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Introduction

A data structure uses a collection of
related variables that can be accessed
individually or as a whole.
We discuss three data structures here:
Arrays
Records
Linked lists
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Arrays

Imagine that we have 100 scores.

We need to read them, process them and print
them. We must also keep these 100 scores in
memory for the duration of the program. We can
define a hundred variables, each with a different

name.
? int mwain() scorel I |
34 )
4 int =scorel, scoreZ, scorel, scored, ... score ’ |
1 °
E return 0O; :
|
8 score100 I |
Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008. 3
But having 100 different names creates other problems. We
need 100 references to read them, 100 references to
process them and 100 references to write them.
Start
:1 \ int scorel, sScoreZ, scorei, Scored,
]
B scanf (T:5d", &£3corel):
7 scanf ("5d", &score);
8 scanf (T34, &£scored)
g scanf (T:5d", &£3cored)
10
1 4
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Arrays

An array is a sequenced collection of elements,

normally of the same data type, although some
programming languages accept arrays in which elements are of

different types.

We can refer to the elements in the array as the
first element, the second element and so forth,
until we get to the last element.

scores [1]

scores [2]

Note.
An array o In C/C++, the index starts from 0.
(But, do you know why?)

scores [100]

scores

Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.

Arrays

We can use loops to read, write, and process the
elements in an array.

Now it does not matter if there are 100, 1000 or
10,000 elements to be processed—loops make it
easy to handle them all. .

2 int main()

3 {

const int DATA NUM = 100;
int score[DATL NUN]:

R =

for (int i=0; i<DATA NUM: i+=1)
{

3 scanf ("yd", &scorel[i]l):

10 H

11

12 return 0;

13}
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Arrays

I—( | — it1 H Read scores [i]

L 4

[ 4

L( i — i+1 )(—( Process scores [i]
[i >100]

1 «—1

L( i €— i+1 )(—( Write scores [i]

We have used indexes that start from 1; some modern languages Stop
such as C, C++ and Java start indexes from 0.

[i> 100]
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Arrays

Compare the number of instructions we need fo
write to handle 100 scores without and with the
use of an array.

Assume that processing each score needs only one
instruction.

Without the use of an array:

100 instructions for reading, 100 instructions for writing,
and 100 instructions for processing. = 300 instructions.

- With the use of an array:
4 instructions in each loop, 3 loops = 12 instructions
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Arrays

The number of cycles (fetch, decode, and execute
phases) the computer needs to perform is not
reduced if we use an array.

The number of cycles is actually increased,
because we have the extra overhead of initializing,
incrementing and testing the value of the index.

[

7 for (int i=0; i<DATA NUM: i+=1)
4 {

S q scanf (54", Lscore[i]) !

10 i

1

But our concern is not the number of cycles: it is
the number of lines we need to write the program.
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Arrays

In computer science, one of the big issues is the
reusability of programs.

Assume we have written two programs to process
the scores without and with the use of an array.
If the number of scores changes from 100 to 1000,
how many changes do we need to make in each
program?

In the first program we need to add 3 x 900 = 2700
— instructions.

In the second program, we only need o change three
conditions

(I >100to I > 1000) If you define a named constant, you only
* have to modify one place.
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Arrays

Array name vs. element name

2 int mwain()
1 scores [1]
4 int score[100]; seores (2]
5 An array .
B score .
7 £3care scores [100]
3 score[0] scores
3 gscore[0]
1 [I B. Forouzan and F. Mosharraf, Foundations of
1 ] score+l Computer Science, 2nd ed., 2008.
12 Lscore+l
13 score[0] +1
14 L&score[0] +1
15 Make sure that you know the meaning of all
18 return 0; expressions on the left-hand side.

)
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Arrays

Multidimensional arrays

The arrays discussed so far are known as one-
dimensional arrays because the data is
organized linearly in only one direction.

Many applications require that data be stored
in more than one dimension.

Second dimension

(columns) scores[2][3]
1
o [y P BroM
i |
o 2] o
First dimension
(rows) 31
B. Forouzan and F. Mosharraf, Foundations of 4
Computer Science, 2nd ed., 2008. [5]
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Arrays

Memory layout

The indices in a one-dimensional array directly
define the relative positions of the element in
actual memory.

5 ¢
EO B int scors[100];
7
SCOFB[O] ] printf ("score: spin”
9 "etecore(0] 1 wp\n"
E4 10 "izcore[l]: Spin"
1 "gsoore[2]: spiat
score[1] 12 . ooore, &ecorae([0], sscore([l], éscora[Z]):
13 - - =
ES 14 system|"pauser) ; e+ DATeaching Coursel Introduction to Compu
15 return 0; 5
16 ¥ 1]
score[2] |,
18
19
20
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Arrays

Memory layout

The following figure shows a two-dimensional
array and how it is stored in memory using row-
major or column-major storage.

Row-major storage is more common.

“pA” o . A
((B)) R l olumn «E”
— ow L —
“C” [l] [2] [3] [4] C l 2 “B”
«p» 1| «a” | < | «c” [ “D» olumn “p
«p 21 «e” | “F” | “c” | “Hw» ' «c»
“F” Row 2 User’s View Colymn 3 “G”
—G Column 4 _D
Row-major Column-major
storage storage
B. Forouzan and F. Mosharraf, Foundations of 14
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Arrays

We have stored the two-dimensional array
students in memory.

The array is 100 x 4 (100 rows and 4 columns).

Assuming that the element student[1][1] is stored in
the memory location with address 1000.

Each element occupies only one memory location
The computer uses row-major storage.

Show the address of the element students[5] [3].

x: start address y=x+Colsx (i-1)+(j-1) = 1018
y: target address
) . 15
Introduction to Computer Science, Fall, 2010
! 1
! 1
! I 4int main)
! 159
: I g int score[100] [4] :
|
7
|
SCOI"E[O] 1 : ] printf("score: phvn"
1 | 9 "eacore[0] [O]: Epint
1 1 10 "eacore[0] [1]: %pin"
1 A *gscore[1] [O] @ %phn"
I 1 12 , Score, &score[0][0], &score[0][1], &score[l1][0]):
! 112
| 1 14 syatem|fpause”] ; D:ATeaching Conrsel Introduction to Computer Sciencel8
: I 15 return 0;
== & . : BB22F930
17 s AB22F734
18 corel11l@ an22F748
19 53 EEHEE . . .
20
Make sure that you know how to pass 1-D and 2-D

) ! arrays to functions in C/C++. 16
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Arrays

Operations on array

There are some operations that we can define
on an array as a data structure.

The common operations on arrays as structures

are
searching
insertion Many move operations are required and
I deletion thus inefficient.

refrieval —, Very efficient due to its ability of random access.
traversal

Introduction to Computer Science, Fall, 2010

Arrays

Insertion -

Deletion

e ead

In fact, the data is often left untouched here.

Introduction to Computer Science, Fall, 2010 18




Arrays

Delete efficiently but cause cost for other
operations

We do not move the succeeding elements. We just mark it as deleted.

Cost:

When doing search, we should check if the element is
marked by 'D".

We cannot do random access anymore.

Introduction to Computer Science, Fall, 2010

Arrays

Applications

If we have a list in which a lot of insertions and
deletions are expected after the original list
has been created, we should not use an array.

An array is more suitable when the number of
deletions and insertions is small, but a lot of
searching and retrieval activities are expected.

20
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Records

A record is a collection of related elements,
possibly of different types, having a single name.

Each element in a record is called a field.

A field is the smallest element of named data that has
meaning. It has a type and exists in memory.

Fields can be assigned values, which in turn can be
accessed for selection or manipulation.

A field differs from a variable primarily in that it is part

of a record.

denominator

B. Forouzan and F. Mosharraf, Foundations of
Computer Science, 2nd ed., 2008.

Introduction
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fraction

| “George Boole”

I name

‘A grade

student

21

Records

—~

LS D D e O N fa GO RO =

44

45 void process (const char name[],

48
47
48
49 4
a0k
R1

nt mwain()

int mary score([3], john scorel[3]:

int mary age, john age:

char wary name[20], john name[20]:

double mary avg score,

return O;

int age,

const int scores[],
double avg_score)

Without records

Introduction to Computer Science, Fall, 2010

john avey score;

we

54 {
HLE
il

14 struct T3tudent

15 {

16 int score[3], age:
17 char name[20] 7

18 double avyg Score;
19 +:

20

21 int maini()

22 4

23 Tetudent mwary, john:
24

25 return 0O;

28}

B3 void process (TStudent Lstud)

With records

22




Records

Record name

Just like in an array, we have two types of
identifier in a record: p

14 struct TStudent

the name of the record |

the hame of each individual 18 int scorel[3], age:
. . . 17 char name[20] ;
field inside the record " dounle avg score:

19 };

Most programming languages use 21 int maini)
a period (.) to separate the name R _
23 T3tudent mary, john;
of the structure (record) from 24
the name of its components (fields). % ~ mwary.age = 10;
25 mary.score[0] = 93;
27
kL] return 0O;

v
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Records

Arrays vs. Records

An array defines a collection of elements (of
the same type), while a record defines the
identifiable parts of an element.

For example, an array can define a class of
students (40 students), but a record defines
different attributes of a student, such as id,
— name or grade.

24
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Records

Array of records

For example, in a class of 30 students, we can have an
array of 30 records, each record representing a student.

Introduction to Computer Science, Fall, 2010

13
14 struct T3tudent students [1] | | | | I:I
15 ¢ id name grade
16 int id, grade:
17 char name[20] ; :
18 +: L4
[E]
| 1t =m0 students [30] | | I | ]
— 21 id name grade
2 Tatudent stu[30]:
23 students
24 stu[0].id = 495470001;
25 B. Forouzan and F. Mosharraf, Foundations of
28 return 0;: Computer Science, 2nd ed., 2008.
LY
28
. . 25
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Using a loop to read the data into an array of
records
Algorithm 11.2  Part of the pseudocode to read student records
i< 1
while (i < 31)
{
read (students [i]).id
S— read (students [i]).name
read (students [i]).grade
i<—=i+1
}
B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008. 26




Linked Lists

A linked list is a collection of data in which each
element contains the location of the next element.

The elements in a linked list are ftraditionally
called node.

Each node contains two parts: data and link.
The data hold the value information.

The link is used to chain the data together, and contains
a pointer (an address) that identifies the next element in

the list.

data link

B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.
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Linked Lists

1
? struct TData
31
4 int id, grade; Anode D_}
] char name[20] ; .
B s data link
7
8 struct TNode B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.
94
10 Thata data;
1 THode *link:
12 +:

18

14 int maini)

15 4

25

In linked lists, nodes are usually created
through dynamic memory allocation.

(malloc () in Cor new in C++)
TNode node:

node.data.id = 495470001;
node.link = 0; // null

return 0O;

Introduction to Computer Science, Fall, 2010

28




Linked Lists

It does not mean that there is only one way to
implement the linked list.

We can use array to implement the linked list, but
this is less common.

head data link

Introduction to Computer Science, Fall, 2010 29

Linked Lists

A pointer variable identifies the first element in
the list. The name of the list is the same as the
name of this pointer variable.

We define an empty linked list to be only a null
pointer.

null pointer

sincois B— B W W[ M

scores data  link data link data link data link

An empty
linked list .

scores

The value of a null pointer is 0 in C/C++.

B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008. 30
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Linked Lists

d
4 struct TData

of the address is

copy

stored here

The arrowhead represents the address of the node to which the
arrow head is pointed.

The solid circle shows where this copy of the address is stored.
A copy of the address can be stored in more than one place.

Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.

5|
w [ int id, grade;
16 int maini) 7 char nse[Z0] ;
17 { g1
18 L]
19 THade nodel, node?; 11 struct THode
20 11
21 nodal.data,id = 488470001; 1z Thata data;
22 nodel.link = gnodel: 13 LT Sl e
23 14 i:
24 node? .data.id = 493470002 ;
25
26 prinef("ed”, (*nodel.link).date.id):r 7/ print 498470002
27
28 system|"pause") !
i: ) return 0; You can also write nodel.link->data.id.
a1
Introduction to Computer Science, Fall, 2010 31
Linked Lists
A copy of
the address of First address
the node copy
First copy is stored here ~ -------|
node i node node
H Second copy is stored here ~ -------| .— :
The copy Second address

32




Linked Lists

Arrays vs. Linked lists

scores

L

scores

scores [1] 66

scores [2] 72

wores 3] [ 74
sors ] |5

Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.

e scores [5] 96
a. Array representation b. Linked list representation
Nodes are not guaranteed to be
contiguous in memory.
Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008. 3
Linked Lists
List name vs. node name
The name of a linked list is the name of the
head pointer that points to the first node of
the list.
Nodes, on the other hand, do not have an
explicit names in a linked list, just implicit ones.
e (*cur)hn_k
*scores *cur
woes W— . W— W W[ N
(*scor:es).data (*sco:res).link
cur
34




Operations on Linked Lists

Searching a linked list

Since nodes in a linked list have no names, we use

two pointers, pre (for previous) and cur (for
current).

At the beginning of the search, the pre pointer is null
and the cur pointer points to the first node.

The search algorithm moves the two pointers together

towards the end of the list.

Introduction to Computer Science, Fall, 2010

35

Operations on Linked Lists

Searching a linked list

Atthe start ------ .. ......

Afteronemove -------oooooo- - @M.

After four moves =eeeeececcecsceccscecccceccccsceccscaccscncencncoccncadiilcoceanaaa

pre

Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.
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Operations on Linked Lists

Algorithm 11.3  Searching a linked list

Algorithm: SearchLinkedList (list, target)

Purpose: Search the list using two pointers: pre and cur
Pre: The linked list (head pointer) and target value
Post: None

Return: The position of pre and cur pointers and the value of the flag (true or

false)

{
pre < null
cur < list
while ( cur != null && target < (*cur).data )
{

o pre < cur
cur < (*cur).link

}
if (cur != null && (*cur).data = target) flag « true

else flag < false
return (cur, pre, flag)

}

Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008. 37
Operations on Linked Lists
Inserting a node
Before insertion into a linked list, we first apply
the searching algorithm.
Note that we do not allow data with duplicate values.
Two cases can arise:
Insertion at the beginning of the list. (Inserting into an
empty list.)
Insertion in the middle of the list. (Insertion at the end
of the list.)
38
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Operations on Linked Lists

After the search

Inserting a node at the beginning

(*new).link <« cur list «— new

new

new

e 5 || =
.—» 102 cee 102

el

list list list
N NA NA
N [ =N =] =N ]
pre cur pre cur pre cur

list

o 1

Introduction to Computer Science, Fall, 2010

Result

B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.

39

Operations on Linked Lists

Inserting a node in the middle

After the search  |eee 132

178 oo

cur

(*pre).link <— new

Result

tist [E—{ 102 [B—] 132

178 Jl—{ 20 B

Introduction to Computer Science, Fall, 2010

B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.
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Operations on Linked Lists

Algorithm 11.4 Inserting a node in a linked list

Algorithm: InsertLinkedList (list, target, new)
{
searchlinkedlist (list, target, pre, cur, flag)
/f Given target and returning pre, cur, and flag
if (pre = null) Il Insertion at the beginning
(*new).link < cur
list < new
return list
— }
(*new).link < cur If Insertion in the middle
(*pre).link < new
return list
}
Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008. 42
Operations on Linked Lists
Deleting a node
Before deleting a node in a linked list, we apply the
search algorithm.
If the flag returned from the search algorithm is true
(the node is found), we can delete the node from the
linked list.
We also have two cases:
deleting the first node
deleting any other node.
43
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Operations on Linked Lists

Deleting the first node

After the search list «— (*cur).link

.—) 102 eee 102 (XX}
X ﬁ X

pre cur pre cur

Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.

list
Deleted
Result
If you allocate the memory dynamically, remember to release the memory.
free() formalloc () and delete for new.
Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008. a4
Deleting other nodes
After the search (*pre).link <€— (*cur).link
LX) eee| (000 132 178 LX)
pre cur pre cur
Predecessor [~ Successor
S list 201
Deleted
Result
If you allocate the memory dynamically, remember to release the memory.
free () formalloc () and delete for new.
45




Operations on Linked Lists

Deleting other nodes

Return: The new linked list

{
/l Given target and returning pre, cur, and flag
searchlinkedlist (list, target, pre, cur, flag)
if (flag = false) return list // The node to be deleted not found
if (pre = null) /I Deleting the first node
{
list— (*cur).link
r— return list
}
(*pre).link < (*cur).link /l Deleting other nodes
return list

46
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Operations on Linked Lists

Retrieving a hode

Retrieving means randomly accessing a node for
the purpose of inspecting or copying the data
contained in the node.

Before retrieving, the linked list needs to be
searched.

47
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Operations on Linked Lists

Algorithm 11.6 Retrieving a node in a linked list

Algorithm: RetrievelinkedList (list, target)

Purpose: Retrieves the data in a node after searching the list for the right node
Pre: The linked list (head pointer) and the target (data to be retrieved)

Post: None

Return: Return the data retrieved

{
searchlinkedlist (list, target, pre, cur, flag)
if (flag = false) return error  // The node not found
return (*cur).data

48

Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.

Operations on Linked Lists

Traversing a linked list

To traverse the list, we need a "walking” pointer,
which is a pointer that moves from node to node as each
element is processed.

We start traversing by setting the walking pointer
to the first node in the list.

Then, using a loop, we continue until all of the data
has been processed.

— Each iteration of the loop processes the current
node, then advances the walking pointer to the
next node.

49
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Operations on Linked Lists

Traversing a linked list

Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008.

list
102 132 178 201
5 A b ,'
" ll :’ "
’ A A ’
.-.’. ............ L IR, '
walker
Introduction to Computer Science, Fall, 2010 B. Forouzan and F. Mosharraf, Foundations of Computer Science, 2nd ed., 2008. %0
Operations on Linked Lists
Traversing a linked list
Return: The list
{
walker <— list
while (walker = null)
{
Process (*walker).data
walker < (*walker).link
—— }
return list
}
51




Linked Lists

Applications

A linked list is a very efficient data structure
for sorted list that will go through many
insertions and deletions.

A linked list is a dynamic data structure in
which the list can start with no nodes and then
grow as new nodes are needed.

| A node can be easily deleted without moving
other nodes, as would be the case with an array.

Introduction to Computer Science, Fall, 2010 52

Summary

Array, record, and linked list
What are they?
How to do operations?
When will you use them?
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