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O
bjectives

y
Review

 the use of pointers in C
y

Review
 dynam

ic m
em

ory allocation and 
return using m

alloc()/free()
y

Describe how
 “void *” can be exploited to 

provide generic abstract data types in C
y

Dem
onstrate this through the com

plete 
specification of a generic Stack ADT in C
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Pointers
y

A pointer is a variable that contains the address of 
another variable

y
A typical m

achine has an array of consecutively 
num

bered (or addressed) m
em

ory cells that can be 
m

anipulated individually or in contiguous groups –
assum

e
N

cells, num
bered 0

 
.
.
 
N
-
1

y
Suppose that w

e have a c
h
a
r

variable nam
ed c, and 

that is isassigned to location
M

y
N

ow
 suppose that w

e have a variable p
w

hich is a 
pointer to a character; p

w
ill be assigned to a location, 

say L, and a pointer w
ill typically occupy >1 bytes, 

usually 4 or 8, depending upon the m
em

ory 
architecture of your processor
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M
ore on pointers

y
W

e m
ake p

point to c
w

ith a 
statem

ent of the form
 p
 
=
 
&
c
;

y
The unary operator &

gives the 
address of a variable, and is verbalized 
as “address of”

y
p

is said to “point to” c
y
&

can only be applied to variables and 
array elem

ents; it cannot be applied 
to expressions, constants, or 
r
e
g
i
s
t
e
r

variables.
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M
ore on pointers

y
The unary operator *

is the indirection or dereferencing 
operator

y
W

hen applied to a pointer, it access the object the pointer 
points to

y
Consider the follow

ing artificial sequence of statem
ents 

show
ing the use of &

and
*
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i
n
t

x
 
=
 
1
,
 
y
 
=
 
2
,
 
z
[
1
0
]
;

i
n
t

*
p
,
 
*
q
;

/
*
 
p
 
a
n
d
 
q
 
a
r
e
 
p
o
i
n
t
e
r
s
 
t
o
 
a
n
 
i
n
t

*
/

p
 
=
 
&
x
;

/
*
 
p
 
n
o
w
 
p
o
i
n
t
s
 
t
o
 
x
 
*
/

y
 
=
 
*
p
;

/
*
 
y
 
i
s
 
n
o
w
 
1
 
*
/

*
p
 
=
 
0
;

/
*
 
x
 
i
s
 
n
o
w
 
0
 
*
/

q
 
=
 
&
z
[
0
]
;

/
*
 
q
 
n
o
w
 
p
o
i
n
t
s
 
t
o
 
z
[
0
]
 
*
/

p
 
=
 
q
;

/
*
 
p
 
n
o
w
 
p
o
i
n
t
s
 
t
o
 
z
[
0
]
 
*
/



M
ore on pointers

y
N

ote that the declaration for a pointer to an i
n
t

is
i
n
t
*
p
;

y
This indicates that *

p
can be used anyw

here that an
i
n
t

is legal, 
or that

p
m

ust be dereferenced to yield an i
n
t

–
i.e. p

is a pointer 
to an i

n
t

y
Pointers are constrained to point to a particular kind of object –

in 
this case, p

is a pointer to an i
n
t

y
If
p

points to an integer x, then *
p

can occur in any context w
here 

x
could

y
W

hat happens for each of the follow
ing?

Assum
e the follow

ing declarations:
i
n
t

y
,
 
x
[
2
]
 
=
 
{
1
,
 
9
}
,
 
*
p
 
=
 
&
x
[
0
]
;

y
 
=
 
*
p
 
+
 
1
;

*
p
 
+
=
 
1
;

+
+
*
p
;

*
p
+
+
;

*
(
p
+
+
)
;
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R
e
t
r
i
e
v
e
 
x
[
0
]
,
 
a
d
d
 
1
,
 
s
t
o
r
e
 
i
n
 
y
;
 
y
 
n
o
w
 
h
a
s
 
a
 
v
a
l
u
e
 

o
f
 
2

A
d
d
 
1
 
t
o
 
x
[
0
]
,
 
s
t
o
r
i
n
g
 
t
h
e
 
v
a
l
u
e
 
i
n
 
x
[
0
]
 
(
n
o
w
 
2
)

I
n
c
r
e
m
e
n
t
 
v
a
l
u
e
 
o
f
 
x
[
0
]
 
(
n
o
w
 
3
)
,
 
t
h
e
n
 
r
e
t
u
r
n
 
i
t
s
 

v
a
l
u
e

R
e
t
u
r
n
 
t
h
e
 
v
a
l
u
e
 
o
f
 
x
[
0
]
 
(
3
)
,
 
t
h
e
n
 
i
n
c
r
e
m
e
n
t
 
v
a
l
u
e
 

o
f
 
x
[
0
]
 
(
n
o
w
 
4
)

I
n
c
r
e
m
e
n
t
 
p
 
t
o
 
p
o
i
n
t
 
t
o
 
x
[
1
]
,
 
r
e
t
u
r
n
 
i
t
s
 
v
a
l
u
e
 
(
9
)



Pointers and arrays
y

Pointers and arrays are strongly related in C
y

Any operation that can be achieved by array 
subscripting can also be done w

ith pointers
y

Consider the follow
ing declaration

i
n
t

a
[
1
0
]
;

y
This defines an array a

of size 10 –
i.e. a block of 

10 consecutive i
n
t

objects nam
ed a

[
0
], a

[
1
]
 , 

…, a
[
9
]

y
a
[
i
]

refers to the i thelem
ent of the array

y
assum

e
p
a

is a pointer to an integer, declared 
as

i
n
t

*
p
a
;
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M
ore pointers and arrays

y
the assignm

ent   p
a
 
=
 
&
a
[
0
]
;

causes
p
a

to point to elem
ent zero of a; i.e.

p
a

contains the 
address of

a
[
0
]

y
the assignm

ent   x
 
=
 
*
p
a
;

copies the contents of a
[
0
]

into
x

y
by definition, p

a
+
1

points to the next elem
ent of the array, 

p
a
+
i

points ielem
ents past p

a, and p
a
-
i

points ielem
ents 

before p
a
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a[0]    a[1]   a[2]    a[3]   a[4]    a[5]    a[6]   a[7]    a[8]    a[9]

a:

pa:
pa+1

pa+2



M
ore pointers and arrays

y
The preceding statem

ents are true regardless of 
the type or size of the variables in the array a

y
the m

eaning of “add 1 to a pointer” and by 
extension, all pointer arithm

etic, is that p
a
+
1

points to the next object, and p
a
+
i

points to 
the i thobject beyond p

a
y

The value of a variable or expression of type 
array is the address of elem

ent 0 of the array –
i.e. a

 
=
=
 
&
a
[
0
]

y
Thus, the follow

ing are equivalent:
p
a
 
=
 
&
a
[
0
]
;

p
a
 
=
 
a
;
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Penultim
ate slide on pointers and 

arrays
y

a reference to a
[
i
]

can be w
ritten as *

(
a
+
i
)

y
a reference to &

a
[
i
]

is identical to a
+
i

y
p
a
[
i
]

is identical to *
(
p
a
+
i
)

y
Since a pointer is a variable, expressions like 
p
a
=
a

and
p
a
+
+

are legal
y

Since an array nam
e is nota variable, 

expressions like a
=
p
a

and
a
+
+

are illegal
y

w
hen an array nam

e is passed to a function, 
w

hat is passed is the location of the initial 
elem

ent; w
ithin the called function, the 

argum
ent is a local variable; thus, an array 

nam
e param

eter is a pointer
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Last slide on pointers and arrays

y
As form

al param
eters to a function definition, s

[
]

and
*
s

are 
equivalent

y
If an array nam

e has been passed as the actual argum
ent in a 

call, the function can believe that it has been handed either 
an array or a pointer

y
Part of an array can be passed to a function by passing a 
pointer to the beginning of the subarray; e.g., f

(
&
a
[
2
]
)

or
f
(
a
+
2
)C

IS 415, Spring 2018
H
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/
*
 
s
t
r
l
e
n
:
 
r
e
t
u
r
n
 
l
e
n
g
t
h
 
o
f
 
s
t
r
i
n
g
 
*
/

i
n
t
 
s
t
r
l
e
n
(
c
h
a
r
 
*
s
)

{
i
n
t
 
n
;

f
o
r
 
(
n
 
=
 
0
;
 
*
s
+
+
 
!
=
 
‘
\
0
’
;
 
n
+
+
)

;
r
e
t
u
r
n
 
n
;

}



A
ddress arithm

etic
y

If
p

is a pointer to som
e elem

ent of an array, then p
+
+

increm
ents

p
to point to the next elem

ent, and p
+
=
i

increm
ents it to point i

elem
ents beyond the current 

elem
ent

y
There is a distinguished pointer value, N

U
L
L, w

hich 
m

eans that the pointer does not point at anything valid; 
it is defined in <

s
t
d
i
o
.
h
>

y
Pointer values can be com

pared using =
=,

!
=,

>,
>
=,

<,
<
=
 ; w

hen com
paring tw

o pointers, you are com
paring 

their contents, w
hich are addresses in m

em
ory.

y
A pointer and an integer m

ay be added or subtracted; 
p
+
n

m
eans the address of the n

thobject beyond the one 
p

currently points to
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M
ore pointer arithm

etic

y
Pointer subtraction is valid; if p

and
q

point to 
elem

ents of the sam
e array, and p

 
<
 
q, then q

-
p
+
1

is the num
ber of elem

ents from
 p

to
q, inclusive
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/
*
 
s
t
r
l
e
n
:
 
r
e
t
u
r
n
 
l
e
n
g
t
h
 
o
f
 
s
t
r
i
n
g
 
s
 
*
/

i
n
t
 
s
t
r
l
e
n
(
c
h
a
r
 
*
s
)

{
c
h
a
r
 
*
p
 
=
 
s
;

w
h
i
l
e
 
(
*
p
+
+
 
!
=
 
‘
\
0
’
)

;
r
e
t
u
r
n
 
p
 
–
s
;

}



M
ore pointer arithm

etic
y

Valid pointer arithm
etic operations are:

◦
assignm

ent of pointers of the sam
e type

◦
adding or subtracting a pointer and an integer

◦
subtracting or com

paring tw
o pointers to m

em
bers of the 

sam
e array

◦
assigning or com

paring to N
U

LL
y

You CAN
N

O
T perform

 the follow
ing operations on 

pointers
◦

add tw
o pointers

◦
m

ultiply, divide, shift, or m
ask pointers

◦
add float or double to pointers

◦
assign a pointer of one type to a pointer of another type 
w

ithout an explicit cast
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v
o
i
d
 
*

pointers

y
v
o
i
d
 
*

is the generic pointer type
y

Any pointer can be cast to v
o
i
d
 
*

and 
back again w

ithout loss of inform
ation

y
v
o
i
d
 
*

is used to construct m
odules that 

provide generic capabilities at runtim
e

y
The m

ost com
m

on initial exposure to 
v
o
i
d
 
*

is through the dynam
ic m

em
ory 

allocation routines defined in 
<
s
t
d
l
i
b
.
h
>
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H
eap M

em
ory

y
Heap m

em
ory is allocated on dem

and
◦

U
se m

a
l
l
o
c
(
), sim

ilar to new
in Java

◦
Request a given num

ber of bytes
◦

A pointer to the first byte is returned as a v
o
i
d
 
*

y
sizeof(type) returns the num

ber of bytes in a type; this 
is a com

pile-tim
e function; it does notdeterm

ine the 
length of a string variable

y
Heap m

em
ory m

ust be returned w
hen no longer 

needed.
◦

U
se f

r
e
e
(
)

◦
C does notprovide garbage collection.

◦
If you do not explicitly free the allocated m

em
ory, you w

ill have 
m

em
ory leaks in your program
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Function prototypes
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/
**
 
m
a
l
l
o
c
:
 
r
e
t
u
r
n
 
a
 
p
o
i
n
t
e
r
 
t
o
 
s
p
a
c
e
 
f
o
r
 
a
n
 
o
b
j
e
c
t
 
o
f
 
s
i
z
e
 
‘
s
i
z
e
’
,
 
o
r
 
N
U
L
L

*
 
 
 
 
 
 
 
 
 
i
f
 
t
h
e
 
r
e
q
u
e
s
t
 
c
a
n
n
o
t
 
b
e
 
s
a
t
i
s
f
i
e
d
.
 
 
T
h
e
 
s
p
a
c
e
 
i
s
 
u
n
i
n
i
t
i
a
l
i
z
e
d
.

*
/

v
o
i
d
 
*
m
a
l
l
o
c
(
s
i
z
e
_
t
s
i
z
e
)
;

/
**
 
f
r
e
e
:
 
 
d
e
a
l
l
o
c
a
t
e
s
s
p
a
c
e
 
p
o
i
n
t
e
d
 
t
o
 
b
y
 
‘
p
’
;
 
i
t
 
d
o
e
s
 
n
o
t
h
i
n
g
 
i
f
 
‘
p
’

*
 
 
 
 
 
 
 
 
i
s
 
N
U
L
L
.
 
 
‘
p
’
 
m
u
s
t
 
b
e
 
a
 
p
o
i
n
t
e
r
 
t
o
 
s
p
a
c
e
 
p
r
e
v
i
o
u
s
l
y
 
a
l
l
o
c
a
t
e
d
 
b
y

*
 
 
 
 
 
 
 
 
c
a
l
l
o
c
(
)
,
 
m
a
l
l
o
c
(
)
,
 
o
r
 
r
e
a
l
l
o
c
(
)
.

*
/

v
o
i
d
 
f
r
e
e
(
v
o
i
d
 
*
p
)
;

/
**
 
c
a
l
l
o
c
:
 
r
e
t
u
r
n
s
 
a
 
p
o
i
n
t
e
r
 
t
o
 
s
p
a
c
e
 
f
o
r
 
a
n
 
a
r
r
a
y
 
o
f
 
‘
n
o
b
j
’
 
o
b
j
e
c
t
s
,
 
e
a
c
h

*
 
 
 
 
 
 
 
 
 
o
f
 
s
i
z
e
 
‘
s
i
z
e
’
,
 
o
r
 
N
U
L
L
 
i
f
 
t
h
e
 
r
e
q
u
e
s
t
 
c
a
n
n
o
t
 
b
e
 
s
a
t
i
s
f
i
e
d
.

*
 
 
 
 
 
 
 
 
 
T
h
e
 
s
p
a
c
e
 
i
s
 
i
n
i
t
i
a
l
i
z
e
d
 
t
o
 
z
e
r
o
 
b
y
t
e
s

*
/

v
o
i
d
 
*
c
a
l
l
o
c
(
s
i
z
e
_
t
n
o
b
j
,
 
s
i
z
e
_
t
s
i
z
e
)
;



U
se of m

alloc() and free()
y
m
a
l
l
o
c
(
)

is used in a sim
ilar w

ay to new
 in 

Java –
to dynam

ically allocate m
em

ory
y
f
r
e
e
(
)

is used to explicitly return such 
dynam

ically allocated m
em

ory
y

The sim
ple program

 on the follow
ing page 

reads the first 100 lines from
 standard input 

and stores these lines into dynam
ic m

em
ory
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#
i
n
c
l
u
d
e
 
<
s
t
d
i
o
.
h
>

#
i
n
c
l
u
d
e
 
<
s
t
d
l
i
b
.
h
>

#
i
n
c
l
u
d
e
 
<
s
t
r
i
n
g
.
h
>

#
d
e
f
i
n
e
 
N
L
I
N
E
S
 
1
0
0

#
d
e
f
i
n
e
 
M
A
X
L
I
N
E
S
I
Z
E
 
1
0
2
4

/
*
 
t
h
i
s
 
p
r
o
g
r
a
m
 
r
e
a
d
s
 
t
h
e
 
f
i
r
s
t
 
1
0
0
 
l
i
n
e
s
 
f
r
o
m
 
s
t
a
n
d
a
r
d
 
i
n
p
u
t
,
 
s
t
o
r
e
s

t
h
e
s
e
 
l
i
n
e
s
 
i
n
 
d
y
n
a
m
i
c
 
m
e
m
o
r
y
,
 
a
n
d
 
t
h
e
n
 
f
r
e
e
s
 
t
h
e
 
d
y
n
a
m
i
c
 
m
e
m
o
r
y
 
*
/

i
n
t

m
a
i
n
(
)
 
{

c
h
a
r
 
*
l
i
n
e
s
[
N
L
I
N
E
S
]
;

c
h
a
r
 
b
u
f
[
M
A
X
L
I
N
E
S
I
Z
E
]
;

c
h
a
r
 
*
p
;

i
n
t

i
;

i
n
t

n
l

=
 
0
;

w
h
i
l
e
(
n
l

<
 
N
L
I
N
E
S
 
&
&
 
f
g
e
t
s
(
b
u
f
,
 
M
A
X
L
I
N
E
S
I
Z
E
,
 
s
t
d
i
n
)
 
!
=
 
N
U
L
L
)
 
{

p
 
=
 
(
c
h
a
r
 
*
)
m
a
l
l
o
c
(
s
t
r
l
e
n
(
b
u
f
)
+
1
)
;
 
 
/
*
 
l
e
a
v
e
 
r
o
o
m
 
f
o
r
 
E
O
S
 
*
/

s
t
r
c
p
y
(
p
,
 
b
u
f
)
;

l
i
n
e
s
[
n
l
+
+
]
 
=
 
p
;

}f
o
r
 
(
i

=
 
0
;
 
i

<
 
n
l
;
 
i
+
+
)

p
r
i
n
t
f
(
"
%
s
"
,
 
l
i
n
e
s
[
i
]
)
;

f
o
r
 
(
i

=
 
0
;
 
i

<
 
n
l
;
 
i
+
+
)

f
r
e
e
(
(
v
o
i
d
 
*
)
l
i
n
e
s
[
i
]
)
;

r
e
t
u
r
n
 
0
;

}



C
haracter Pointers and Functions

y
The m

ost com
m

on pointers that you w
ill 

encounter are pointers to characters
y

String literals are w
ritten as:

“This is a string”
y

The internal representation of the literal is an 
array of characters, w

ith the array term
inated 

w
ith the null character ’

\
0
’

y
W

hen a string constant is specified as an 
argum

ent to a function, a pointer to the first 
character of the constant is passed to the 
function
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M
ore character pointers …

y
Suppose the follow

ing declaration:
c
h
a
r
 
*
p
m
e
s
s
a
g
e
=
 
”
t
h
i
s
 
i
s
 
a
 
s
t
r
i
n
g
”
;

y
This does notcause the string to be copied; p

m
e
s
s
a
g
e

is 
assigned the address of the first character of the string 
constant in read-only m

em
ory

y
C does not provide any operators for processing an 
entire string as a unit! Becom

e fam
iliar w

ith the 
functions defined in <string.h>!

y
There is an im

portant difference betw
een these 

definitions:
c
h
a
r
 
a
m
s
g
[
]
 
=
 
”
t
h
i
s
 
i
s
 
a
 
s
t
r
i
n
g
”
;

c
h
a
r
 
*
p
m
s
g
=
 
”
t
h
i
s
 
i
s
 
a
 
s
t
r
i
n
g
”
;

y
a
m
s
g

is an array, just big enough to hold the sequence 
of characters and the ’

\
0’that initializes it; individual 

characters in the array m
ay be changed, but a

m
s
g

alw
ays refers to the sam

e storage
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M
ore character pointers …

y
p
m
s
g

is a pointer, initialized to point to a string 
literal; the pointer m

ay subsequently be 
m

odified to point elsew
here, but the result is 

undefined if you attem
pt to m

odify the 
contents of the string literal

y
The follow

ing slide show
s three different 

versions of s
t
r
c
p
y, a function for copying one 

string to another; each successive version is 
m

ore succinct, taking fuller advantage of C’s 
expressiveness

y
The subsequent slide show

s tw
o different 

versions of s
t
r
c
m
p, a function that com

pares 
tw

o strings to each other; again, the 2
ndversion 

is m
ore succinct than the first
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strcpy
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/
*
 
s
t
r
c
p
y
:
 
c
o
p
y
 
t
 
t
o
 
s
;
 
a
r
r
a
y
 
s
u
b
s
c
r
i
p
t
 
v
e
r
s
i
o
n
 
*
/

v
o
i
d
 
s
t
r
c
p
y
(
c
h
a
r
 
*
s
,
 
c
h
a
r
 
*
t
)
 
{

i
n
t

i
;

i
=
 
0
;

w
h
i
l
e
 
(
(
s
[
i
]
 
=
 
t
[
i
]
)
 
!
=
 
’
\
0
’
)

i
+
+
;

}

/
*
 
s
t
r
c
p
y
:
 
c
o
p
y
 
t
 
t
o
 
s
;
 
p
o
i
n
t
e
r
 
v
e
r
s
i
o
n
 
1
 
*
/

v
o
i
d
 
s
t
r
c
p
y
(
c
h
a
r
 
*
s
,
 
c
h
a
r
 
*
t
)
 
{

w
h
i
l
e
 
(
(
*
s
 
=
 
*
t
)
 
!
=
 
’
\
0
’
)
 
{

s
+
+
;
 
t
+
+
;

}
}

/
*
 
s
t
r
c
p
y
:
 
c
o
p
y
 
t
 
t
o
 
s
;
 
p
o
i
n
t
e
r
 
v
e
r
s
i
o
n
 
2
 
*
/

v
o
i
d
 
s
t
r
c
p
y
(
c
h
a
r
 
*
s
,
 
c
h
a
r
 
*
t
)
 
{

w
h
i
l
e
 
(
(
*
s
+
+
 
=
 
*
t
+
+
)
 
!
=
 
’
\
0
’
)

;
}



strcm
p
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/
*
 
s
t
r
c
m
p
:
 
r
e
t
u
r
n
 
<
0
 
i
f
 
s
<
t
,
 
0
 
i
f
 
s
=
=
t
,
 
>
0
 
i
f
 
s
>
t
 
*
/

i
n
t
s
t
r
c
m
p
(
c
h
a
r
 
*
s
,
 
c
h
a
r
 
*
t
)
 
{
 
/
*
 
a
r
r
a
y
 
s
u
b
s
c
r
i
p
t
 
v
e
r
s
i
o
n
 
*
/

i
n
t
i
;

f
o
r
 
(
i
=
 
0
;
 
s
[
i
]
 
=
=
 
t
[
i
]
;
 
i
+
+
)

i
f
 
(
s
[
i
]
 
=
=
 
’
\
0
’
)

r
e
t
u
r
n
 
0
;

r
e
t
u
r
n
 
s
[
i
]
 
–
t
[
i
]
;

}

/
*
 
s
t
r
c
m
p
:
 
r
e
t
u
r
n
 
<
0
 
i
f
 
s
<
t
,
 
0
 
i
f
 
s
=
=
t
,
 
>
0
 
i
f
 
s
>
t
 
*
/

i
n
t
s
t
r
c
m
p
(
c
h
a
r
 
*
s
,
 
c
h
a
r
 
*
t
)
 
{
 
/
*
 
p
o
i
n
t
e
r
 
v
e
r
s
i
o
n
 
*
/

f
o
r
 
(
;
 
*
s
 
=
=
 
*
t
;
 
s
+
+
,
 
t
+
+
)

i
f
 
(
*
s
 
=
=
 
’
\
0
’
)

r
e
t
u
r
n
 
0
;

r
e
t
u
r
n
 
*
s
 
-
*
t
;

}



Pointer A
rrays –

pointers to pointers

y
Since pointers are variables them

selves, they can be 
stored in arrays just as other variables can

y
As an exam

ple, suppose w
e w

ish to create a program
 

that w
ill sort text lines

y
For fixed-size data types, like integers, w

e sim
ply need 

an array of integers; since the lines of text are variable-
length, w

e need an efficient data representation to 
cope w

ith these variable-length lines
y

Therefore, w
e w

ill create an array of pointers to char, 
and sw

ap actions invoked as part of the sort algorithm
 

w
ill sim

ply sw
ap the pointers; w

hen finished, if one 
proceeds linearly through the pointer array, one w

ill 
have the lines sorted
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Pointer arrays and sorting
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d
e
f
g
h
i

o
p

j
k
l
m
n

a
b
c

d
e
f
g
h
i

o
p

j
k
l
m
n

a
b
c

See section 5.6 on pp 107-110 of the C Program
m

ing Language.



Initializing arrays of pointers
y

Suppose you w
anted to define a list of keyw

ords that 
your program

 w
ould understand as com

m
ands from

 a 
user

y
For exam

ple, if you have w
ritten a hash table 

im
plem

entation, you m
ight w

ant to w
rite a test 

program
 that can be used to exercise the 

im
plem

entation.
y

The follow
ing declaration show

s how
 you could declare 

these keyw
ords:

c
h
a
r
 
*
k
e
y
w
o
r
d
s
[
]
 
=
 
{

”
i
n
s
e
r
t
”
,

”
d
e
l
e
t
e
”
,

”
l
o
o
k
u
p
”
,

”
l
i
s
t
”
,

N
U
L
L

}
;
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A
rgum

ents to m
ain()

y
m

ain() has param
eters that are provided by the 

operating system
 w

hen it is invoked
i
n
t
m
a
i
n
(
i
n
t

a
r
g
c
,
 
c
h
a
r
 
*
a
r
g
v
[
]
)
;

y
a
r
g
v

is an array of pointers to strings
y

a
r
g
c

is the num
ber of pointers to strings

y
If the invocation of the program

 w
as:

.
/
p
r
o
g
r
a
m
 
j
o
e
 
s
v
e
n
t
e
k

y
Then
a
r
g
c
=
=
 
3

a
r
g
v
[
0
]
 
→
 
“
.
/
p
r
o
g
r
a
m
”

a
r
g
v
[
1
]
 
→
 
“
j
o
e
”

a
r
g
v
[
2
]
 
→
 
“
s
v
e
n
t
e
k
”

a
r
g
v
[
3
]
 
→
 
N
U
L
L
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Pointers to functions
y

A function itself is not a variable
y

It is possible to define pointers to functions
y

These can be assigned, placed in arrays, passed to 
functions, returned by functions, …

y
Consider a sort program

 that sorts strings; som
etim

es, 
w

e w
ant it to sort the strings lexicographically (i.e. as 

character strings); at other tim
es, there m

ay be a 
num

ber at the beginning of each line, and w
e w

ould like 
the lines to be sorted num

erically according to the 
leading num

ber
y

The user should be able to choose w
hich type of sort is 

desired through a flag in the argum
ents used to invoke 

the program
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Pointers to functions
y

The pseudocode for our m
ain() looks som

ething 
like the follow

ing:

process com
m

and argum
ents

read all lines of input
sort them
print them

 in order
y

Assum
ing there is a s

o
r
t
(
)

function that 
perform

s the “sort them
”

part of the 
pseudocode, w

e need to have som
e w

ay to 
inform

 that function how
 w

e w
ant the strings to 

be com
pared.
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Pointers to functions
y

Assum
e the follow

ing declarations in m
a
i
n
(
)

c
h
a
r
 
*
l
i
n
e
p
t
r
[
M
A
X
L
I
N
E
S
]
;

v
o
i
d
 
s
o
r
t
(
c
h
a
r
 
*
l
i
n
e
p
t
r
[
]
,
 
i
n
t
l
e
f
t
,
 
i
n
t
r
i
g
h
t
,

i
n
t

(
*
c
o
m
p
)
(
c
h
a
r
 
*
,
 
c
h
a
r
 
*
)
)
;

y
This function prototype says that s

o
r
t()is invoked w

ith 
an array of pointers to strings, the left and right index in 
this array over w

hich to sort, and the last form
al 

param
eter is a pointer to a function that returns an 

integer; this function takes tw
o c

h
a
r
 
*

argum
ents, and 

returns <0, 0, or >0 depending upon w
hether 

arg1<arg2, arg1==arg2, or arg1>arg2
y

How
 could w

e m
ake the signature to “sort” be m

ore 
general? W

hat im
pact w

ould it have on code that uses 
it?C

IS 415, Spring 2018
H
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Pointers to functions
y

Suppose w
e have read n lines of text, such that 

l
i
n
e
p
t
r
[
0
]
 
…
 
l
i
n
e
p
t
r
[
n
-
1
]

have valid pointers.  If 
w

e w
anted to do a lexicographical sort, m

a
i
n
(
)

w
ould 

invoke
s
o
r
t
(
)

as:

<
i
n
c
l
u
d
e
 
s
t
r
i
n
g
.
h
>

s
o
r
t
(
l
i
n
e
p
t
r
,
 
0
,
 
n
-
1
,
 
s
t
r
c
m
p
)
;

y
Recall that the signature for strcm

p() as defined in 
string.h

is
i
n
t
s
t
r
c
m
p
(
c
o
n
s
t
c
h
a
r
 
*
s
,
 
c
o
n
s
t
c
h
a
r
 
*
t
)
;
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Pointers to functions
y

If w
e w

anted to do a num
eric sort, w

e m
ust im

plem
ent 

a function that converts the leading num
ber in each line 

to an integer:  consider

#
i
n
c
l
u
d
e
 
<
s
t
d
l
i
b
.
h
>

i
n
t
n
u
m
c
m
p
(
c
h
a
r
 
*
s
,
 
c
h
a
r
 
*
t
)
 
{

i
n
t
i
1
,
 
i
2
;

i
1
 
=
 
a
t
o
i
(
s
)
;

i
2
 
=
 
a
t
o
i
(
t
)
;

r
e
t
u
r
n
 
i
1
 
–
i
2
;

}
y
m
a
i
n
(
)

w
ould invoke s

o
r
t
(
)

as:

s
o
r
t
(
l
i
n
e
p
t
r
,
 
0
,
 
n
-
1
,
 
n
u
m
c
m
p
)
;
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C
om

plicated declarations
y

Due to the precedence of C’s operators, you 
m

ust be careful w
hen defining function pointers

y
For exam

ple, consider the follow
ing function 

prototype:i
n
t

*
f
(
v
o
i
d
 
*
)
;

y
This defines f

as a function returning a pointer 
to an integer;

y
W

hereas, the follow
ing function prototype:

i
n
t

(
*
p
f
)
(
v
o
i
d
 
*
)
;

defines p
f

as a pointer to a function returning 
an integer
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A
D

T
s in C
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A
D

T
’s in C

y
Recall from

 Java that the specification for an abstract 
data type (ADT) hides the representation of the data 
type (via the p

r
i
v
a
t
e

keyw
ord)

y
In C, w

e hide the representation of an abstract data 
type by declaring the public type to be

s
t
r
u
c
t
<
n
a
m
e
>
 
*

y
In C, w

e use the .
h

file for the specification, the .
c

file 
for im

plem
entation

y
The

.
h

file contains
◦

Public type and constant declarations
◦

Function prototypes for the operations on an instance of the 
ADT

◦
extern declarations (if any) for any global data defined in the .

c
file
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A
D

T
’s in C

 (cont)
y

U
sers of the ADT
◦
#
i
n
c
l
u
d
e

the
.
h

file (to m
ake types, constants, functions, any 

externs) visible
◦

invoke the available functions
◦

N
EVER, EVER #include a .c file!!!

y
The

.
c

file contains
◦
#
i
n
c
l
u
d
e

of the m
atching .

h
file (to detect inconsistencies)

◦
O

ther includes for libraries and ADTs needed for the 
im

plem
entation

◦
Additional type definitions

◦
Im

plem
entations of the callable functions

◦
O

ther functions as needed to com
plete the im

plem
entation –

these should be declared s
t
a
t
i
c
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G
eneric container data types

y
Recall from

 CIS 212 that in Java w
e can define generic classes 

that are param
eterized w

ith respect to types
y

A particular class of generic classes upon w
hich you focussed 

w
ere containers –

e.g. lists, sets, tables, …
 that w

ere 
param

eterized w
ith respect to the type of the payload of the 

data structures in the aggregate data type
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Listhead
N

ext
Payload

N
ext

Payload
N

ext
Payload

y
The generic im

plem
entation concentrates on navigating 

through the pointer/control aspect of the data structure, and 
treats the payload as a “bag of bits”



G
eneric containers in C

y
The type v

o
i
d
 
*

is a generic pointer; it can be cast to any 
other type of pointer, and any other type of pointer can be 
cast to a v

o
i
d
 
*,w

ithout loss of inform
ation

y
Thus, w

e can im
plem

ent generic container data structures in 
C exploiting v

o
i
d
 
*

pointers; the “Data” fields below
 are 

v
o
i
d
 
*

pointers.
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Listhead
N

ext
D

ata
N

ext
D

ata
N

ext
D

ata

Payload
Payload

Payload

y
U

nlike Java, in w
hich a generic class is instantiated at run tim

e 
via “new

”, in C w
e m

ust instantiate the class at runtim
e 

through a function call



O
utline of a generic container interface
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#ifndef_FO
O

_H_
#define _FO

O
_H_

/* interface definition for generic Foo container */
#include “iterator.h”

typedef struct foo Foo;
/* forw

ard reference */

struct foo {

void *self;

void (*destroy) (constFoo *f, void (*freeFxn)(void *elem
ent));

void (*clear)(constFoo *f, void (*freeFxn)(void *elem
ent));

int(*put)(constFoo *f, void *elem
ent);

int(*get)(constFoo *f, void **elem
ent);

int(*isEm
pty)(constFoo *st);

long (*size)(constFoo *f);

void **(*toArray)(constFoo *f, long *len);

constIterator *(*itCreate)(constFoo *f);

};constFoo *Foo_create(/* appropriate argum
ents */);

#endif /* _FO
O

_H_ */



W
hat does each line m

ean?
y
t
y
p
e
d
e
f
 
s
t
r
u
c
t
 
f
o
o
 
F
o
o
;
 
 
/
*
 
f
o
r
w
a
r
d
 
r
e
f
e
r
e
n
c
e
 
*
/

s
t
r
u
c
t
 
f
o
o
 
{

v
o
i
d
 
*
s
e
l
f
;

/
*
 
m
e
t
h
o
d
 
s
i
g
n
a
t
u
r
e
s
 
*
/

}
;

This defines the dispatch table and a v
o
i
d
 
*

m
em

ber for 
instance-specific data; you w

ill note that the constructor 
and the m

ethods on this ADT only ever refer to c
o
n
s
t

F
o
o
 

*
 

y
c
o
n
s
t

F
o
o
 
*
F
o
o
_
c
r
e
a
t
e
(
/
*
 
a
p
p
r
o
p
r
i
a
t
e
 
a
r
g
u
m
e
n
t
s
 
*
/
)
;

this is called to create a new
 instance of a F

o
o; the required 

argum
ents are specific to the ADT; this m

ethod is the 
equivalent to a Java constructor; if successful, a

c
o
n
s
t

pointer to the F
o
o

is returned as the value of the function; 
if it is unsuccessful, 

N
U
L
L

w
ill be returned
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M
ethod signatures

y
v
o
i
d
 
(
*
d
e
s
t
r
o
y
)
 
(
c
o
n
s
t
F
o
o
 
*
f
,
 
v
o
i
d
 
(
*
f
r
e
e
F
x
n
)
(
v
o
i
d
 
*
e
)
)
;

this destroys the F
o
o

instance; for each elem
ent in the 

F
o
o, if f

r
e
e
F
x
n
!
=
 
N
U
L
L, that function is invoked on 

that elem
ent to return any heap storage associated w

ith 
the elem

ent; then, any heap storage associated w
ith the 

F
o
o

is returned to the heap
y

v
o
i
d
 
(
*
c
l
e
a
r
)
(
c
o
n
s
t
F
o
o
 
*
f
,
 
v
o
i
d
 
(
*
f
r
e
e
F
x
n
)
(
v
o
i
d
 
*
e
)
)
;

purges all elem
ents from

 the F
o
o; for each elem

ent, if 
f
r
e
e
F
x
n
!
=
 
N
U
L
L, that function is invoked on that 

elem
ent to return any heap storage associated w

ith the 
elem

ent; any heap storage associated w
ith the elem

ent in 
the F

o
o

is then returned; upon return, f
w

ill be em
pty
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W
hat does each line m

ean?
y

There can be a num
ber of m

ethods for inserting 
elem

ents into a Foo and retrieving elem
ents from

 a 
Foo (either destructively or non-destructively); the 
tw

o exam
ples show

n below
 assum

e a storage 
container w

ith destructive retrieval
y
i
n
t

(
*
p
u
t
)
(
c
o
n
s
t

F
o
o
 
*
f
,
 
v
o
i
d
 
*
e
l
e
m
e
n
t
)
;

adds an elem
ent to the F

o
o; return value of the 

function is 1/0
if the call w

as 
successful/unsuccessful;

y
i
n
t

(
*
g
e
t
)
(
c
o
n
s
t

F
o
o
 
*
f
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
)
;

fetches an elem
ent from

 F
o
o, returning the 

elem
ent in *

e
l
e
m
e
n
t; if successful, function return 

value is 1; otherw
ise, it is 0
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W
hat does each line m

ean?
y
i
n
t

(
*
i
s
E
m
p
t
y
)
(
c
o
n
s
t

F
o
o
 
*
f
)
;
 

returns true if the F
o
o

is em
pty, returns false if not

y
l
o
n
g
 
(
*
s
i
z
e
)
(
c
o
n
s
t

F
o
o
 
*
f
)
;

returns the num
ber of elem

ents in the F
o
o

y
v
o
i
d
 
*
*
(
*
t
o
A
r
r
a
y
)
(
c
o
n
s
t

F
o
o
 
*
f
,
 
l
o
n
g
 
*
l
e
n
)
;

returns an array of pointers to the elem
ents in the 

F
o
o

in the natural order defined by F
o
o’s; the num

ber 
of elem

ents in the array is returned in *
l
e
n; after the 

caller has finished using the array of pointers, the 
caller should return it to the heap via a call to f

r
e
e
(
)
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W
hat does each line m

ean?
y
c
o
n
s
t
I
t
e
r
a
t
o
r
 
*
(
*
i
t
C
r
e
a
t
e
)
(
c
o
n
s
t
F
o
o
 
*
f
)
;

creates a generic iterator for this F
o
o

instance; 
successive calls to the n

e
x
t
(
)
 m

ethod on the returned 
iterator w

ill return the elem
ents of the F

o
o

in the 
natural order defined by F

o
o’s; if unsuccessful, N

U
L
L

is 
returned; w

hen the caller has finished w
ith the iterator, 

the caller m
ust invoke the d

e
s
t
r
o
y
(
)

m
ethod on the 

iterator
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G
eneric iterator

–
iterator.h
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#
i
f
n
d
e
f

_
I
T
E
R
A
T
O
R
_
H
_

#
d
e
f
i
n
e
 
_
I
T
E
R
A
T
O
R
_
H
_

/
**
 
i
n
t
e
r
f
a
c
e
 
d
e
f
i
n
i
t
i
o
n
 
f
o
r
 
g
e
n
e
r
i
c
 
i
t
e
r
a
t
o
r

**
 
p
a
t
t
e
r
n
e
d
 
r
o
u
g
h
l
y
 
a
f
t
e
r
 
J
a
v
a
 
6
 
I
t
e
r
a
t
o
r

c
l
a
s
s

*
/

t
y
p
e
d
e
f
 
s
t
r
u
c
t
 
i
t
e
r
a
t
o
r
 
I
t
e
r
a
t
o
r
;

s
t
r
u
c
t
 
i
t
e
r
a
t
o
r
 
{

v
o
i
d
 
*
s
e
l
f
;

i
n
t

(
*
h
a
s
N
e
x
t
)
(
c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
i
t
)
;

i
n
t

(
*
n
e
x
t
)
(
c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
i
t
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
)
;

v
o
i
d
 
(
*
d
e
s
t
r
o
y
)
(
c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
i
t
)
;

}
;

c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
I
t
e
r
a
t
o
r
_
c
r
e
a
t
e
(
l
o
n
g
 
s
i
z
e
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
s
)
;

#
e
n
d
i
f
 
/
*
 
_
I
T
E
R
A
T
O
R
_
H
_
 
*
/
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#
i
n
c
l
u
d
e
 
"
i
t
e
r
a
t
o
r
.
h
"

#
i
n
c
l
u
d
e
 
"
s
t
d
l
i
b
.
h
"

t
y
p
e
d
e
f
 
s
t
r
u
c
t
 
i
t
_
d
a
t
a

{
l
o
n
g
 
n
e
x
t
;

l
o
n
g
 
s
i
z
e
;

v
o
i
d
 
*
*
e
l
e
m
e
n
t
s
;

}
 
I
t
D
a
t
a
;

s
t
a
t
i
c
 
i
n
t

i
t
_
h
a
s
N
e
x
t
(
c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
i
t
)
 
{

I
t
D
a
t
a

*
i
t
d

=
 
(
I
t
D
a
t
a

*
)
i
t
-
>
s
e
l
f
;

r
e
t
u
r
n
 
(
i
t
d
-
>
n
e
x
t
 
<
 
i
t
d
-
>
s
i
z
e
)
 
?
 
1
 
:
 
0
;

}
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s
t
a
t
i
c
 
i
n
t

i
t
_
n
e
x
t
(
c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
i
t
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
)
 
{

I
t
D
a
t
a

*
i
t
d

=
 
(
I
t
D
a
t
a

*
)
i
t
-
>
s
e
l
f
;

i
n
t

s
t
a
t
u
s
 
=
 
0
;

i
f
 
(
i
t
d
-
>
n
e
x
t
 
<
 
i
t
d
-
>
s
i
z
e
)
 
{

*
e
l
e
m
e
n
t
 
=
 
i
t
d
-
>
e
l
e
m
e
n
t
s
[
i
t
d
-
>
n
e
x
t
+
+
]
;

s
t
a
t
u
s
 
=
 
1
;

}r
e
t
u
r
n
 
s
t
a
t
u
s
;

}s
t
a
t
i
c
 
v
o
i
d
 
i
t
_
d
e
s
t
r
o
y
(
c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
i
t
)
 
{

I
t
D
a
t
a

*
i
t
d

=
 
(
I
t
D
a
t
a

*
)
i
t
-
>
s
e
l
f
;

f
r
e
e
(
i
t
d
-
>
e
l
e
m
e
n
t
s
)
;

f
r
e
e
(
i
t
d
)
;

f
r
e
e
(
(
v
o
i
d
 
*
)
i
t
)
;

}s
t
a
t
i
c
 
I
t
e
r
a
t
o
r
 
t
e
m
p
l
a
t
e
 
=
 
{

N
U
L
L
,
 
i
t
_
h
a
s
N
e
x
t
,
 
i
t
_
n
e
x
t
,
 
i
t
_
d
e
s
t
r
o
y

}
;
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c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
I
t
e
r
a
t
o
r
_
c
r
e
a
t
e
(
l
o
n
g
 
s
i
z
e
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
s
)
 
{

I
t
e
r
a
t
o
r
 
*
i
t
 
=
 
(
I
t
e
r
a
t
o
r
 
*
)
m
a
l
l
o
c
(
s
i
z
e
o
f
(
I
t
e
r
a
t
o
r
)
)
;

i
f
 
(
i
t
 
!
=
 
N
U
L
L
)
 
{

I
t
D
a
t
a

*
i
t
d

=
 
(
I
t
D
a
t
a

*
)
m
a
l
l
o
c
(
s
i
z
e
o
f
(
I
t
D
a
t
a
)
)
;

i
f
 
(
i
t
d

!
=
 
N
U
L
L
)
 
{

i
t
d
-
>
n
e
x
t
 
=
 
0
L
;

i
t
d
-
>
s
i
z
e
 
=
 
s
i
z
e
;

i
t
d
-
>
e
l
e
m
e
n
t
s
 
=
 
e
l
e
m
e
n
t
s
;

*
i
t
 
=
 
t
e
m
p
l
a
t
e
;

i
t
-
>
s
e
l
f
 
=
 
i
t
d
;

}
 
e
l
s
e
 
{

f
r
e
e
(
i
t
)
;

i
t
 
=
 
N
U
L
L
;

}
}r
e
t
u
r
n
 
i
t
;

}



U
sing an iterator

C
IS 415, Spring 2018

H
eap R

eview
 &

 A
D

Ts
50

c
o
n
s
t

I
t
e
r
a
t
o
r
 
*
i
t
;

v
o
i
d
 
*
e
l
e
m
e
n
t
;

/
*
 
o
b
t
a
i
n
 
i
t
e
r
a
t
o
r
 
u
s
i
n
g
 
t
h
e
 
f
a
c
t
o
r
y
 
m
e
t
h
o
d
 
i
n
 
a
n
o
t
h
e
r
 
A
D
T
 
*
/

w
h
i
l
e
 
(
i
t
-
>
h
a
s
N
e
x
t
(
i
t
)
)
 
{

i
t
-
>
n
e
x
t
(
i
t
,
 
&
e
l
e
m
e
n
t
)
;

/
*
 
u
s
e
 
e
l
e
m
e
n
t
,
 
s
u
i
t
a
b
l
y
 
c
a
s
t
 
*
/

}i
t
-
>
d
e
s
t
r
o
y
(
i
t
)
;
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#
i
f
n
d
e
f
_
S
T
A
C
K
_
H
_

#
d
e
f
i
n
e
 
_
S
T
A
C
K
_
H
_

#
i
n
c
l
u
d
e
 
"
i
t
e
r
a
t
o
r
.
h
"

/
*
 
n
e
e
d
e
d
 
f
o
r
 
f
a
c
t
o
r
y
 
m
e
t
h
o
d
 
*
/

t
y
p
e
d
e
f
 
s
t
r
u
c
t
 
s
t
a
c
k
 
S
t
a
c
k
;

/
*
 
f
o
r
w
a
r
d
 
r
e
f
e
r
e
n
c
e
 
*
/

c
o
n
s
t
S
t
a
c
k
 
*
S
t
a
c
k
_
c
r
e
a
t
e
(
l
o
n
g
 
c
a
p
a
c
i
t
y
)
;

s
t
r
u
c
t
 
s
t
a
c
k
 
{

v
o
i
d
 
*
s
e
l
f
;

v
o
i
d
 
(
*
d
e
s
t
r
o
y
)
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
(
*
u
s
e
r
F
x
n
)
(
v
o
i
d
 
*
e
l
e
m
e
n
t
)
)
;

v
o
i
d
 
(
*
c
l
e
a
r
)
(
c
o
n
s
t

S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
(
*
u
s
e
r
F
x
n
)
(
v
o
i
d
 
*
e
l
e
m
e
n
t
)
)
;

i
n
t
(
*
p
u
s
h
)
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
*
e
l
e
m
e
n
t
)
;

i
n
t
(
*
p
o
p
)
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
)
;

i
n
t
(
*
p
e
e
k
)
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
)
;

l
o
n
g
 
(
*
s
i
z
e
)
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
)
;

i
n
t
(
*
i
s
E
m
p
t
y
)
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
)
;

v
o
i
d
 
*
*
(
*
t
o
A
r
r
a
y
)
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
l
o
n
g
 
*
l
e
n
)
;

c
o
n
s
t
I
t
e
r
a
t
o
r
 
*
(
*
i
t
C
r
e
a
t
e
)
(
c
o
n
s
t

S
t
a
c
k
 
*
s
t
)
;

}
;

#
e
n
d
i
f
/
*
 
_
S
T
A
C
K
_
H
_
 
*
/
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#
i
n
c
l
u
d
e
 
"
s
t
a
c
k
.
h
"

#
i
n
c
l
u
d
e
 
<
s
t
d
l
i
b
.
h
>

#
d
e
f
i
n
e
 
D
E
F
A
U
L
T
_
C
A
P
A
C
I
T
Y
 
5
0
L

#
d
e
f
i
n
e
 
M
A
X
_
I
N
I
T
_
C
A
P
A
C
I
T
Y
 
1
0
0
0
L

t
y
p
e
d
e
f
 
s
t
r
u
c
t
 
s
t
_
d
a
t
a

{
l
o
n
g
 
c
a
p
a
c
i
t
y
;

l
o
n
g
 
n
e
x
t
;

v
o
i
d
 
*
*
t
h
e
A
r
r
a
y
;

}
 
S
t
D
a
t
a
;
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/
*
 
h
e
l
p
e
r
 
f
x
n
,
 
t
r
a
v
e
r
s
e
s
 
s
t
a
c
k
,
 
c
a
l
l
i
n
g
 
f
r
e
e
F
x
n

o
n
 
e
a
c
h
 
e
l
e
m
e
n
t
 
*
/

s
t
a
t
i
c
 
v
o
i
d
 
p
u
r
g
e
(
S
t
D
a
t
a
*
s
t
d
,
 
v
o
i
d
 
(
*
f
r
e
e
F
x
n
)
(
v
o
i
d
*
)
)
 
{

i
f
 
(
f
r
e
e
F
x
n
!
=
 
N
U
L
L
)
 
{

l
o
n
g
 
i
;

f
o
r
 
(
i
=
 
0
L
;
 
i
<
 
s
t
d
-
>
n
e
x
t
;
 
i
+
+
)

(
*
f
r
e
e
F
x
n
)
(
s
t
d
-
>
t
h
e
A
r
r
a
y
[
i
]
)
;

/
*
 
u
s
e
r
 
f
r
e
e
s
 
e
l
e
m
s
t
o
r
a
g
e
 
*
/

}
}s
t
a
t
i
c
 
v
o
i
d
 
s
t
_
d
e
s
t
r
o
y
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
(
*
f
r
e
e
F
x
n
)
(
v
o
i
d
 
*
e
l
e
m
e
n
t
)
)
 
{

S
t
D
a
t
a
*
s
t
d
=
 
(
S
t
D
a
t
a
*
)
s
t
-
>
s
e
l
f
;

p
u
r
g
e
(
s
t
d
,
 
f
r
e
e
F
x
n
)
;

f
r
e
e
(
s
t
d
-
>
t
h
e
A
r
r
a
y
)
;

/
*
 
f
r
e
e
 
a
r
r
a
y
 
o
f
 
p
o
i
n
t
e
r
s
 
*
/

f
r
e
e
(
s
t
d
)
;

/
*
 
f
r
e
e
 
s
t
r
u
c
t
u
r
e
 
w
i
t
h
 
i
n
s
t
a
n
c
e
 
d
a
t
a
 
*
/

f
r
e
e
(
(
v
o
i
d
 
*
)
s
t
)
;

/
*
 
f
r
e
e
 
d
i
s
p
a
t
c
h
 
t
a
b
l
e
 
*
/

}s
t
a
t
i
c
 
v
o
i
d
 
s
t
_
c
l
e
a
r
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
(
*
f
r
e
e
F
x
n
)
(
v
o
i
d
 
*
e
l
e
m
e
n
t
)
)
 
{

S
t
D
a
t
a
*
s
t
d
=
 
(
S
t
D
a
t
a
*
)
s
t
-
>
s
e
l
f
;

p
u
r
g
e
(
s
t
d
,
 
f
r
e
e
F
x
n
)
;

s
t
d
-
>
n
e
x
t
 
=
 
0
L
;

}
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s
t
a
t
i
c
 
i
n
t
s
t
_
p
u
s
h
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
*
e
l
e
m
e
n
t
)
 
{

S
t
D
a
t
a
*
s
t
d
=
 
(
S
t
D
a
t
a
*
)
s
t
-
>
s
e
l
f
;

i
n
t
s
t
a
t
u
s
 
=
 
1
;

i
f
 
(
s
t
d
-
>
c
a
p
a
c
i
t
y
 
<
=
 
s
t
d
-
>
n
e
x
t
)
 
{

/
*
 
n
e
e
d
 
t
o
 
r
e
a
l
l
o
c
a
t
e
 
*
/

s
i
z
e
_
t
n
b
y
t
e
s
=
 
2
 
*
 
s
t
d
-
>
c
a
p
a
c
i
t
y
 
*
 
s
i
z
e
o
f
(
v
o
i
d
 
*
)
;

v
o
i
d
 
*
*
t
m
p
=
 
(
v
o
i
d
 
*
*
)
r
e
a
l
l
o
c
(
s
t
d
-
>
t
h
e
A
r
r
a
y
,
 
n
b
y
t
e
s
)
;

i
f
 
(
t
m
p
=
=
 
N
U
L
L
)

s
t
a
t
u
s
 
=
 
0
;

/
*
 
a
l
l
o
c
a
t
i
o
n
 
f
a
i
l
u
r
e
 
*
/

e
l
s
e
 
{
s
t
d
-
>
t
h
e
A
r
r
a
y
=
 
t
m
p
;

s
t
d
-
>
c
a
p
a
c
i
t
y
 
n
b
y
t
e
s
;

}
}i
f
 
(
s
t
a
t
u
s
)

s
t
d
-
>
t
h
e
A
r
r
a
y
[
s
t
d
-
>
n
e
x
t
+
+
]
 
=
 
e
l
e
m
e
n
t
;

r
e
t
u
r
n
 
s
t
a
t
u
s
;

}
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s
t
a
t
i
c
 
i
n
t

s
t
_
p
o
p
(
c
o
n
s
t

S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
)
 
{

S
t
D
a
t
a

*
s
t
d

=
 
(
S
t
D
a
t
a

*
)
s
t
-
>
s
e
l
f
;

i
n
t

s
t
a
t
u
s
 
=
 
0
;

i
f
 
(
s
t
d
-
>
n
e
x
t
 
>
 
0
L
)
 
{

*
e
l
e
m
e
n
t
 
=
 
s
t
d
-
>
t
h
e
A
r
r
a
y
[
-
-
s
t
d
-
>
n
e
x
t
]
;

s
t
a
t
u
s
 
=
 
1
;

}r
e
t
u
r
n
 
s
t
a
t
u
s
;

}s
t
a
t
i
c
 
i
n
t

s
t
_
p
e
e
k
(
c
o
n
s
t

S
t
a
c
k
 
*
s
t
,
 
v
o
i
d
 
*
*
e
l
e
m
e
n
t
)
 
{

S
t
D
a
t
a

*
s
t
d

=
 
(
S
t
D
a
t
a

*
)
s
t
-
>
s
e
l
f
;

i
n
t

s
t
a
t
u
s
 
=
 
0
;

i
f
 
(
s
t
d
-
>
n
e
x
t
 
>
 
0
L
)
 
{

*
e
l
e
m
e
n
t
 
=
 
s
t
d
-
>
t
h
e
A
r
r
a
y
[
s
t
d
-
>
n
e
x
t
 
-

1
]
;

s
t
a
t
u
s
 
=
 
1
;

}r
e
t
u
r
n
 
s
t
a
t
u
s
;

}
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s
t
a
t
i
c
 
l
o
n
g
 
s
t
_
s
i
z
e
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
)
 
{

S
t
D
a
t
a
*
s
t
d
=
 
(
S
t
D
a
t
a
*
)
s
t
-
>
s
e
l
f
;

r
e
t
u
r
n
 
s
t
d
-
>
n
e
x
t
;

}s
t
a
t
i
c
 
i
n
t
s
t
_
i
s
E
m
p
t
y
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
)
 
{

S
t
D
a
t
a
*
s
t
d
=
 
(
S
t
D
a
t
a
*
)
s
t
-
>
s
e
l
f
;

r
e
t
u
r
n
 
(
s
t
d
-
>
n
e
x
t
 
=
=
 
0
L
)
;

}/
*
 
h
e
l
p
e
r
 
f
u
n
c
t
i
o
n
 
-
d
u
p
l
i
c
a
t
e
s
 
a
r
r
a
y
 
o
f
 
v
o
i
d
 
*
 
p
o
i
n
t
e
r
s
 
o
n
 
t
h
e
 
h
e
a
p
 
*
/

s
t
a
t
i
c
 
v
o
i
d
 
*
*
a
r
r
a
y
D
u
p
l
(
S
t
D
a
t
a
*
s
t
d
)
 
{

v
o
i
d
 
*
*
t
m
p
=
 
N
U
L
L
;

i
f
 
(
s
t
d
-
>
n
e
x
t
 
>
 
0
L
)
 
{

s
i
z
e
_
t
n
b
y
t
e
s
=
 
s
t
d
-
>
n
e
x
t
 
*
 
s
i
z
e
o
f
(
v
o
i
d
 
*
)
;

t
m
p
=
 
(
v
o
i
d
 
*
*
)
m
a
l
l
o
c
(
n
b
y
t
e
s
)
;

i
f
 
(
t
m
p
!
=
 
N
U
L
L
)
 
{

l
o
n
g
 
i
;

f
o
r
 
(
i
=
 
0
L
;
 
i
<
 
s
t
d
-
>
n
e
x
t
;
 
i
+
+
)

t
m
p
[
i
]
 
=
 
s
t
d
-
>
t
h
e
A
r
r
a
y
[
i
]
;

}
}r
e
t
u
r
n
 
t
m
p
;

}
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s
t
a
t
i
c
 
v
o
i
d
 
*
*
s
t
_
t
o
A
r
r
a
y
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
,
 
l
o
n
g
 
*
l
e
n
)
 
{

S
t
D
a
t
a
*
s
t
d
=
 
(
S
t
D
a
t
a
*
)
s
t
-
>
s
e
l
f
;

v
o
i
d
 
*
*
t
m
p
=
 
a
r
r
a
y
D
u
p
l
(
s
t
d
)
;

i
f
 
(
t
m
p
!
=
 
N
U
L
L
)

*
l
e
n
=
 
s
t
d
-
>
n
e
x
t
;

r
e
t
u
r
n
 
t
m
p
;

}s
t
a
t
i
c
 
c
o
n
s
t
I
t
e
r
a
t
o
r
 
*
s
t
_
i
t
C
r
e
a
t
e
(
c
o
n
s
t
S
t
a
c
k
 
*
s
t
)
 
{

S
t
D
a
t
a
*
s
t
d
=
 
(
S
t
D
a
t
a
*
)
s
t
-
>
s
e
l
f
;

c
o
n
s
t
I
t
e
r
a
t
o
r
 
*
i
t
 
=
 
N
U
L
L
;

v
o
i
d
 
*
*
t
m
p
=
 
a
r
r
a
y
D
u
p
l
(
s
t
d
)
;

i
f
 
(
t
m
p
!
=
 
N
U
L
L
)
 
{

i
t
 
=
 
I
t
e
r
a
t
o
r
_
c
r
e
a
t
e
(
s
t
d
-
>
n
e
x
t
,
 
t
m
p
)
;

i
f
 
(
i
t
 
=
=
 
N
U
L
L
)

f
r
e
e
(
t
m
p
)
;

}r
e
t
u
r
n
 
i
t
;

}s
t
a
t
i
c
 
S
t
a
c
k
 
t
e
m
p
l
a
t
e
 
=
 
{
 
N
U
L
L
,
 
s
t
_
d
e
s
t
r
o
y
,
 
s
t
_
c
l
e
a
r
,
 
s
t
_
p
u
s
h
,
 
s
t
_
p
o
p
,

s
t
_
p
e
e
k
,
 
s
t
_
s
i
z
e
,
 
s
t
_
i
s
E
m
p
t
y
,
 
s
t
_
t
o
A
r
r
a
y
,
 
s
t
_
i
t
C
r
e
a
t
e
}
;
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c
o
n
s
t
S
t
a
c
k
 
*
S
t
a
c
k
_
c
r
e
a
t
e
(
l
o
n
g
 
c
a
p
a
c
i
t
y
)
 
{

S
t
a
c
k
 
*
s
t
=
 
(
S
t
a
c
k
 
*
)
m
a
l
l
o
c
(
s
i
z
e
o
f
(
S
t
a
c
k
)
)
;

i
f
 
(
s
t
!
=
 
N
U
L
L
)
 
{

S
t
D
a
t
a
*
s
t
d
=
 
(
S
t
D
a
t
a
*
)
m
a
l
l
o
c
(
s
i
z
e
o
f
(
S
t
D
a
t
a
)
)
;

i
f
 
(
s
t
d
!
=
 
N
U
L
L
)
 
{

l
o
n
g
 
c
a
p
;

v
o
i
d
 
*
*
a
r
r
a
y
 
=
 
N
U
L
L
;

c
a
p
 
=
 
(
c
a
p
a
c
i
t
y
 
<
=
 
0
L
)
 
?
 
D
E
F
A
U
L
T
_
C
A
P
A
C
I
T
Y
 
:
 
c
a
p
a
c
i
t
y
;

c
a
p
 
=
 
(
c
a
p
 
>
 
M
A
X
_
I
N
I
T
_
C
A
P
A
C
I
T
Y
)
 
?
 
M
A
X
_
I
N
I
T
_
C
A
P
A
C
I
T
Y
 
:
 
c
a
p
;

a
r
r
a
y
 
=
 
(
v
o
i
d
 
*
*
)
m
a
l
l
o
c
(
c
a
p
 
*
 
s
i
z
e
o
f
(
v
o
i
d
 
*
)
)
;

i
f
 
(
a
r
r
a
y
 
!
=
 
N
U
L
L
)
 
{

s
t
d
-
>
c
a
p
a
c
i
t
y
 
=
 
c
a
p
;

s
t
d
-
>
n
e
x
t
 
=
 
0
L
;
 
s
t
d
-
>
t
h
e
A
r
r
a
y
=
 
a
r
r
a
y
;

*
s
t
=
 
t
e
m
p
l
a
t
e
;
 
s
t
-
>
s
e
l
f
 
=
 
s
t
d
;

}
 
e
l
s
e
 
{

f
r
e
e
(
s
t
d
)
;
 
f
r
e
e
(
s
t
)
;
 
s
t
=
 
N
U
L
L
;

}
}
 
e
l
s
e
 
{

f
r
e
e
(
s
t
)
;
 
s
t
=
 
N
U
L
L
;

}
}r
e
t
u
r
n
 
s
t
;

}



A
n application to use the stack

y
W

rite a program
 that checks w

hether a 
string of brackets is w

ell-form
ed.

y
Each string contains only the characters 
[](){}<>

y
A string is w

ell-form
ed iffit m

eets the 
follow

ing criteria:
◦

Each bracket is m
atched –

i.e., for every open 
bracket (, [, {, < there is a corresponding closing 
bracket
◦

The substring contained w
ithin each m

atched 
pair is also w

ell-form
ed.
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A
n application to use the stack

y
The general approach is as follow

s:
◦

Read the num
ber of strings that w

e m
ust check for w

ell-form
ed-

ness from
 stdin

◦
Read each line from

 stdin and rem
ove the new

line character
◦

Create an em
pty stack

◦
For each character in the line
x

If it is an opening bracket, push that character on the stack
x

If it is a closing bracket
x

See if the top item
 on the stack is the corresponding opening bracket; if so, pop it off 

the stack and continue to the next character
x

If it is not the corresponding bracket, or if the stack is em
pty, the string is not w

ell-
form

ed, and w
e stop processing

◦
If the string is w

ell form
ed, w

e w
ill have processed the entire 

string and the stack w
ill be em

pty, in w
hich case w

e print ‘YES’ 
on stdout

◦
O

therw
ise, w

e print ‘N
O

’

C
IS 415, Spring 2018

H
eap R

eview
 &

 A
D

Ts
60



brackets.c
(1/2)

C
IS 415, Spring 2018

H
eap R

eview
 &

 A
D

Ts
61

#
i
n
c
l
u
d
e
 
"
s
t
a
c
k
.
h
"

#
i
n
c
l
u
d
e
 
<
s
t
d
i
o
.
h
>

#
d
e
f
i
n
e
 
U
N
U
S
E
D
 
_
_
a
t
t
r
i
b
u
t
e
_
_
(
(
u
n
u
s
e
d
)
)

c
h
a
r
 
*
o
p
e
n
 
=
 
"
(
[
{
<
"
;

c
h
a
r
 
*
c
l
o
s
e
 
=
 
"
)
]
}
>
"
;

l
o
n
g
 
s
t
r
i
n
d
e
x
(
c
h
a
r
 
s
[
]
,
 
i
n
t
c
)
 
{

l
o
n
g
 
i
;

f
o
r
 
(
i

=
 
0
;
 
s
[
i
]
 
!
=
 
'
\
0
'
;
 
i
+
+
)

i
f
 
(
s
[
i
]
 
=
=
 
c
)

r
e
t
u
r
n
 
i
;

r
e
t
u
r
n
 
-
1
;

}i
n
t

m
a
i
n
(
U
N
U
S
E
D
 
i
n
t

a
r
g
c
,
 
U
N
U
S
E
D
 
c
h
a
r
 
*
a
r
g
v
[
]
)
 
{

c
o
n
s
t

S
t
a
c
k
 
*
s
t
;

i
n
t

n
l
i
n
e
s
;

c
h
a
r
 
b
u
f
[
1
0
2
4
]
;

f
g
e
t
s
(
b
u
f
,
 
s
i
z
e
o
f

b
u
f
,
 
s
t
d
i
n
)
;

s
s
c
a
n
f
(
b
u
f
,
 
"
%
d
\
n
"
,
 
&
n
l
i
n
e
s
)
;

w
h
i
l
e
 
(
n
l
i
n
e
s
-
-

>
 
0
)
 
{

i
n
t
i
,
 
w
e
l
l
f
o
r
m
e
d

=
 
1
;
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s
t

=
 
S
t
a
c
k
_
c
r
e
a
t
e
(
0
L
)
;

f
g
e
t
s
(
b
u
f
,
 
s
i
z
e
o
f

b
u
f
,
 
s
t
d
i
n
)
;

f
o
r
 
(
i

=
 
0
;
 
b
u
f
[
i
]
 
!
=
 
'
\
n
'
 
&
&
 
b
u
f
[
i
]
 
!
=
 
'
\
0
'
;
 
i
+
+
)
 
{

i
n
t

c
 
=
 
b
u
f
[
i
]
;

l
o
n
g
 
l
 
=
 
s
t
r
i
n
d
e
x
(
o
p
e
n
,
 
c
)
;

i
f
 
(
l
 
>
 
-
1
)

s
t
-
>
p
u
s
h
(
s
t
,
 
(
v
o
i
d
 
*
)
l
)
;

e
l
s
e
 
{

l
o
n
g
 
j
 
=
 
s
t
r
i
n
d
e
x
(
c
l
o
s
e
,
 
c
)
;

i
n
t

s
t
a
t
 
=
 
s
t
-
>
p
e
e
k
(
s
t
,
 
(
v
o
i
d
 
*
*
)
&
l
)
;

i
f
 
(
s
t
a
t
 
&
&
 
l
 
=
=
 
j
)

s
t
-
>
p
o
p
(
s
t
,
 
(
v
o
i
d
 
*
*
)
&
l
)
;

e
l
s
e
 
{

w
e
l
l
f
o
r
m
e
d

=
 
0
;

b
r
e
a
k
;

}
}

}i
f
 
(
!
 
s
t
-
>
i
s
E
m
p
t
y
(
s
t
)
)

w
e
l
l
f
o
r
m
e
d

=
 
0
;

i
f
 
(
w
e
l
l
f
o
r
m
e
d
)

p
r
i
n
t
f
(
"
Y
E
S
\
n
"
)
;

e
l
s
e
p
r
i
n
t
f
(
"
N
O
\
n
"
)
;

s
t
-
>
d
e
s
t
r
o
y
(
s
t
,
 
N
U
L
L
)
;

}r
e
t
u
r
n
 
0
;

}


