP

tr;

#define
P

ointA
rrayS

ize
(

360
)

P
ointP

tr
P

;

P
=

(
P

ointP
tr

)
calloc(

P
ointA

rrayS
ize

,
siz

eof
(

P
oint)

);

P
[100]-

>
X

=
10

;

P
[100]-

>
Y

=
20

;
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S
ingly

Linked
List

D
eclarations

/*
singly

linked
lists

*/

typedef
struct

listN
ode

*
ListP

tr
;

struct
listN

ode

�

/*
D

eclare
D

ata
H

ere
*/

int
value

;
/*

listofintegers
*/

listP
tr

next;
/*

link
to

nextnode
*/

�

;

typedef
struct

listN
ode

LIS
T

N
O

D
E

;

#define
LIS

T
N

O
D

E
S

IZ
E

(
sizeof(

LIS
T

N
O

D
E

)
)

242

List
D

ata
S

tructures

D
ata

D
ata

D
ata

D
ata

D
ata

�

A
listis

a
sequence

ofnodes
thatare

chained
together

using
pointers.

�

B
y

convention
the

pointer
value

N
U

LL
is

used
to

m
ark

the
end

ofa
list.

�

Lists
allow

you
to

dealw
ith

arbitrary
am

ounts
ofdata

�

Listprocessing
algorithm

s
are

designed
to

processes
lists

from
beginning

to
end.

R
andom

access
to

item
s

in
a

listrequires
searching

w
hich

can
be

very
inefficient.

�

R
ecursive

functions
are

often
the

bestw
ay

to
design

listprocessing
algorithm

s.

�

Listitem
s

are
called

nodes,cells,or
elem

ents.
T

he
explicitdata

thatspecifies
“next”

are
called

pointers
or

links.

�

A
P

ointer
variable

w
hich

contains
a

pointer
value

to
the

firstnode
on

a
listis

called

header

240

Types
of

Lists

�

S
ingly

linked
lists

A
sequence

ofnodes
linked

by
a

single
pointer.

D
ata

D
ata

D
ata

D
ata

D
ata

�

S
ingly

linked
listw

ith
header

A
singly

linked
listthatis

accessed
via

a
header

block
thatcontains

pointers
to

the
firstand

lastnode
in

the
list.

D
ata

D
ata

D
ata

D
ata

D
ata

�

D
oubly

linked
listA

sequence
ofnodes

w
here

each
node

contains
a

pointer
to

the
nextnode

in
the

listand
a

pointer
to

the
previous

node
in

the
list

Data
Data

Data
Data

241

M
em

ory
Leaks

�

A
program

has
a

m
em

ory
leak

ifitallocates
storage

thatis
never

freed.

�

M
em

ory
leaks

are
not

an
issue

for
shortlived

program
s

(e.g.
program

m
ing

assignm
ents)

thatdo
som

ething
and

then
stop.

the
operating

system
cleans

up
m

em
ory

w
hen

a
program

ceases
execution.

�

M
em

ory
leaks

are
an

issue
for

long
running

program
s

like
operating

system
s,

w
eb

brow
sers,w

ord
processors,and

X
w

indow
system

s
because

the
leaks

cause
the

program
to

grow
slow

ly
over

tim
e

untilitbecom
es

to
large

to

continue
running.

�

IF
you

are
w

riting
a

long
lived

program
you

should
take

care
to

avoid
m

em
ory

leaks.
T

his
is

hard,ittakes
a

lotofreally
carefulm

em
ory

m
anagem

ent.
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R
ecursion

and
List

P
rocessing

R
ecursion

is
often

a
very

good
w

ay
to

design
and

express
algorithm

s
thatprocess

lists.

B
asis:

T
he

em
pty

list

(
N

U
LL

listpointer
)

D
ecom

position:
P

rocess
node

pointed
atby

listpointer

P
rocess

restoflistrecursively.

C
om

position
C

om
bine

resultfor
node

pointed
at

w
ith

resultfor
restoflist.

246

O
perations

on
Lists

�

A
ppend

-
A

dd
a

new
node

to
the

end
ofa

list.

�

D
elete

-
R

em
ove

a
node

from
the

list.

�

Trace
-

C
hain

through
the

nodes
in

a
list,perform

ing
som

e
processing

on

each
node.

�

S
earch

-
C

hain
through

a
listlooking

for
a

node
thatcontains

a
particular

value.

�

C
oncatenate

-
A

ppend
one

listto
the

end
ofanother

list.

244

N
U

LL
&

D
angling

P
ointers

�

W
A

R
N

IN
G

:
B

E
W

A
R

E
of

N
U

LL
pointer

s,
the

y
are

lurking
E

V
E

R
Y

W
H

E
R

E

trying
to

cause
bugs

in
your

program
s

�

It
is

a
logic

error
in

your
program

if
you

try
to

use
a

pointer
w

ith
the

value
N

U
LL

to
access

data

�

You
should

be
able

to
establish

the
follow

ing
condition:

A
t

every
place

w
here

a
pointer

is
dereferenced

(e.g.
constructs

ofthe
form

*
pointerV

ariable
and

pointerV
ar-

>
)

the
pointerV

ar
can

N
O

T
have

the
value

N
U

LL

�

D
angling

pointers
are

pointers
thatpointto

storage
elem

ents
thathave

already
been

freed

�

It
is

a
logic

error
in

your
program

if
you

try
to

use
a

dangling
pointer

to

access
data.
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H
O

W
TO

T
hink

A
bout

Lists

�

Lists
are

inherently
a

linear
data

structure.

�

F
or

singly
linked

lists,the
only

access
to

the
listis

via
a

pointer
to

the
head

of

the
list.

�

A
lgorithm

s
thatprocess

lists
m

ustbe
designed

to
w

ork
through

the
nodes

in
a

listin
order.

�

Listprocessing
algorithm

s
m

ust
be

designed
to

handle
the

em
pty

list

correctly.

�

A
bsolutely

arbitrary
data

item
s

can
be

stored
in

lists,

e.g.
structures,arrays,lists,trees

...
D

ata
can

be
ordered

or
unordered.

�

Lists
allow

you
to

w
rite

program
s

thatcan
dealw

ith
arbitrarily

large
am

ounts

ofdata
(lim

ited
only

be
the

size
ofm

em
ory).
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C
reating

Lists

�

Lists
are

created
one

node
ata

tim
e.

–
U

se
m

alloc
to

allocate
storage

for
the

node.

–
U

se
the

size
ofthe

listnode
as

the
argum

entto
m

alloc.

–
G

ood
S

tyle:
A

lw
ays

check
thatm

alloc
returned

a
non-N

U
LL

pointer.

–
A

dd
the

node
to

the
listatan

apropriate
place.

�
G

ood
Technique:

Ifthere
are

any
pointers

in
a

node
thatare

notgiven
a

value
im

m
ediately

after
allocation

initialize
those

pointers
to

N
U

LL.T
his

action
turns

uninitialized
pointer

dereference
errors

into
N

U
LL

pointer

dereference
errors

w
hich

are
m

ore
likely

to
be

detected.

E
xam

ple:
ListP

tr
P

;

P
=

(
ListP

tr
)

m
alloc(

LIS
T

N
O

D
E

S
IZ

E
);

assert
(

P
);

P
-
>

value
=

/*
som

e
value

*/
;

P
-
>

next=
N

U
LL

;
250

G
eneric

Interative
List

P
rocessing

M
odel

�

U
se

a
tem

porary
pointer

variable
to

pointto
the

node
being

processed
in

the

list.

�

Initialize
this

pointer
to

pointatthe
firstnode

in
the

list.

�

S
top

processing
w

hen
the

tem
porary

pointer
has

the
value

N
U

LL.

C
onveniently

N
U

LL
=

=
false

.

�

U
se

the
nextlink

in
each

node
to

advance
the

tem
porary

pointer
from

one

node
to

the
next.

D
ata

D
ata

D
ata

D
ata

D
ata
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E
xam

ples
-

Iterative
List

P
rocessing

ListP
tr

P,Q
;

/*
A

ssum
e

P
points

ata
list*/

/*
P

rocess
listpointed

atby
P

*/

Q
=

P
;

for
(

Q
=

P
;

Q
;

Q
=

Q
-
>

next)�

W
H

ILE
(

Q
)

�

/*
process

node
pointed

*/
/*

process
node

pointed
at*/

/*
atby

Q
*/

/*
by

Q
here

*/

/*
advance

to
nextnode

*/

Q
=

Q
-
>

next;

�

�
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G
eneric

R
ecursive

List
P

rocessing
M

odel

type-nam
e

F
unc

(
ListP

tr
inputList

)

�

if
(

inputList=
=

N
U

LL
)

�

/*
R

eturn
value

for
N

U
LL

list*/

return
...

�else

�ListP
tr

restR
esult;

/*
P

rocess
node

pointed
to

by
inputList*/

.../*
R

ecursively
process

the
restofthe

list*/

restR
esult=

F
unc(

inputList-
>

next);
/*

C
om

bine
resultfor

this
node

and
restR

esult*/

return
...

�

�
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E
xam

ple
-

A
ppend

to
Integ

er
List

/*
A

dd
value

K
to

end
oflistP

*/
ListP

tr
A

ppend(
ListP

tr
P

,int
K

)�

ListP
tr

P,Q
,R

;
if

(
P

=
=

N
U

LL
)�

/*
A

ssum
e

P
gets

value
here

*/
ListP

tr
Q

;
R

=
(ListP

tr)
m

alloc(
LIS

T
N

O
D

E
S

IZ
E

);
Q

=
(ListP

tr)
m

alloc(
LIS

T
N

O
D

E
S

IZ
E

);
assert(

R
);

assert(
Q

);
R
-
>

value
=

K
;

Q
-
>

value
=

K
;

R
-
>

next=
N

U
LL;

Q
-
>

next=
N

U
LL;

if
(

P
=

=
N

U
LL

)
return

Q;
P

=
R

;
/*

Listw
as

em
pty

*/

�

else

�

else

�

/*
find

end
oflist*/

P
-
>

next=
A

ppend(
P
-
>

next,K
);

Q
=

P
;

return
P;

w
hile

(
Q
-
>

next!=
N

U
LL

)

�

Q
=

Q
-
>

next;

�

Q
-
>

next=
R

;

�

254

List
P

rocessing
E

xam
ples

/ 5 4 3 2 1
/*

D
estroy

entire
list*/

ListP
tr

Q
;

w
hile

(
P

)

�

Q
=

P
-
>

next;
free(

P
);

P
=

Q
;

�/*
R

everse
O

rder
ofN

odes
in

List*/

ListP
tr

Q
=

N
U

LL,R
;

w
hile

(
P

)

�

R
=

P
-
>

next;
P
-
>

next=
Q

;
Q

=
P

;
P

=
R

;

�

252

E
xam

ple
-

Input
to

a
List

/*
read

data
and

add
to

*/
/*

read
data

and
add

to
*/

/*
listin

order
*/

/*
listin

R
E

V
E

R
S

E
order

*/

ListP
tr

P
=

N
U

LL,Q
=

N
U

LL;
ListP

tr
P

=
N

U
LL,Q

=
N

U
LL;

w
hile

(!
feof(stdin)

)	

w
hile

(!
feof(stdin)

)	

if
(

Q
=

=
N

U
LL

)	

Q
=

(ListP
tr)m

alloc(LIS
T

N
O

D
E

S
IZ

E
);

/*
firstnode

in
list*/

assert
(

Q
);

Q
=

(ListP
tr)m

alloc(LIS
T

N
O

D
E

S
IZ

E
);

Q
-
>

next=
P;

assert
(

Q
);

scanf
(”%

d”,Q
-
>

value);
P

=
Q

;
P

=
Q

;




else

	




Q
-
>

next=
(ListP

tr)m
alloc(LIS

T
N

O
D

E
S

IZ
E

);
Q

=
Q
-
>

next;
assert

(
Q

);




Q
-
>

next=
N

U
LL;

scanf
(”%

d”,Q
-
>

value);
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List
P

rocessing
E

xam
ples

/ 5 4 3 2 1
ListP

tr
P

,Q
;

int
listS

um
;

/*
A

S
S

U
M

E
P

is
setto

pointatlisthere
*/

/*
C

om
pute

sum
ofnodes

in
list*/

for
(

listS
um

=
0

,
Q

=
P

;
Q

;
Q

=
Q
-
>

next)

listS
um

+
=

Q
-
>

value
;

/*
traverse

and
printlist*/

Q
=

P
;

w
hile

(
Q

)

�

printf(”%
d\

n”,Q
-
>

value
);

Q
=

Q
-
>

next;

�
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IN
S

P
E

C
T

for
non-N

U
LL

P
ointer

P
roperty

void
insert(

ListP
tr*

P
,int

V
)	

/*
N

O
T

E
P

is
LIS

T
N

O
D

E
*

*
*/

/*
insertnode

for
V

in
ordered

listP
*/

assert
(

P
);

ListP
tr

Q
=

*
P;

ListP
tr

new
P

tr
=

(ListP
tr)

m
alloc(

sizeof(LIS
T

N
O

D
E

));
assert

(new
P

tr
);

new
P

tr-
>

value
=

V
;

if
(

Q
=

=
N

U
LL
|
|

Q
-
>

value

�

V
)	

/*
em

pty
listor

insertathead
*/

*
P

=
new

P
tr;

new
P

tr-
>

next=
Q

;




else

	ListP
tr

nextP
tr

=
Q
-
>

next;
w

hile
(

T
R

U
E

)	

assert(
Q

!=
N

U
LL

);
if

(
nextP

tr=
=

N
U

LL
|
|

nextP
tr-

>
value

�

V
)	

/*
insertatm

iddle
or

end
*/

Q
-
>

next=
new

P
tr;

new
P

tr-
>

next=
nextP

tr;
break;


 ;Q
=

nextP
tr;

nextP
tr

=
Q
-
>

next;
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Insert
in

List

P

12345/

/

C
ases:

E
m

pty
list

Insertathead

Insertin
M

iddle

Insertatend

256

Iterative
O

rdered
List

Insert
void

insert(
ListP

tr*
P

,int
V

)	

/*
N

O
T

E
P

is
LIS

T
N

O
D

E
*

*
*/

/*
insertnode

for
V

in
ordered

listP
*/

assert
(

P
);

ListP
tr

Q
=

*
P;

ListP
tr

new
P

tr
=

(ListP
tr)

m
alloc(

sizeof(LIS
T

N
O

D
E

));
assert

(new
P

tr
);

new
P

tr-
>

value
=

V
;

if
(

Q
=

=
N

U
LL
|
|

Q
-
>

value

�

V
)	

/*
em

pty
listor

insertathead
*/

*
P

=
new

P
tr;

new
P

tr-
>

next=
Q

;




else

	ListP
tr

nextP
tr

=
Q
-
>

next;
w

hile
(

T
R

U
E

)	

assert(
Q

);
if

(
nextP

tr=
=

N
U

LL
|
|

nextP
tr-

>
value

�

V
)	

/*
insertatm

iddle
or

end
*/

Q
-
>

next=
new

P
tr;

new
P

tr-
>

next=
nextP

tr;
break;


 ;Q
=

nextP
tr;

nextP
tr

=
Q
-
>

next;
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E
xam

ple
-

C
op

y
a

List

/*
S

etQ
to

copy
oflistP

*/
/*

R
eturn

C
opy

ofListP
*/

ListP
tr

P,Q
,R

=
N

U
LL;

ListP
tr

C
opy(

ListP
tr

P
)	

/*
A

ssum
e

P
gets

value
here

*/
if

(
P

=
=

N
U

LL
)

w
hile

(
P

!=
N

U
LL

)	

return
N

U
LL;

if
(

R
=

=
N

U
LL

)	

else

	

/*
F

irstN
ode

*/
ListP

tr
Q

;
R

=
(ListP

tr)
m

alloc(
LIS

T
N

O
D

E
S

IZ
E

);
Q

=
(ListP

tr)
m

alloc(
LIS

T
S

IZ
E

);
assert(

R
);

assert(
Q

);
Q

=
R;

*
Q

:=
*

P
/*

copy
node

*/




else

	

Q
-
>

next=
C

opy(
P
-
>

next);
R
-
>

next=
(ListP

tr)
m

alloc(
LIS

T
N

O
D

E
S

IZ
E

);
return

Q

R
=

R
-
>

next;



assert(

R
);





*
R

=
*

P;
/*

C
opy

node
*/

R
-
>

next=
N

U
LL;

P
=

P
-
>

next;
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E
xam

ple
-

Input
using

D
um

m
y

List
H

ead

ListP
tr

P
,

Q
;

LIS
T

N
O

D
E

dum
m

y;

/*
S

etup
dum

m
y

listhead
*/

Q
=
&

dum
m

y;

w
hile

(!
feof(stdin)

)�

Q
-
>

next=
(ListP

tr)m
alloc(LIS

T
N

O
D

E
S

IZ
E

);

Q
=

Q
-
>

next;

assert
(

Q
!=

N
U

LL
);

scanf
(”%

d”,Q
-
>

value
);


/*
F

inish
offList*/

Q
-
>

next=
N

U
LL

;

P
=

dum
m

y.
next

262

E
xam

ple
-

A
pply

A
pply

a
function

F
to

every
node

in
a

list.

R
eturn

listcontaining
result.

ListP
tr

apply(
ListP

tr
P

,
int

F
(

int
val)

)�

if
(

P
=

=
N

U
LL

)

return
N

U
LL

;

else

�ListP
tr

new
N

ode
;

new
N

ode
=

(ListP
tr)

m
alloc(

LIS
T

N
O

D
E

S
IZ

E
);

assert
(

new
N

ode);

new
N

ode-
>

value
=

(*
F

)(
P
-
>

value
);

new
N

ode-
>

next=
apply(

P
-
>

next,
F

);

return
new

N
ode

;

�

�

260

Technique
-

D
um

m
y

List
H

ead

�

In
processing

a
list,the

firstnode
in

the
listoften

needs
to

be
treated

differently
since

itis
pointed

to
by

a
pointer

thatis
notin

a
listnode

A
lgorithm

s

for
processing

lists
can

often
be

sim
plified

by
adding

a
dum

m
y

node
atthe

startofthe
list.

T
his

elim
inates

the
need

to
treatthe

firstlistnode
as

a
special

case.

�

B
efore

P
rocessing:

C
reate

dum
m

y
listnode

S
etnextlink

in
dum

m
y

node
to

pointatlist

�

A
fter

processing:

R
estore

originallistpointer
from

dum
m

y
node

nextlink

T
his

is
necessary

for
situations

w
here

the
head

ofthe
listis

changed

/

d
u

m
m

y

P
:

261

R
ecursive

O
rdered

List
Insert

void
insert(

ListP
tr

*
P

,int
V

)�

/*
N

O
T

E
P

is
LIS

T
N

O
D

E
*

*
*/

assert
(

P
);

/*
insertnode

for
V

in
ordered

listP
*/

if
(

*
P

=
=

N
U

LL
|
|

(
*

P
)-
>

value

�

V
)�

ListP
tr

Q
=

*
P

;
*

P
=

(ListP
tr)

m
alloc(

LIS
T

N
O

D
E

S
IZ

E
);

assert
(

*
P

);
(*

P
)-
>

value
=

V
;

(*
P

)-
>

next=
Q

;


 else

�

insert(&
P
-
>

next,V
);
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A
ppend

to
Integ

er
List

w
ith

H
eader

B
loc

k

/*
A

dd
value

K
to

end
oflistP

*/

ListP
tr

P,Q
,R

;
struct

headerB
lock

H
D

R
;

/*
A

ssum
e

P
gets

value
here

*/

/*
A

ssum
e

H
D

R
points

atP
*/

R
=

(ListP
tr)

m
alloc(

LIS
T

N
O

D
E

S
IZ

E
);

assert(
R

);
R
-
>

value
=

K
;

R
-
>

next=
N

U
LL;

if
(

H
D

R.
head=

=
N

U
LL

)
/*

listw
as

em
pty

*/

H
D

R.
head

=
H

D
R.

tail=
R

;
else

�H
D

R.
tail-

>
next=

R
;

H
D

R.
tail=

R
;

�

266

Iterative
O

rdered
List

Insert
-

Trailing
P

ointer

void
insert(

ListP
tr

P
,int

V
)	

/*
insertnode

for
V

in
ordered

listP
*/

ListP
tr

trailP,currentP,new
P

tr;
new

P
tr

=
(ListP

tr)
m

alloc(
LIS

T
N

O
D

E
S

IZ
E

);
/*

C
reate

new
node

for
V

*/

assert
(

new
P

tr
);

new
P

tr-
>

value
=

V;
/*

S
etup

dum
m

y
head

and
trailing

pointer
*/

dum
m

yH
ead.

next=
P;

trailP
=
&

dum
m

yH
ead;

currentP
=

trailP
-
>

next;
w

hile
(

true
)	

/*
Loop

to
do

insertion
*/

if
(

currentP=
=

N
U

LL
|
|

currentP
-
>

value

�

V
)	

/*
Inserthere

*/

trailP
-
>

next=
new

P
tr;

new
P

tr-
>

next=
currentP;

break;


trailP
=

currentP;
/*

A
dvance

dow
n

list*/

currentP
=

trailP
-
>

next;


P
=

dum
m

yH
ead.

next;




264

S
ingly

Linked
Lists

w
ith

H
eader

B
loc

ks

�

A
singly

linked
listthatis

accessed
via

a
header

block
thatcontains

pointers

to
the

firstand
lastnode

in
the

list.

D
ata

D
ata

D
ata

D
ata

D
ata

�

Typicalheader
block

declaration

struct
headerB

lock

�

ListP
tr

head
;

ListP
tr

tail;

�

;
typedef

struct
headerB

lock
*

headerP
tr;

�

T
his

added
data

structure
m

akes
access

to
the

end
ofa

listvery
efficient.

T
he

header
b

loc
k

m
ust

be
updated

w
hene

ver
the

first
or

last
node

in
the

list

is
chang

ed.

265

Technique
-

Trailing
P

ointers

�

F
or

m
any

listprocessing
algorithm

s,itis
convenientto

keep
pointers

to
the

list

node
being

processed
and

the
im

m
ediately

preceding
node

in
the

list.
T

he

pointer
to

the
preceding

node
is

called
a

trailing
pointer.

�

D
um

m
y

listheads
are

the
recom

m
ended

technique
for

setting
up

trailing

pointers

E
n

d

M
id

d
le

P
:

T
P

:

//

/
P

:

T
P

:

/

S
ta

rt

P
:

T
P

:

//
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Trees
and

G
raphs

�

A
tree

is
a

collection
ofnodes

thatare
linked

to
a

com
m

on
rootnode.

A
graph

is
a

collection
ofnodes

thatare
linked

together
is

som
e

arbitrary
w

ay.

�

Trees
and

graphs
are

used
to

representdata
thathas

som
e

structure
that

m
ustbe

preserved
during

processing.

�
T

he
m

ostcom
m

on
tree

is
the

binary
tree

w
hich

has
(atm

ost)
tw

o
branches

from
each

node.
N

-ary
trees

are
possible.

�

R
ecursive

functions
or

procedures
are

usually
the

bestw
ay

to
process

trees

and
graphs.

270

E
xam

ple
-

C
reate

D
oub

le
List

1223445

/*
C

reate
exam

ple
list*/

dP
tr

P
,

Q
;

int
J;

Q
=

N
U

LL
;

for
(

J
=

1
;

J
<
=

5
;

j+
+

)�

P
=

(dP
tr)

m
alloc(sizeof(structdN

ode));
assert

(
P

);
P
-
>

value
=

J;
if

(
Q

)Q
-
>

forw
ard

=
P

;
P
-
>

back
=

Q
;

Q
=

P
;


p-¿
forw

ard
=

N
U

LL
;

268

H
O

W
TO

C
hoose

List
D

ata
S

tructures

�

K
IS

S

�

F
or

m
any

cases
a

singly
linked

listis
the

bestchoice.

U
nless

you
know

thatlists
w

illgetlong,searching
a

singly
linked

listfrom
the

head
to

find
a

node
is

a
G

O
O

D
option

com
pared

to
other

alternatives.

�

F
or

cases
w

here
there

w
illbe

a
lotofappending

to
the

end
ofa

list,a
singly

linked
listw

ith
a

header
block

is
a

good
solution.

�

U
se

doubly
linked

lists
only

ifyou
had

an
unavoidable

need
to

traverse
the

list

in
both

directions.

�

M
ostprogram

m
ers

use
a

liststructure
thatis

too
com

plicated.
U

se
the

sim
plest

liststructure
thatw

illdo
the

job.

�

K
IS

S

269

D
oub

ly
Linked

Lists

�

F
orw

ard
and

backw
ard

pointers
allow

tw
o

w
ay

traversal

�

O
ften

usefulifm
any

insert,deletes
or

appends.

�

Typicaldeclaration:

struct
dN

ode

�

int
value

;

struct
dN

ode
*forw

ard,*back
;

�

;

typedef
struct

dN
ode

*
dP

tr
;

�

Technique:
U

se
doubly

linked
lists

w
hen

listm
ustbe

traversed
in

both

directions
or

w
hen

the
end

ofthe
listm

ustbe
quickly

located.

D
on’t

use
a

doub
ly

linked
list

w
hen

a
singly

linked
list

w
ill

do

267



E
xpression

Trees

�

B
inary

trees
are

an
extrem

ely
convenientw

ay
to

representexpressions
in

a

program
.

T
he

nodes
in

the
tree

representoperators
and

operands
in

the

expression.

�

U
sing

trees
m

akes
iteasy

to
describe

the
precedence

ofoperators
in

the

expression.
G

etting
operator

precedence
rightis

esssentialfor
any

algorithm

thatprocesses
expressions.

�

M
ostexpression

algorithm
s

are
easy

to
design

and
im

plem
entifthey

w
ork

on

expression
trees

as
the

prim
ary

data
structure.
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E
xam

ple
-

G
eneric

Tree
Traversal

-35

97

181

23

7 leaf

leaf

leaf

leaf

leaf

branch
branch

branch

branch

branch

branch

void
trace

(
Tree

treep
)�

if
(

treep
=

=
stum

p
)

return
;

if
(

treep
-
>

nodeK
ind

=
=

leaf)�

process
leafhere

*/




else

�

process
branches

*/

..trace(
treep

-
>

left)
;

..trace(
treep

-
>

right)
;

..
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E
xam

ple
-

Tree
C

op
y

Tree
TreeC

opy
(

Tree
treeP

tr
)�

if
(

treeP
tr=

=
stum

p
)

return
stum

p
;

else

�Tree
tw

ig
;

tw
ig

=
(

Tree
)

m
alloc(

sizeof(
struct

treeN
ode

)
);

assert(
tw

ig
);

tw
ig-

>
value

=
treeP

tr-
>

value
;

/*
copy

node
values

*/

tw
ig-

>
left=

TreeC
opy(

treeP
tr-
>

left);

tw
ig-

>
right=

TreeC
opy(

treeP
tr-
>

right);

return
tw

ig
;
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Trees
using

P
ointers

en
um

treeN
odeType

�

branch
,leaf�

;

struct
treeN

ode

�

en
um

treeN
odeType

nodeK
ind

;

int
value

;

struct
treeN

ode
*left,*right;

� ;typedef
struct

treeN
ode

*
Tree

;

const
Tree

stum
p

=
N

U
LL

;

Tree
m

aple,elm
;
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E
xam

ple
-

E
xpression

Tree
Traversal

P
ostorder:  A

 X
 - 23 * M

 181 / +

Inorder:  ( A
 - X

 ) * 23 +
 M

 / 181

P
reorder:   +

 * - A
 X

 23 / M
 181

23

181
const

var

var

const

var
A

X

M

-

/

*

+
void

trace
(

Tree
treeP

tr)�

if
(

treeP
tr=

=
stum

p
)

return
;

else

�/*
P

reorder:
process

node
here

*/

trace(
treeP

tr-
>

left)

/*
Inorder:

process
node

here
*/

trace(
treeP

tr-
>

right)

/*
P

ostorder:
process

node
here

*/
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E
xam

ple
-

E
valuate

C
onstant

E
xpression

Tree

int
evalTree(

treeP
tr

inTree
)�

int
leftV

alue,rightV
alue

;
if

(
inTree

=
=

N
U

LL
)

return
0

;
if

(
inTree

-
>

nodeType
=

=
constant)

return
inTree

-
>

constV
alue

;
/*

evaluate
operands

ofoperator
*/

leftV
alue

=
evalTree(

inTree
-
>

leftO
p

);
rightV

alue
=

evalTree(
inTree

-
>

rightO
p

);
sw

itc
h

(
inTree

-
>

nodeType
)�

case
plus:

return
leftV

alue
+

rightV
alue

;
case

m
inus:

return
leftV

alue
-

rightV
alue

;
case

m
ultiply:

return
leftV

alue
*

rightV
alue

;
case

divide
:

return
leftV

alue
/rightV

alue
;

case
pow

er:
return

(
int

)
pow

(
leftV

alue
,

rightV
alue

);
default

:
assert

(
false

);
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E
xam

ple
-

E
xpression

Tree
D

ata
S

tructure

�

R
andom

ly
choosen

exam
ple

ofan
expression

tree
data

structure

typedef
en

um

�

constant,variable,plus,m
inus,m

ultiply,divide,pow
er

�

treeN
odeType

;
typedef

struct
treeN

ode
*

treeP
tr;

typedef
struct

treeN
ode

�

treeN
odeType

nodeType
;

/*
type

ofthis
node

*/

unsigned
constV

alue
;

/*
value

for
constants

*/

char
*

varN
am

e
;

/*
N

am
e

ofvariable
*/

treeP
tr

leftO
p

;
/*

leftoperand
for

operator
*/

treeP
tr

rightO
p

;
/*

rightoperand
for

operator
*/

�

treeN
ode

;
#define

T
R

E
E

N
O

D
E

S
IZ

E
(

siz
eof

(
treeN

ode
)

)
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