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Container Concepts

® containers store data

® container operations:
® insertion
® retrieval
® removal
® |[teration

® possible organization types
® sequential
® associative
® “unorganized”
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Conceptual Overview

Sequence Containers
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Conceptual Overview

Sequence Containers

® common implementation approaches:
® array
® |inked list
® singly or doubly linked
® |inear or circular
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Conceptual Overview

Associative Containers




Conceptual Overview

Associative Containers

® common implementation approaches:
® tree
® binary, k-ary, multiway, ...
® balanced / complete / ...

® hash table
o ..

http://en.wikipedia.org/wiki/File:B-tree.svg
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Conceptual Overview

“Unorganized” Containers

* no particular sequence or association
* internal structure depends on desired properties
* example: each item should be unique



Conceptual Overview

“Unorganized” Containers

® common implementation approaches:
® tree

® hash table 9
® arra
® |ist ' o e
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Conceptual Overview

Iteration

® a generic way of visiting each item

® the iteration order depends on:
® container organization type
® container implementation
® jteration algorithm

® classification:
® uni-directional
® bi-directional
® random access



Today

Common Sequence Containers

Vectors and Lists

® vectors are arrays that grow and shrink

® |ists are containers where each item points
to its successor (and sometimes predecessor)



Implementation Overview

Arrays

store user data in consecutive cells
(memory locations)

pre-allocate enough space
the array “is” the address of the first item

address offset of each item
offset = index * sizeof (1tem)



Implementation Overview

Arrays
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Implementation Overview

Arrays

® advantages:
® very simple
® |ightweight
® random access

® potential drawbacks:
® fixed capacity
® insertion and removal
can be costly



Implementation Overview
Vectors (dynamic arrays)

® advantages:
® very simple
® |ightweight
® random access

® potential drawbacks:
® fiX City
® insertion and removal
can be costly



Implementation Overview

Vectors

® dynamic size:
® get more memory when the array grows
® (optional) give back memory when it shrinks

) we need to:
® track the capacity
® track the current size
® manage memory
® (maybe) copy the contents after growing



Implementation Overview

Vectors

® dynamic size:
® get more memory when the array grows
® (optional) give back memory when it shrinks

) we need to:
® track the capacity malloc,
® track the current V realloc,
® manage memory free
® (maybe) copy the contents after growing

\j memcpy



unsigned 1nt cap;

Implementation Sketch
unsigned int len;

unsigned : Vectors
/* L. */

1f (len >= cap) {
newcap = 2*cap;
newarr = malloc (newcap*sizeof (1int))

memcpy (newarr, arr, len*sizeof(int));
free (arr);

arr = newarr;
cap = newcap;

}

arr[len] = val;

++1len;



unsigned 1nt cap;

Implementation Sketch
unsigned int len;

unsigned : Vectors
/* L. */

1f (len >= cap) {
newcap = 2*cap;
newarr = malloc (newcap*sizeof (1nt))

memcpy (newarr, arr, len*sizeof (int));
free (arr);

arr = newarr; vector contents:
cap = newcap;
! index] O | | | 2
arr[len] = val;
++1len; value | 42| 77 |-123




address| value
unsigned int cap; L2221l ° iiap
unsigned int len; 0128 3 : cH
int * arr; 012c | 3b50 | =arr
this is Cl< address| value
/* x/ pointer 3b50 | 42
3bb54 777
if (len >= cap) 3b58 | -123
newcap = 2*cap; 3b60
newarr = malloc (newcap*sizeof (1nt))
memcpy (newarr, arr, len*sizeof (int)
free (arr);
afrt = newarty vector contents:
cap = newcap;
} index] O | | | 2
arr|[len] = wval;
-|--|-len; Value 42 77 '|23

)

’



address| value
unsigned 1nt cap; 124 - iiap
unsigned int len; V128 3 - <1
int * arr; 012c | 3b50 | =arr
( address| value
let’s append 321 3000 | 42
I 3bb4 177
1f (Qen >= Ca { aise 3b58 | =123

newaoap *cap; 3b60

(newcap*sizeof (int))

) ;

mencp newarr, arr, len*sizeof(int)
free r);
e 7 HeXarty vector contents:
cap /=~ newgap;
} index | O I 2
arr|[len] = wval;

42 | 77

value -123




unsigned 1nt cap;
unsigned 1nt len;

address

value

0124

4

0128

4

int * arr;

let’s append 321

if (len >= cap) {

newcap = 2*cap;
newarr = malloc
memcpy (newarr,
free (arr);
arr = newarr;
cap = newcap;

}

arr|[len] = val;

++1len;

012¢

3050

=cap
=]len
=arr

value

( address
3b50

(newcap*sxzeof (1nt) )
len*sizeof (1nt)

ATrY,

vector contents:

472

3b54

177

3058

-123

3bo0

321

index

)

value | 42

’



unsigned 1nt cap;
unsigned 1nt len;
int * arr;

address

value

0124

4

0128

4

012c

3050

let’s append -21

1f

(Len >= cap)

newcap =
newarr =
memcpy
free
arr
cap =
}
arr|[len] =
++l1len;

2*cap;
malloc
(newarr,
(arr) ;
newarr;
newcap;

val;

Ck
3050

true

(newcap*sizeof (int))
len*sizeof (1nt)

arr,

vector contents:

=cap
=]len
=arr

ddress

value

472

3b54

177

3058

-123

3bo0

321

index

)

value | 42

’



unsigned 1nt cap;
unsigned 1nt len;
int * arr;

let’s append -21

if (len >= cap) {

newcap = 2*cap;
newarr = malloc
memcpy (newarr,
free (arr);
arr = newarr;
cap = newcap;

}

arr|[len] = val;

++1len;

address

value

ab34

ab38

ab3c

ab40

ab44

ab48

abdc

address| value
0124 4 =cap
0128 4 =len
012c | 3b50 | =arzy
C)add ress| vailue
350 42
3b54 7]
308 | =123
3b60 | 321

ab5b0

(newcap*sizeof (int))

arr,

vector contents:

index

len*sizeof (1nt) ) ;

value | 42




unsigned 1nt cap;
unsigned 1nt len;

int * ar

let’s append -21

1f
newcap
newarr
memcpy
free
arr
cap =

J

arr|[len]
++1len;

Ly

(len >= cap)
2*cap;
malloc

{

([lewdarr,

(arr) ;
newarr,
newcap;

val;

address| value

0124 4 =cap

0128 4 =len

012c | 3b50 | =arr

C)add ress| value

350 42
3b54 7]
358 | =123
3b60 | 321 |

(newcap*sizeof fant))

darr, len*sizeof (1nt)

address| value
2534 | 42
ab38 77
a57c  -123
anhd0 . 321
3544

1548

-a54c

1a550

) ;

vector contents:

index

value | 42




address| value address| value
. . — ab34 42
unsigned int cap; viz4 4 cap
- - 0128 4 =len as>38 | 77
unsigned 1nt len; - — -
int * arr; 012c | 3b50 | =arr
ab40 321
< s o 2544
9
let’s append -21 > s
. as4dc
1f (len >= cap) {
+ ab50
newcap = 2*cap;

newarr = malloc (néewcap*sizeof (int));
memcpy (newarr, .arr, len*sizeof (1int));
free (arr);

abLb = Hewalry, vector contents:
cap = newcap; —
} index | 0 I 27 3
arr|[len] = wval; :
++1len; value | 22| 77 |-223| 321
| I S S




unsigned 1nt cap;
unsigned 1nt len;
int * arr;

let’s append -21

1f (len >= cap)

{

newcap = 2*cap;
newarr = malloc
memcpy (newarr,
free (arr);
arr = newarr;
cap = newcap;

}

arr|[len] = wval;

++1len;

address| value address| value
0124 8 ab34 472
0128 V' 4 ab38 7T
012c/ | a534 as3c | ~123
ab40 321
abdd
ab4d8
as4c
ab50
(newcap*sizeof (1nt)) ;
ari.,/len*sizeof (1nt));
vector contents:




unsigned 1nt cap;
unsigned 1nt len;
int * arr;

let’s append -21

1f (len >= cap) {
newcap = 2*cap;
newarr = malloc
memcpy (newarr,
free (arr);

arr = newarr;
cap = newcap;
}
arr|[len] = wval;

++1len;

arn,

address| value address| value
0124 adb34 472
0128 ab3t 777
012c ab3c | -123
ab40 | 321
ab44 | =21
ab548
asb4dc
as550

(nevcap*sizeof (int))

vector contents:

len*sizeof (1nt) ) ;




unsigned 1nt cap;
unsigned 1nt len;
int * arr;

/* .. K/

if (len >= cap)
newcap = 2*cap;
newarr = malloc

ar'r = newarry,

cap = newcap;
}
arr|[len] = wval;
++len;

| yoU'll create a leak

Arr, len*sizeof (int));

’

remember to clean up |
after yourself!
if you forget to free,

L]

cwcap*sizeof (1nt))

vector contents:




Implementation Overview

Linked Lists

® wrap user data into list nodes (“items”)
® |inks between nodes
® links to first (and last) node
® |inks are implemented with pointers

® |ook at three examples:
® simply linked list
® doubly linked list
® circular list



List
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Implementation Overview

Linked Lists
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Implementation Overview

Linked Lists

® advantages:
® simple
® |ightweight
® “unlimited” capacity

® potential drawback:
® no random access



Intermezzo
Important Elements of C

® structs
® encapsulate information required to

manage a data structure
® we'll frequently store pointers

® functions
® encapsulate the computations required for

operations on a data structure
® introduced last week, practice this week
® we'll frequently pass pointers




Structs Define New Types

struct name s {
char *first, *last;

} s
structs contains fields,
each field has a type

and 2 name

struct date s {
int vyear, day;
char *month;

}r

struct person | structs can be nested

struct name s name;
struct date s birthday;

}r



Structs Storage Examples

struct name s {
char *first,

};

struct date s {
int year, day;
char *month;

}r

struct person s {
struct name s name;

address

*last;

first] 4108

last

410c

struct date s birthday;

}r

address | value
4404 ‘B
4405 ‘of
44b6 ‘b’
4407 0

address | value
4800 ‘D’
4801 ‘o
4802 ‘e
4803 0




Structs Storage Examples

struct name s {
char *first, *last;

}r

struct date s {
int year, day;
char *month;

}r

address

struct person s { Hame first| 7290
struct name s name; last | 7294
o year | 7298

struct date s birthday;
} ; -' birthday day | 729c

month| 72a0




Field Access and Pointers

struct person s bob;
bob.name.first = “Bob”;
bob.birthday.year = 1999;
/* etc */

struct person s *alice;

alice = malloc (sizeof(*alice));
alice->name.first = “Alice”;

/* etc */

struct person s *pl, *p2;
pl = &bob;
p2 = alice;



Field Access and Pointers

struct person s bob;

bo ame.first = “Bob”;
bo irthday.year = 1999;

* . .
/* etd dot notation for value-variables
struct R ¢ b|
\lice  arrow notation for pointer-variables
alice-— >nam Llrst = “Alice”;
/* ete

Note. alice->name is a value here

struct person s *pl, *p2;
pl = &bob;
p2 = alice;



List

a0

head

Linked Lists

..back to
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struct 1tem {

int wvalue;

struct i1tem * next;
}r
struct i1tem *head, *tail;

/* */

struct i1tem * 1t;

1t = malloc (sizeof(*1t));
1t->value = value;
1t->next = NULL;
1f (NULL == head) {

head = 1t;

tail = 1t;
}
else {

tail->next = 1t;

tail = 1t;

Implementation Sketch

Lists



struct 1tem {

int value: .
’ variables
struct item * next; address

' head

struct i1tem *head, *tail; tail
it

/* L. K/

struct 1tem * 1t;
1t = malloc (sizeof (*1t));
1t->value = value;
1t->next = NULL;
1f (NULL == head) {
head = 1t;
tall = 1t;
}
else {
tall->next = 1t;
tail = 1t;

} list contents: ~, , r



struct 1tem {

int value: .
’ variables
struct item * next; address

' head

struct i1tem *head, *tail; tail
it

let’s append 42

struct 1tem * 1t;
it = malloc (sizeof (*it));

address

valuel 21c8

it->value = value; next | 21cc
1t->next = NULL;
1f (NULL == head) {
head = 1t;
tail = 1t;
}
else {
tall->next = 1t;
tail = 1t;

} list contents: ~s null



struct 1tem {

int value: .
’ variables
struct item * next; address

' head

struct i1tem *head, *tail; tail
it

let’s append 42

struct 1tem * 1t;

1t = malloc (sizeof (*1it));
it->value = value; next | 21cc
it->next = NULL;

1f /MNULL == head) {

tail = 1it;

address

valuel 21c8

J

else {
tail->next = 1t;
tail = 1t;

} list contents: ~s null



struct 1tem {
int value;

. variables
struct 1tem * next;
' head

address

struct i1tem *head, *tail; tail
it

let’s append 42

struct i1tem * 1t;

address

valuel 21c8

1t = malloc (sizeof (*1it));
it->value = value; next | 21cc
1t->next = NULL;
1f (NULL == head) {
head = 1t;
tail = 1it;
}
else {
tail->next = 1t;
tail = 1t;

: list contents: ~ 42~ i



struct 1tem {

int value: .
= variables
struct item * next; address

' head

struct i1tem *head, *tail; tail
it

let’s append 17

struct item * it; address

valuel 21c8

1t = malloc (sizeof (*1it));
it->value = value; next | 21cc
1t->next = NULL;
1f (NULL == head) {
head = 1t;
tail = 1t;
}
else {
tail->next = 1t;
tail = 1t;

} list contents: ~ 42~ i



struct 1tem {

int value; :
D variables
struct item * next; address
b head
struct i1tem *head, *tail; tail
1t

let’s append 17

struct i1tem * 1t;

it = malloc (sizeof(*1it));
it->value = value; next | 21cc
it->next = NULL;

head = :

. LT fa lse address
tai1l = 1t; valuel 4£f10

address
valuel 21c8

} next | 4£14
else {

tail->next = 1t;

tail = 1t;

: list contents: ~ 42~ i



struct 1tem {

int value;
struct 1tem * next;

by

struct i1tem *head, *tail; tail\ 21c8|

let’s append 17

struct i1tem * 1t;

variables [ qgress
head 21c8

1t I 4flO|

address

valuel 21c8

1t = malloc (sizeof (*1t));
it->value = value; next | 2lcc
1t->next = NULL;
1f (NULL == heaa) {
head = 1t; address
tail = 1t; valuel 4£10
} next | 4£f14
else {
tail ->next = 1t;
Ldll = 1t;

list contents: ~ 42~ i



struct 1tem {

int value: .
’ variables
struct item * next; address

' head

struct i1tem *head, *tail; tail
it

let’s append 17

struct item * it; address

valuel 21c8

1t = malloc (sizeof(*1t));
it->value = value; next | 2lcc
it->next = NULL; ‘/
1f (NULL == head) {

head = 1it; address

tail = 1t; valuel 4£10
} next | 4f14
else {

tal1l->next = 1t;

Ldll = 1t;

} list contents: ~ 42~ i



struct 1tem {

int value;
struct 1tem * next;

by

struct i1tem *head, *tail; tail

let’s append 17

struct 1tem * 1t;
1t = malloc (sizeof(*1it));

it->value = value; Hext\Zlcc KWLL'

1t->next = NULL;

variables [ 4qress
head

1t

address
valuel 21c8 47

1f (NULL == head) {

head = 1it; address

tail = 1t; valuel| 4£10
J next | 4£14
else {

tall->next = 1t;

Lall

= 1L

list contents: ~ 42~ i



struct 1tem {
int value;

. variables
struct 1tem * next;
v head

struct i1tem *head, *tail; tail 21c8

1t | 410

address
valuel 21c8 47

address

let’s append 17

struct i1tem * 1t;

1t = malloc (sizeof(*1t));
it->value = value; next | 2lcc | 4£10
1t->next = NULL;
1f (NULL == head) {
head = 1it; address
tail = 1t; valuel| 4£10
} next | 4£f14
else {
tall->next = 1t;
Lall — LL,

} list contents: — 42| 7~snull



struct 1tem {

int value: .
’ variables
struct item * next; address

' head

struct i1tem *head, *tail; tail
it

let’s append 17

struct item * it; address

valuel 21c8

1t = malloc (sizeof(*1t));
it->value = value; next | 2lcc
1t->next = NULL;
1f (NULL == head) {
head = 1it; address
tail = 1t; valuel| 4£10
} next | 4f£14
else {
tall->next = 1t;
tail = 1it;

} list contents: — 42| 7~snull



struct 1tem {

int value: .
’ variables
struct item * next; address

' head

struct i1tem *head, *tail; tail
it

/* L. K/

address

struct 1tem * 1t;
valuel 21c8

1t = malloc (sizeof(*1t));
it->value = value; next | 2lcc
1t->next = NULL;
1f (NULL == head) {
head = 1it; address
tail = 1t; valuel| 4£10
} next | 4f£14
else {
tall->next = 1t;
tail = 1t;

} list contents: — 42| 7~snull



struct 1tem {

int value;

struct 1tem * next;
}r

struct item *head, *tail;

. sooner or later we
imust free the memoryj
allocated here

/* L. K/

1t = malloc (sizeof (*1t))§

e T R o
1t->next = NULL;
1f (NULL == head) { ﬁ
head = 1t;
tail = 1t;
}
else {
tall->next = 1t;
tail = 1t;



struct 1tem {

int value;

struct 1tem * next;
b i
struct 1tem *head, *tail;

/* */

struct i1tem * 1t;

1t = malloc (sizeof(*1it))
1t->value = value;
1t->next = NULL;
1f (NULL == head) {

head = 1t;

talil = 1t;
}
else {

tail->next = 1t;

tail = 1t;

Implementation Sketch

Lists



A Typical List Operation Function

int list append (struct list s * list, int val)

{

struct i1tem * 1t;

1f (NULL == (1t = malloc (sizeof(*1t))))
return -1;

1t->value = value;

1t->next = NULL;

1f (NULL == list->head) {
list->head = 1t;
list->tail = 1t;

}

else {
list->tail->next = 1it;
list->tail = 1t;

}

return 0;



A Typical List Operation Function

int list append (struct list s(* Jlist, 1int val)

{

J

struct - pointer to the list that should get modified

1f (NULL == (1t = malloc (sizeof(*1t))))
it—>vJ!lI oo R :
it_spex  return value indicates success / failure
1f (NULL == list->head) {

list->head = 1t;
list->tail = 1t;

}

else {
list->tail->next = 1it;
list->tail = 1t;

}



Iypical List Declarations

typedef struct i1tem s
int value;

struct 1tem s *next;
} Item;

typedef struct list s {
ITtem *head, *tail;
} List;

vold list 1init (List *11);

vold list destroy (List *11);

int list append (List *11, 1int val);

int list insert (List *11, Item *pos, 1int val);
int list remove (List *11, Item *it);

/* etc... */



Iypical List Declarations

typedef struct i1tem s
int value;

struct 1tem s *next;
} Item;

. these have to free |
~ memory allocated

elsewhere
typedef struct list s | s et mtnssesncn)
ITtem *head, *tail;

} List;

vold list 1init
vold
int
int
int

(L1

*11);
11, 1int wval);
11, Item *pos, 1nt val);
List *11, Item *it);

| 1S
_1st 1nsert

/* etc... */



Common List Variations

® doubly-linked list
® cach item also knows its predecessor

® circular list
® the tail’'s successor is the first node
® the head’s predecessor is the last node
(for doubly-linked circular lists)



Common List Variations

® i '
doubly-linked list next.  next, next

® circular list



Common List
Specializations

® stack (LIFO - last in first out):
® push, pop, top

® queue (FIFO - first in first out):
® enqueue (insert at the end)
® dequeue (remove from the front)
® get (retrieve from the front)

® deque (double-ended queue):
® enqueue at front or end
® dequeue at front or end
® get at front or end




Iteration

® visit each item of a container
® vectors:

® just use array index

® can go forward, backward

® can even “‘jump around” (random access)
® |ists:

® just use list nodes

can go forward

o
® doubly-linked nodes can also go backward
® no random access



Vector lteration

struct vector s {
int *arr;
unsigned long cap;
unsigned long len;
b i

struct vector s *vec;

/* ... */
unsigned long 1;
for (1 = 0; 1 < wvec->len; ++1i)

printf (“%d\n”, wvec->arr[i]);



List Iteration

struct i1tem s

int value;

struct i1tem s * next;
b
struct list s {

struct i1tem s * head;
b

struct list s * list;

/* ... %/
struct 1item s * 1t;
for (it = list->head; NULL !'= it; it = 1it->next)

printf (“%d\n”, it->value);



...almost done...
Some Lose Ends

® store something other than integers
® copy-paste-adapt (easy but tedious)
® generics (reusable but trickier)
® void pointers
® pointer casts

® common list implementation glitches
® order of link reassignments
® |ist insertion after tail or before head



Changing the Item Type

struct 1int vector s {
1nt *arr;
size t len, cap;

}r

1nt 1nt vector append (
struct 1int vector s *vec,
int val);



Changing the Item Type

struct complex s {
double real, 1mag;

}r

struct cpx vector s
struct complex s *arr;
size t len, cap;

}r

1nt cpx vector append (
struct cpx vector s *vec,
struct complex s val);



Changing the Item Type

struct complex s {
double real, 1mag;

}r

struct complex vector s { his | vial v f
struct complex s *arr; this Is trivial only Tor

size t len, cap; item types that can
b i be bitwise copied by

the compiler
1nt complex vector append (

struct complex vector s *vec,
struct complex s val);



Changing the Item Type

struct person vector s { storing pointers to

struct person s **arr; Iitems IS more
size t len, cap; generic than storing
b s their values

1nt person vector append
struct person vector s *vec,
struct person s *val);

but now ownership management becomes
really important (more details later)




The Same for Lists

struct 1tem s
int value;

struct person_ltem_s { struct i1tem s *next;

struct person s *value; |
struct person i1tem s *next;

};

struct person list s {
struct person item s *head, *tail;

}y

1nt person list append (
struct person list s * list,
struct person s *value);



Generic Item Type

struct i1tem s
void *value;
struct i1tem s *next;
b7
struct list s {
struct i1tem s *head, *tail;

}r

int list append (
struct list s * list,
void *value) ;

struct list s * list;
struct person s * bob;
A Y B

list append (list, bob);



Generic Item Type

struct item s { to retrieve values,
L1 % .

void *value; we need to cast
struct i1tem s *next; . 1k

. — from void™ to the

struct list s { correct type
struct item s *head, *tail;

b and more

. . importantly, the
int list append (

struct list s * list, Memory occupied
void *value) ; by bob needs to

remain valid until

struct list s * list; _ :
~ list is destroyed!

struct person s * bob;
A Y B
list append (&list, &bob);



Take-Home Message

® containers serve to store, look up,
remove, and iterate over data items

® sequence containers store a serial
arrangement of data items

® vectors and linked lists are the
fundamental sequence container types

® stacks (LIFO), queues (FIFOs), and other
variations are easily built on top of lists





