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MODULE 1: INTRODUCTION
DATA STRUCTURES
Data may be organized in many different ways. The logical or mathematical model of
a particular organization of data is called a data structure.
The choice of a particular data model depends on the two considerations
1. It must be rich enough in structure to mirror the actual relationships of the data in
the real world.
2. The structure should be simple enough that one can effectively process the data
whenever necessary.

Basic Terminology: Elementary Data Organization:
Data: Data are simply values or sets of values.
Data items: Data items refers to a single unit of values.
Data items that are divided into sub-items are called Group items. Ex: An Employee
Name may be divided into three subitems- first name, middle name, and last name.
Data items that are not able to divide into sub-items are called Elementary items.
Ex: SSN
Entity: An entity is something that has certain attributes or properties which may be
assigned values. The values may be either numeric or non-numeric.
Ex: Attributes- Names,
Age, Sex, SSN
ValuesRohland Gail,
34,
F,
134-34-5533
Entities with similar attributes form an entity set. Each attribute of an entity set has a range of
values, the set of all possible values that could be assigned to the particular attribute.
The term ―information‖ is sometimes used for data with given attributes, of, in other words
meaningful or processed data.
Field is a single elementary unit of information representing an attribute of an entity.
Record is the collection of field values of a given entity.
File is the collection of records of the entities in a given entity set.
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Each record in a file may contain many field items but the value in a certain field may
uniquely determine the record in the file. Such a field K is called a primary key and the values
k1, k2, ….. in such a field are called keys or key values.
Records may also be classified according to length.
A file can have fixed-length records or variable-length records.


 In fixed-length records, all the records contain the same data items with the same
amount of space assigned to each data item.
 In variable-length records file records may contain different lengths.

Example: Student records have variable lengths, since different students take differe nt
numbers of courses. Variable-length records have a minimum and a maximum length.
The above organization of data into fields, records and files may not be complex enough to
maintain and efficiently process certain collections of data. For this reason, data are also
organized into more complex types of structures.
The study of complex data structures includes the following three steps:
1. Logical or mathematical description of the structure
2. Implementation of the structure on a computer
3. Quantitative analysis of the structure, which includes determining the amount of
memory needed to store the structure and the time required to process the structure.

CLASSIFICATION OF DATA STRUCTURES
Data structures are generally classified into
  Primitive data Structures
 Non-primitive data Structures

1. Primitive data Structures: Primitive data structures are the fundamental data types
which are supported by a programming language. Basic data types such as integer, real,
character and Boolean are known as Primitive data Structures. These data types consists of
characters that cannot be divided and hence they also called simple data types.
2. Non- Primitive data Structures: Non-primitive data structures are those data structures
which are created using primitive data structures. Examples of non-primitive data
structures is the processing of complex numbers, linked lists, stacks, trees, and graphs.
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Based on the structure and arrangement of data, non-primitive data structures is
further classified into
1. Linear Data Structure
2. Non-linear Data Structure
1. Linear Data Structure:
A data structure is said to be linear if its elements form a sequence or a linear list. There
are basically two ways of representing such linear structure in memory.
1. One way is to have the linear relationships between the elements represented by
means of sequential memory location. These linear structures are called arrays.
2. The other way is to have the linear relationship between the elements represented by
means of pointers or links. These linear structures are called linked lists.
The common examples of linear data structure are Arrays, Queues, Stacks, Linked lists
2. Non-linear Data Structure:
A data structure is said to be non-linear if the data are not arranged in sequence or a linear.
The insertion and deletion of data is not possible in linear fashion. This structure is mainly
used to represent data containing a hierarchical relationship between elements. Trees and
graphs are the examples of non-linear data structure.

Arrays:
The simplest type of data structure is a linear (or one dimensional) array. A list of a finite
number n of similar data referenced respectively by a set of n consecutive numbers, usually 1,
2, 3 . . . . . . . n. if A is chosen the name for the array, then the elements of A are denoted by
subscript notation a1, a2, a3….. an
or
by the parenthesis notation
A (1), A (2), A (3) . . . . . . A (n)
or
by the bracket notation
A [1], A [2], A [3] . . . . . . A [n]
Example 1: A linear array STUDENT consisting of the names of six students is pictured in
below figure. Here STUDENT [1] denotes John Brown, STUDENT [2] denotes Sandra
Gold, and so on.
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Linear arrays are called one-dimensional arrays because each element in such an array is
referenced by one subscript. A two-dimensional array is a collection of similar data elements
where each element is referenced by two subscripts.
Example 2: A chain of 28 stores, each store having 4 departments, may list its weekly sales
as in below fig. Such data can be stored in the computer using a two-dimensional array in
which the first subscript denotes the store and the second subscript the department. If SALES
is the name given to the array, then
SALES [1, 1] = 2872, SALES [1, 2] - 805, SALES [1, 3] = 3211,…., SALES [28, 4] = 982

Trees
Data frequently contain a hierarchical relationship between various elements. The data
structure which reflects this relationship is called a rooted tree graph or a tree. Some of the
basic properties of tree are explained by means of examples
Example 1: Record Structure
Although a file may be maintained by means of one or more arrays a record, where one
indicates both the group items and the elementary items, can best be described by means of a
tree structure.
For example, an employee personnel record may contain the following data items:
Social Security Number, Name, Address, Age, Salary, Dependents
However, Name may be a group item with the sub-items Last, First and MI (middle initial).
Also Address may be a group item with the subitems Street address and Area address, where
Area itself may be a group item having subitems City, State and ZIP code number.
This hierarchical structure is pictured below
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Another way of picturing such a tree structure is in terms of levels, as shown below

Some of the data structures are briefly described below.
1. Stack: A stack, also called a fast-in first-out (LIFO) system, is a linear list in which
insertions and deletions can take place only at one end, called the top. This structure is similar
in its operation to a stack of dishes on a spring system as shown in fig.
Note that new 4 dishes are inserted only at the top of the stack and dishes can be deleted only
from the top of the Stack.
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2. Queue: A queue, also called a first-in first-out (FIFO) system, is a linear list in which
deletions can take place only at one end of the list, the "from'' of the list, and insertions can
take place only at the other end of the list, the ―rear‖ of the list.
This structure operates in much the same way as a line of people waiting at a bus stop, as
pictured in Fig. the first person in line is the first person to board the bus. Another analogy is
with automobiles waiting to pass through an intersection the first car in line is the first car
through.

3. Graph: Data sometimes contain a relationship between pairs of elements which is not
necessarily hierarchical in nature. For example, suppose an airline flies only between the
cities connected by lines in Fig. The data structure which reflects this type of relationship is
called a graph.
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DATA STRUCTURES OPERATIONS
The data appearing in data structures are processed by means of certain operations.
The following four operations play a major role in this text:
1. Traversing: accessing each record/node exactly once so that certain items in the
record may be processed. (This accessing and processing is sometimes called
―visiting‖ the record.)
2. Searching: Finding the location of the desired node with a given key value, or finding
the locations of all such nodes which satisfy one or more conditions.
3. Inserting: Adding a new node/record to the structure.
4. Deleting: Removing a node/record from the structure.
The following two operations, which are used in special situations:
1. Sorting: Arranging the records in some logical order (e.g., alphabetically according to
some NAME key, or in numerical order according to some NUMBER key, such as
social security number or account number)
2. Merging: Combining the records in two different sorted files into a single sorted file.

ARRAYS


 An Array is defined as, an ordered set of similar data items. All the data items of an
array are stored in consecutive memory locations.

 The data items of an array are of same type and each data items can be accessed
using the same name but different index value.

 An array is a set of pairs, <index, value >, such that each index has a value associated
with it. It can be called as corresponding or a mapping
Ex: <index, value>
<0,25> list[0]=25
<1,15> list[1]=15
<2,20> list[2]=20
<3,17> list[3]=17
<4,35> list[4]=35
Here, list is the name of array. By using, list [0] to list [4] the data items in list can
be accessed.
Array in C
Declaration: A one dimensional array in C is declared by adding brackets to the name of a
variable.
Ex:
int list[5], *plist[5];
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 The array list[5], defines 5 integers and in C array start at index 0, so list[0], list[1],
list[2], list[3], list[4] are the names of five array elements which contains an
integer value.
 The array *plist[5], defines an array of 5 pointers to integers. Where, plist[0],
plist[1], plist[2], plist[3], plist[4] are the five array elements which contains a pointer
to an integer.

Implementation:



 When the complier encounters an array declaration, list[5], it allocates five
consecutive memory locations. Each memory is enough large to hold a single integer.
 The address of first element of an array is called Base Address. Ex: For list[5] the
address of list[0] is called the base address.
 If the memory address of list[i] need to compute by the compiler, then the size of
the int would get by sizeof (int), then memory address of list[i] is as follows:
list[i] = α + i * sizeof (int)
Where, α is base address.

Difference between int *list1; & int list2[5];
The variables list1 and list2 are both pointers to an int, but in list2[5] five memory locations
are reserved for holding integers. list2 is a pointer to list2[0] and list2+i is a pointer to list2[i].
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Note: In C the offset i do not multiply with the size of the type to get to the appropriate
element of the array. Hence (list2+i) is equal &list2[i] and *(list2+i) is equal to list2[i].
How C treats an array when it is parameter to a function?




 All parameters of a C functions must be declared within the function. As various
parameters are passed to functions, the name of an array can be passed as parameter.
 The range of a one-dimensional array is defined only in the main function since new
storage for an array is not allocated within a function.
 If the size of a one dimensional array is needed, it must be passed into function as a
argument or accessed as a global variable.

Example: Array Program
#define MAX_SIZE 100
float sum(float [], int);
float input[MAX_SIZE], answer;
void main(void)
{
int i;
for( i=0; i<MAX_SIZE; i++)
input[i]= i;
answer = sum(input, MAX_SIZE);
printf(―\n The sum is: %f \n‖,answer);
}
float sum(float list[], int n)
{
int i;
float tempsum = 0;
for(i=0; i<n; i++)
tempsum = tempsum + list[i];
return tempsum;
}
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When sum is invoked, input=&input[0] is copied into a temporary location and associated
with the formal parameter list
A function that prints out both the address of the ith element of the array and the value
found at that address can written as shown in below program.
void print1 (int *ptr, int rows)
{
int i;
printf(― Address contents \n‖);
for(i=0; i<rows; i++)
printf(―% 8u %5d \n‖, ptr+i, *(prt+i));
printf(―\n‖);
}
Output:
Address
12244868
12344872
12344876
12344880
12344884

Content
0
1
2
3
4
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STRUCTURES
In C, a way to group data that permits the data to vary in type. This mechanism is called
the structure, for short struct.
A structure (a record) is a collection of data items, where each item is identified as to its
type and name.
Syntax: struct
{data_type member 1;
data_type member 2;
………………………
………………………
data_type member n;
} variable_name;
Ex:

struct {

char name[10];
int age;
float salary;
} Person;
The above example creates a structure and variable name is Person and that has three fields:
name = a name that is a character array
age = an integer value representing the age of the person salary =
a float value representing the salary of the individual

Assign values to fields
To assign values to the fields, use . (dot) as the structure member operator. This operator is
used to select a particular member of the structure
Ex:

strcpy(Person.name,―james‖);
Person.age = 10;
Person.salary = 35000;

Type-Defined Structure
The structure definition associated with keyword typedef is called Type-Defined Structure.
Syntax 1: typedef struct
{
data_type member 1;
data_type member 2;
………………………
………………………
data_type member n;
}Type_name;
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Where,
 typedef is the keyword used at the beginning of the definition and by using typedef
user defined data type can be obtained.

 struct is the keyword which tells structure is defined to the complier
 The members are declare with their data_type
 Type_name is not a variable, it is user defined data_type.
Syntax 2: struct struct_name
{
data_type member 1;
data_type member 2;
………………………
………………………
data_type member n;
};
typedef struct struct_name Type_name;

Ex:

typedef struct{
char name[10];
int age;
float salary;
}humanBeing;

In above example, humanBeing is the name of the type and it is a user defined data type.
Declarations of structure variables:
humanBeing person1, person2;
This statement declares the variable person1 and person2 are of type humanBeing.

Structure Operation
The various operations can be performed on structures and structure members.
1. Structure Equality Check:
Here, the equality or inequality check of two structure variable of same type or dissimilar
type is not allowed
typedef struct{
char name[10];
int age;
float salary;
}humanBeing;
humanBeing person1, person2;
if (person1 = = person2) is invalid.
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The valid function is shown below
#define FALSE 0
#define TRUE 1
if (humansEqual(person1,person2))
printf("The two human beings are the same\n");
else
printf("The two human beings are not the same\n");

int humansEqual(humanBeing person1, humanBeing person2)
{ /* return TRUE if person1 and person2 are the same human being
otherwise return FALSE */
if (strcmp(person1.name, person2.name))
return FALSE;
if (person1.age != person2.age)
return FALSE;
if (person1.salary != person2.salary)
return FALSE;
return TRUE;
}
Program: Function to check equality of structures
2. Assignment operation on Structure variables: person1
= person2

The above statement means that the value of every field of the structure of person 2 is
assigned as the value of the corresponding field of person 1, but this is invalid statement.
Valid Statements is given below:
strcpy(person1.name, person2.name);
person1.age = person2.age;
person1.salary = person2.salary;

Structure within a structure:
There is possibility to embed a structure within a structure. There are 2 ways to embed
structure.
1. The structures are defined separately and a variable of structure type is declared inside the
definition of another structure. The accessing of the variable of a structure type that are nested
inside another structure in the same way as accessing other member of that structure
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Example: The following example shows two structures, where both the structure are defined
separately.
struct date
{
int month;
int day;
int year;
};
struct HumanB
{
char name[10];
int age;
float salary;
struct date dob;
} humanBeing;
humanBeing person1;
A person born on February 11, 1944, would have the values for the date struct set as:
person1.dob.month = 2;
person1.dob.day = 11;
person1.dob.year = 1944;
2. The complete definition of a structure is placed inside the definition of another structure.
Example:
typedef struct {
char name[10];
int age;
float salary;
struct {
int month;
int day;
int year;
} date;
} humanBeing;
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SELF-REFERENTIAL STRUCTURES
A self-referential structure is one in which one or more of its components is a pointer to itself.
Self-referential structures usually require dynamic storage management routines (malloc and
free) to explicitly obtain and release memory.
Consider as an example:
typedef struct {
char data;
struct list *link ;
} list;
Each instance of the structure list will have two components data and link.
  Data: is a single character,

 Link: link is a pointer to a list structure. The value of link is either the address in
memory of an instance of list or the null pointer.

Consider these statements, which create three structures and assign values to their respective
fields:
list item1, item2, item3;
item1.data = 'a';
item2.data = 'b';
item3.data = 'c';
item1.link = item2.1ink = item3.link = NULL;

Structures item1, item2 and item3 each contain the data item a, b, and c respectively, and the
null pointer. These structures can be attached together by replacing the null link field in item
2 with one that points to item 3 and by replacing the null link field in item 1 with one that
points to item 2.
item1.link = &item2;
item2.1ink = &item3;
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Unions:
A union is similar to a structure, it is collection of data similar data type or dissimilar.
Syntax:

union{
data_type member 1;
data_type member 2;
………………………
………………………
data_type member n;
}variable_name;

Example:
union{
int children;
int adult;
} u;
Union Declaration:
A union declaration is similar to a structure, but the fields of a union must share their
memory space. This means that only one field of the union is "active" at any given time.
union{
char name;
int age;
float salary;
}u;

The major difference between a union and a structure is that unlike structure members which
are stored in separate memory locations, all the members of union must share the same
memory space. This means that only one field of the union is "active" at any given time.
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Example:
#include <stdio.h>
union job {
char name[32];
float salary;
int worker_no;
}u;
int main( ){
printf("Enter name:\n");
scanf("%s", &u.name);
printf("Enter salary: \n");
scanf("%f", &u.salary);
printf("Displaying\n Name :%s\n",u.name);
printf("Salary: %.1f",u.salary);
return 0;
}
Output:
Enter name: Albert
Enter salary: 45678.90
Displaying
Name: f%gupad (Garbage Value)
Salary: 45678.90

POINTERS
A pointer is a variable which contains the address in memory of another
variable. The two most important operator used with the pointer type are
& - The unary operator & which gives the address of a variable
* - The indirection or dereference operator * gives the content of the object pointed
to by a pointer.
Declaration
int i, *pi;
Here, i is the integer variable and pi is a pointer to an integer
pi = &i;
Here, &i returns the address of i and assigns it as the value of pi
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Null Pointer
The null pointer points to no object or function.
The null pointer is represented by the integer 0.
The null pointer can be used in relational expression, where it is interpreted as false.
Ex:

if (pi = = NULL)

or

if (!pi)

Pointers can be Dangerous:
Pointer can be very dangerous if they are misused. The pointers are dangerous in following
situations:
1. Pointer can be dangerous when an attempt is made to access an area of memory that is either out of
range of program or that does not contain a pointer reference to a legitimate object.

Ex: main ()
{
int *p;
int pa = 10;
p = &pa;
printf(―%d‖, *p); //output = 10;
printf(―%d‖, *(p+1)); //accessing memory which is out of range
}
2. It is dangerous when a NULL pointer is de-referenced, because on some computer it may
return 0 and permitting execution to continue, or it may return the result stored in location
zero, so it may produce a serious error.
3. Pointer is dangerous when use of explicit type casts in converting between pointer types
Ex: pi = malloc (sizeof (int));
pf = (float*) pi;
4. In some system, pointers have the same size as type int, since int is the default type
specifier, some programmers omit the return type when defining a function. The return type
defaults to int which can later be interpreted as a pointer. This has proven to be a dangerous
practice on some computer and the programmer is made to define explicit types for functions.
Pointers to Pointers
A variable which contains address of a pointer variable is called pointer -to-pointer.
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DYNAMIC MEMORY ALLOCATION FUNCTIONS
1. malloc( ):
The function malloc allocates a user- specified amount of memory and a pointer to the start of
the allocated memory is returned.
If there is insufficient memory to make the allocation, the returned value is NULL.
Syntax:
data_type *x;
x= (data_type *) malloc(size);
Where,
x is a pointer variable of data_type
size is the number of bytes
Ex:

int *ptr;
ptr = (int *) malloc(100*sizeof(int));

2. calloc( ):
The function calloc allocates a user- specified amount of memory and initializes the allocated
memory to 0 and a pointer to the start of the allocated memory is returned.
If there is insufficient memory to make the allocation, the returned value is NULL.
Syntax:
data_type *x;
x= (data_type *) calloc(n, size);
Where,
x is a pointer variable of type int
n is the number of block to be allocated
size is the number of bytes in each block
Ex:

int *ptr;
ptr= (int *) calloc(100, sizeof(int));
The above example is used to define a one-dimensional array of integers. The capacity of this
array is n=100 and x [0: n-1] (x [0, 99]) are initially 0
Macro CALLOC
#define CALLOC (p, n, s)\
if ( ! ((p) = calloc (n, s)))\
{\
fprintf(stderr, ―Insuffiient memory‖);\
exit(EXIT_FAILURE);\
}\
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3. realloc( ):







 Before using the realloc( ) function, the memory should have been allocated using
malloc( ) or calloc( ) functions.
 The function relloc( ) resizes memory previously allocated by either mallor or calloc,
which means, the size of the memory changes by extending or deleting the allocated
memory.
 If the existing allocated memory need to extend, the pointer value will not change.
 If the existing allocated memory cannot be extended, the function allocates a new
block and copies the contents of existing memory block into new memory block and
then deletes the old memory block.

 When realloc is able to do the resizing, it returns a pointer to the start of the new block
and when it is unable to do the resizing, the old block is unchanged and the function
returns the value NULL
Syntax:
data_type *x;
x= (data_type *) realloc(p, s);
The size of the memory block pointed at by p changes to S. When s > p the additional s-p
memory block have been extended and when s < p, then p-s bytes of the old block are freed.
Macro REALLOC
#define REALLOC(p,S)\
if (!((p) = realloc(p,s))) \
{\
fprintf(stderr, "Insufficient memory");\
exit(EXIT_FAILURE);\
}\
4. free( )
Dynamically allocated memory with either malloc( ) or calloc ( ) does not return on its own.
The programmer must use free( ) explicitly to release space.
Syntax:
free(ptr);
This statement cause the space in memory pointed by ptr to be deallocated.
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REPRESENTATION OF LINEAR ARRAYS IN MEMORY
Linear Array
A linear array is a list of a finite number ‘n’ of homogeneous data element such that
a. The elements of the array are reference respectively by an index set consisting of n
consecutive numbers.
b. The element of the array are respectively in successive memory locations.
The number n of elements is called the length or size of the array. The length or the
numbers of elements of the array can be obtained from the index set by the formula
When LB = 0,
Length = UB – LB + 1
When LB = 1,
Length = UB
Where,
UB is the largest index called the Upper Bound
LB is the smallest index, called the Lower Bound

Representation of linear arrays in memory
Let LA be a linear array in the memory of the computer. The memory of the computer is
simply a sequence of address location as shown below,
1000
1001
1002
1003
1004

LOC (LA [K]) = address of the element LA [K] of the array LA
The elements of LA are stored in successive memory cells.
The computer does not keep track of the address of every element of LA, but needs to
keep track only the address of the first element of LA denoted by,
Base (LA)
and called the base address of LA.
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Using the base address of LA, the computer calculates the address of any element of LA
by the formula
LOC (LA[K]) = Base(LA) + w(K – lower bound)
Where, w is the number of words per memory cell for the array LA.

DYNAMICALLY ALLOCATED ARRAYS
One Dimensional Array
While writing computer programs, if finds ourselves in a situation where we cannot determine
how large an array to use, then a good solution to this problem is to defer this decision to run
time and allocate the array when we have a good estimate of the required array size.
Example:
int i, n, *list;
printf(―Enter the number of numbers to
generate:‖); scanf(―%d‖, &n);
if(n<1)
{
fprintf (stderr, ―Improper value of n \n‖);
exit(EXIT_FAILURE);
}
MALLOC (list, n*sizeof(int));
The programs fails only when n<1 or insufficient memory to hold the list of numbers that are
to be sorted.

Two Dimensional Arrays
C uses array-of-arrays representation to represent a multidimensional array. The two
dimensional arrays is represented as a one-dimensional array in which each element is itself a
one-dimensional array.
Example: int x[3][5];

Array-of-arrays representation
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C find element x[i][j] by first accessing the pointer in x[i].
Where x[i] = α+ i* sizeof(int), which give the address of the zeroth element of row i of the
array.
Then adding j*sizeof(int) to this pointer ( x[i] ) , the address of the [j]th element of row i is
determined.
x[i] = α+ i* sizeof(int)
x[j] = α+ j* sizeof(int)
x[i][j] = x[i]+ i* sizeof(int)

Creation of Two-Dimensional Array Dynamically
int **myArray;
myArray = make2dArray(5,10);
myArray[2][4]=6;
int ** make2dArray(int rows, int cols)
{ /* create a two dimensional rows X cols array
*/ int **x, i;
MALLOC(x, rows * sizeof (*x)); /*get memory for row pointers*/
for (i= 0;i<rows; i++) /* get memory for each row */
MALLOC(x[i], cols * sizeof(**x)); return x;
}
The second line allocates memory for a 5 by 10 two -dimensional array of integers and
the third line assigns the value 6 to the [2][4] element of this array.
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ARRAY OPERATIONS
1. Traversing



Let A be a collection of data elements stored in the memory of the computer. Suppose if the
contents of the each elements of array A needs to be printed or to count the numbers of
elements of A with a given property can be accomplished by Traversing.

 Traversing is a accessing and processing each element in the array exactly once.

Algorithm 1: (Traversing a Linear Array)
Hear LA is a linear array with the lower bound LB and upper bound UB. This algorithm
traverses LA applying an operation PROCESS to each element of LA using while loop.

1.
2.
3.
4.

[Initialize Counter]
Repeat step 3 and 4
[Visit element]
[Increase counter]
[End of step 2 loop]
5. Exit

set K:= LB
while K ≤ UB
Apply PROCESS to LA [K]
Set K:= K + 1

Algorithm 2: (Traversing a Linear Array)
Hear LA is a linear array with the lower bound LB and upper bound UB. This algorithm
traverses LA applying an operation PROCESS to each element of LA using repeat – for loop.
1. Repeat for K = LB to UB
Apply PROCESS to LA [K]
[End of loop]
2. Exit.
Example:
Consider the array AUTO which records the number of automobiles sold each year from 1932
through 1984.
To find the number NUM of years during which more than 300 automobiles were sold,
involves traversing AUTO.
1. [Initialization step.] Set NUM := 0
2. Repeat for K = 1932 to 1984:
If AUTO [K] > 300, then: Set NUM: = NUM + 1.
[End of loop.]
3. Return.
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2. Inserting





Let A be a collection of data elements stored in the memory of the computer.
Inserting refers to the operation of adding another element to the collection A.

 Inserting an element at the ―end‖ of the linear array can be easily done provided the
memory space allocated for the array is large enough to accommodate the additional
element.
 Inserting an element in the middle of the array, then on average, half of the elements
must be moved downwards to new locations to accommodate the new element and
keep the order of the other elements.

Algorithm:
INSERT (LA, N, K, ITEM)
Here LA is a linear array with N elements and K is a positive integer such that K ≤ N.
This algorithm inserts an element ITEM into the K
1. [Initialize counter]
2. Repeat step 3 and 4

th

position in LA.

set J:= N
while J ≥ K

th

[Move J element downward]
Set LA [J+1] := LA[J]
[Decrease counter]
set J:= J – 1
[End of step 2 loop]
5. [Insert element]
set LA[K]:= ITEM
6. [Reset N]
set N:= N+1
7. Exit
3.
4.

3. Deleting



 Deleting refers to the operation of removing one element to the collection A.
 Deleting an element at the ―end‖ of the linear array can be easily done with difficulties.
 If element at the middle of the array needs to be deleted, then each
subsequent elements be moved one location upward to fill up the array.

Algorithm
DELETE (LA, N, K, ITEM)
Here LA is a linear array with N elements and K is a positive integer such that K ≤ N.
this algorithm deletes the K

th

element from LA

1. Set ITEM:= LA[K]
2. Repeat for J = K to N – 1
[Move J + 1 element upward]
set LA[J]:= LA[J+1]
[End of loop]
3. [Reset the number N of elements in LA] set N:= N – 1
4. Exit
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Example: Inserting and Deleting
Suppose NAME is an 8-element linear array, and suppose five names are in the array, as in
Fig.(a). Observe that the names are listed alphabetically, and suppose we want to keep the
array names alphabetical at all times. Suppose Ford is added to the array. Then Johnson,
Smith and Wagner must each be moved downward one location, as in Fig.(b). Next suppose
Taylor is added to the array; then Wagner must be moved, as in Fig.(c). Last, suppose Davis is
removed from the array. Then the five names Ford, Johnson, Smith, Taylor and Wagner must
each be moved upward one location, as in Fig.(d).

4. Sorting
Sorting refers to the operation of rearranging the elements of a list. Here list be a set of
n elements. The elements are arranged in increasing or decreasing order.
Ex: suppose A is the list of n numbers. Sorting A refers to the operation of rearranging the
elements of A so they are in increasing order, i.e., so that,
A[I] < A[2] < A[3] < ... < A[N]
For example, suppose A originally is the list
8, 4, 19, 2, 7, 13, 5, 16
After sorting, A is the list
2, 4, 5, 7, 8, 13, 16, 19
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Bubble Sort
Suppose the list of numbers A[l], A[2], ... , A[N] is in memory. The bubble sort
algorithm works as follows:
Algorithm: Bubble Sort – BUBBLE (DATA, N)
Here DATA is an array with N elements. This algorithm sorts the elements in
DATA.
1. Repeat Steps 2 and 3 for K = 1 to N - 1.
2.
Set PTR: = 1.
[Initializes pass pointer PTR.]
3.
Repeat while PTR ≤ N - K:
[Executes pass.]
(a) If DATA[PTR] > DATA[PTR + 1], then:
Interchange DATA [PTR] and DATA [PTR + 1].
[End of If structure.]
(b) Set PTR: = PTR + 1.
[End of inner loop.]
[End of Step 1 outer loop.]
4. Exit.

Example:
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Complexity of the Bubble Sort Algorithm
The time for a sorting algorithm is measured in terms of the number of comparisons f(n).
There are n – 1 comparisons during the first pass, which places the largest element in the last
position; there are n - 2 comparisons in the second step, which places the second largest
element in the next-to-last position; and so on. Thus
( − )

f(n) = (n - 1) + (n - 2) + ... + 2 + 1
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5. Searching



 Let DATA be a collection of data elements in memory, and suppose a specific ITEM
of information is given. Searching refers to the operation of finding the location LOC
of ITEM in DATA, or printing some message that ITEM does not appear there.
 The search is said to be successful if ITEM does appear in DATA and unsuccessful
otherwise.

Linear Search
Suppose DATA is a linear array with n elements. Given no other information about DATA,
The way to search for a given ITEM in DATA is to compare ITEM with each element of
DATA one by one. That is, first test whether DATA [l] = ITEM, and then test whether
DATA[2] = ITEM, and so on. This method, which traverses DATA sequentially to locate
ITEM, is called linear search or sequential search.
Algorithm: (Linear Search) LINEAR (DATA, N, ITEM, LOC)
Here DATA is a linear array with N elements, and ITEM is a given item of information.
This algorithm finds the location LOC of ITEM in DATA, or sets LOC: = 0 if the search is
unsuccessful.
1. [Insert ITEM at the end of DATA.] Set DATA [N + 1]: = ITEM.
2. [Initialize counter.] Set LOC: = l.
3. [Search for ITEM.]
Repeat while DATA [LOC] ≠
ITEM: Set LOC:= LOC + 1.
[End of loop.]
4. [Successful?] If LOC = N + 1, then: Set LOC:= 0
5. Exit.

Complexity of the Linear Search Algorithm
Worst Case: The worst case occurs when one must search through the entire array DATA,
i.e., when ITEM does not appear in DATA. In this case, the algorithm requires comparisons.
f(n) = n + 1
Thus, in the worst case, the running time is proportional to n.
Average Case: The average number of comparisons required to find the location of ITEM is
approximately equal to half the number of elements in the array.
f(n)= ( +1)
2
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Binary Search
Suppose DATA is an array which is sorted in increasing numerical order or, equivalently,
alphabetically. Then there is an extremely efficient searching algorithm, called binary search,
which can be used to find the location LOC of a given ITEM of information in DATA.
Algorithm: (Binary Search) BINARY (DATA, LB, UB, ITEM, LOC)
Here DATA is a sorted array with lower bound LB and upper bound UB, and ITEM is a
given item of information. The variables BEG, END and MID denote, the beginning, end
and middle locations of a segment of elements of DATA.
This algorithm finds the location LOC of ITEM in DATA or sets LOC = NULL.
1. [Initialize segment variables.]
Set BEG: = LB, END := UB and MID = INT((BEG + END)/2).
2. Repeat Steps 3 and 4 while BEG ≤ END and DATA [MID] ≠ ITEM.
3.
If ITEM < DATA [MID], then:
Set END := MID - 1.
Else:
Set BEG := MID + 1.
[End of If structure.]
4.
Set MID := INT((BEG +
END)/2). [End of Step 2 loop.]
5. If DATA[MID] = ITEM, then:
Set LOC := MID.
Else:
Set LOC := NULL.
[End of If structure.]
6. Exit.
Remark: Whenever ITEM does

Complexity of the Binary Search Algorithm
The complexity is measured by the number f(n) of comparisons to locate ITEM in DATA
where DATA contains n elements. Observe that each comparison reduces the sample size
in half. Hence we require at most f(n) comparisons to locate ITEM where
f(n)

2

> n or equivalently f(n) = [log2 n] + 1

That is, the running time for the worst case is approximately equal to log2 n. One can also
show that the running time for the average case is approximately equal to the running time for
the worst case.
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MULTIDIMENSIONAL ARRAY
Two-Dimensional Arrays
A two-dimensional m x n array A is a collection of m . n data elements such that each element
is specified by a pair of integers (such as J, K), called subscripts, with the property that
1 ≤ J ≤ m and 1 ≤ K ≤ n
The element of A with first subscript j and second subscript k will be denoted
by AJ,K or A[J, K]
Two-dimensional arrays are called matrices in mathematics and tables in
business applications.
There is a standard way of drawing a two-dimensional m x n array A where the elements of A
form a rectangular array with m rows and n columns and where the element A[J, K] appears
in row J and column K.

Representation of Two-Dimensional Arrays in Memory
Let A be a two-dimensional m x n array. Although A is pictured as a rectangular array of
elements with m rows and n columns, the array will be represented in memory by a block of
m . n sequential memory locations.
The programming language will store the array A either (1) column by column, is called
column-major order, or (2) row by row, in row-major order.
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The computer uses the formula to find the address of LA[K] in time independent of
K. LOC (LA[K]) = Base(LA) + w(K - 1)
The computer keeps track of Base(A)-the address of the first element A[1, 1] of Aand computes the address LOC(A[J, K]) of A[J, K] using the formula
(Column-major order)

LOC(A[J, K]) = Base(A) + w[M(K - 1) + (J - 1)]

(Row-major order)

LOC(A[J, K]) = Base(A) + w[N(J - 1) + (K - 1)]

General Multidimensional Arrays
An n-dimensional m1 X m2 X ... X mn array B is a collection of m1, m2 ... mn data elements in
which each element is specified by a list of n integers-such as K1 K2 ... , Kn called subscripts,
with the property that
1 ≤ K1 ≤ m1 , 1 ≤ K2 ≤ m2 ….. 1 ≤ Kn ≤ mn
The element of B with subscripts K1 K2 ... , Kn will be denoted by B[K1 K2 ... , Kn]
The programming language will store the array B either in row-major order or in
column-major order.
Let C be such an n-dimensional array. The index set for each dimension of C consists of the
consecutive integers from the lower bound to the upper bound of the dimension. The length Li
of dimension i of C is the number of elements in the index set, and Li can be calculated, as
Li = upper bound - lower bound + 1
For a given subscript Ki, the effective index Ei of Li is the number of indices preceding Ki in
the index set, and Ei can be calculated from
Ei = Ki - lower bound
Then the address LOC(C[K1 K2 ... , Kn] of an arbitrary element of C can be obtained from the
formula
Base(C) + w[((( ... (ENLN-1 ] + E N-1])LN-2) + ... + E3))L2 + E2)L1 + E1]
or from the formula
Base(C) + w[( ... ((E1L2 + E2)L3 + E3)L4 + ... + EN-1 )LN + EN]
according to whether C is stored in column-major or row-major order.
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POLYNOMIALS
What is a polynomial?
e

―A polynomial is a sum of terms, where each term has a form ax , where x is the variable, a
is the coefficient and e is the exponent.‖
Two example polynomials are:
20

5

A(x) =3x + 2x + 4
4
3
2
B(x) = x + 10x + 3x +1
The largest (or leading) exponent of a polynomial is called its degree. Coefficients that are
zero are not displayed. The term with exponent equal to zero does not show the variable since
x raised to a power of zero is 1.
Assume there are two polynomials,
A(x) = Σ ai xi and B (x) =Σ bi xi
then:
A(x) + B(x) = Σ (ai + bi) xi
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Polynomial Representation
One way to represent polynomials in C is to use typedef to create the type polynomial as
below:
#define MAX-DEGREE 101
/*Max degree of polynomial+1*/
Struct poly{
int degree;
float coef[MAX-DEGREE];
};
Typedef struct poly polynomial;

Now if a is a variable and is of type polynomial and n < MAX_DEGREE, the polynomial
A(x) = Σai xi would be represented as:
a.degree = n
a.coef[i] = an-i , 0 ≤ i ≤ n
In this representation, the coefficients is stored in order of decreasing exponents, such that
n-i
a.coef [i] is the coefficient of x provided a term with exponent n-i exists;
Otherwise, a.coef [i] =0. This representation leads to very simple algorithms for most of
the operations, it wastes a lot of space.
To preserve space an alternate representation that uses only one global array, terms to store
all polynomials.
The C declarations needed are:
#define MAX_TERMS 100
/*size of terms array*/
typedef struct{
float coef;
int expon;
} Polynomial;
Polynomial terms[MAX_TERMS];
int avail = 0;

Consider the two polynomials
l000

A(x) = 2x + 1x99 +5x50+10
4
3
2
B(x) = x + 10x + 3x + 1
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The above figure shows how these polynomials are stored in the array terms. The index of the first term of A and B is given by
startA and startB, while finishA and finishB give the index of the last term of A and B.




The index of the next free location in the array is given by avail.
For above example, startA=0, finishA=1, startB=2, finishB=5, & avail=6.
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Polynomial Addition





C function is written that adds two polynomials, A and B to obtain D =A + B.



To produce D (x), padd( ) is used to add A (x) and B (x) term by term. Starting at position avail, attach( ) which places the terms of D into
the array, terms.



If there is not enough space in terms to accommodate D, an error message is printed to the standard error device & exits the program with an
error condition

void padd(int startA, int finishA, int startB, int finishB, int *startD,int *finishD)
{ /* add A(x) and B(x) to obtain D(x) */
float coefficient;
*startD = avail;
while (startA <= finishA && startB <= finishB) {
switch(COMPARE(terms[startA].expon, terms[startB].expon))

{
case -1:/* a expon < b expon */
attach (terms [startB].coef,
terms[startB].expon); startB++;
break;
case 0:
/* equal exponents */
coefficient = terms[startA].coef + terms[startB].coef;
if (coefficient)
attach (coefficient,
terms[startA].expon); startA++;
startB++;
break;
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case 1:

/* a expon > b expon */
attach (terms [startA].coef,
terms[startA].expon); startA++;

}

for(; startA <= finishA; startA++)
attach (terms[startA].coef, terms[startA].expon);
for( ; startB <= finishB; startB++)
attach (terms[startB].coef,
terms[startB].expon); *finishD = avail-1;
}

Function to add two polynomials

void attach(float coefficient, int exponent)
{
/* add a new term to the polynomial */
if (avail >= MAX-TERMS)
{
fprintf(stderr,"Too many terms in the
polynomial\n"); exit(EXIT_FAILURE);
}
terms[avail].coef = coefficient;
terms[avail].expon = exponent;
avail=avail+1;
}
Function to add new term

Analysis of padd( ):
The number of non-zero terms in A and B is the most important factors in analyzing the time
complexity.
Let m and n be the number of non-zero terms in A and B, If m >0 and n > 0, the while loop is
entered. Each iteration of the loop requires O(1) time. At each iteration, the value of startA or
startB or both is incremented. The iteration terminates when either startA or startB exceeds
finishA or finishB.
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The number of iterations is bounded by m + n -1
2
A(x) = ∑ =0
and

B(x) = ∑

=0

2 +1

The time for the remaining two for loops is bounded by O(n + m) because we cannot iterate
the first loop more than m times and the second more than n times. So, the asymptotic
computing time of this algorithm is O(n +m).

SPARSE MATRICES
A matrix contains m rows and n columns of elements as illustrated in below figures. In this
figure, the elements are numbers. The first matrix has five rows and three columns and the
second has six rows and six columns. We write m x n (read "m by n") to designate a matrix
with m rows and n columns. The total number of elements in such a matrix is mn. If m equals
n, the matrix is square.

What is Sparse Matrix?
A matrix which contains many zero entries or very few non-zero entries is called
as Sparse matrix.
In the figure B contains only 8 of 36 elements are nonzero and that is sparse.
Important Note:
A sparse matrix can be represented in 1-Dimension, 2- Dimension and 3- Dimensional array.
When a sparse matrix is represented as a two-dimensional array as shown in Figure B, more
space is wasted.
Example: consider the space requirements necessary to store a 1000 x 1000 matrix that has
only 2000 non-zero elements. The corresponding two-dimensional array requires space for
1,000,000 elements. The better choice is by using a representation in which only the nonzero
elements are stored.
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Sparse Matrix Representation



 An element within a matrix can characterize by using the triple <row,col,value> This
means that, an array of triples is used to represent a sparse matrix.
 Organize the triples so that the row indices are in ascending order.
 The operations should terminate, so we must know the number of rows and columns,
and the number of nonzero elements in the matrix.

Implementation of the Create operation as below:
SparseMatrix Create(maxRow, maxCol) ::=
#define MAX_TERMS 101 /* maximum number of terms +1*/
struct terms{
int col;
int row;
int value;
};
term a[MAX_TERMS];





 The below figure shows the representation of matrix in the array “a” a[0].row contains
the number of rows, a[0].col contains the number of columns and a[0].value contains
the total number of nonzero entries.
 Positions 1 through 8 store the triples representing the nonzero entries. The row index
is in the field row, the column index is in the field col, and the value is in the field
value. The triples are ordered by row and within rows by columns.

ROW COL VALUE

a[0] 6
6
8
a[1] 0
0
15
a[2] 0
3
22
a[3] 0
5
-15
a[4] 1
1
11
a[5] 1
2
3
a[6] 2
3
-6
a[7] 4
0
91
a[8] 5
2
28
Fig (a): Sparse matrix stored as triple

Srinivas B V,

ROW COL VALUE
b[0] 6
6
8
b[1] 0
0
15
b[2] 0
4
91
b[3] 1
1
11
b[4] 2
1
3
b[5] 2
5
28
b[6] 3
0
22
b[7] 3
2
-6
b[8] 5
0
-15
Fig (b): Transpose matrix stored as triple
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void transpose (term a[], term b[])
{
/* b is set to the transpose of a */
int n, i, j, currentb;
n = a[0].value;
/* total number of elements */
b[0].row = a[0].col;
/* rows in b = columns in a */
b[0].col = a[0].row;
/* columns in b = rows in a */
b[0].value = n;(a[0].value)
if (n > 0)
{
currentb = 1;
for (i = 0; i < a[0].col; i++) compare the index values
for (j= 1; j<=n; j++) compare the no. of non zero values
if (a[j].col == i)
{
b[currentb].row = a[j].col;
b[currentb].col = a[j].row;
b[currentb].value = a[j].value;
currentb++;
}
}
}
Transpose of a sparse matrix
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STRING
BASIC TERMINOLOGY:
Each programming languages contains a character set that is used to communicate with
the computer. The character set include the following:
Alphabet:
ABCDEFGHIJKLMNOPQRSTUVWXYZ
Digits:
0123456789
Special characters: + - / * ( ) , . $ = ‗ _ (Blank space)
String: A finite sequence S of zero or more Characters is called string.
Length: The number of characters in a string is called length of string.
Empty or Null String: The string with zero characters.
Concatenation: Let S1 and S2 be the strings. The string consisting of the characters of S1
followed by the character S2 is called Concatenation of S1 and S2. Ex: ‗THE‘ // ‗END‘ =
‗THEEND‘
‗THE‘ // ‗ ‘ // ‗END‘ = ‗THE END‘
Substring: A string Y is called substring of a string S if there exist string X and Z such
that S=X//Y//Z
If X is an empty string, then Y is called an Initial substring of S, and Z is an empty string then
Y is called a terminal substring of S.
Ex: ‗BE OR NOT‘ is a substring of ‗TO BE OR NOT TO BE‘
‗THE‘ is an initial substring of ‗THE END‘

STRINGS IN C
In C, the strings are represented as character arrays terminated with the null character \0.
Declaration 1:
#define MAX_SIZE 100
/* maximum size of string */
char s[MAX_SIZE] = {―dog‖};
char t[MAX_SIZE] = {―house‖};

s[0]

s[1]

s[2]

d

o

g

s[3]
\0

t[0]

t[1]

t[2]

t[3]

t[4]

h

o

u

s

e

t[4]
\0

The above figure shows how these strings would be represented internally in memory.
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Declaration 2:
char s[ ] = {―dog‖};
char t[ ] = {―house‖};
Using these declarations, the C compiler will allocate just enough space to hold each
word including the null character.

STORING STRINGS
Strings are stored in three types of structures
1. Fixed length structures
2. Variable length structures with fixed maximum
3. Linked structures

Record Oriented Fixed length storage:
In fixed length structures each line of print is viewed as a record, where all have the same
length i.e., where each record accommodates the same number of characters.
Example: Suppose the input consists of the program. Using a record oriented, fixed
length storage medium, the input data will appear in memory as pictured below.
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Suppose, if new record needs to be inserted, then it requires that all succeeding records
be moved to new memory location. This disadvantages can be easily remedied as shown
in below figure.

That is, one can use a linear array POINT which gives the address of successive record, so
that the records need not be stored in consecutive locations in memory. Inserting a new record
will require only an updating of the array POINT.
The main advantages of this method are
1. The ease of accessing data from any given record
2. The ease of updating data in any given record (as long as the length of the new
data does not exceed the record length)
The main disadvantages are
1. Time is wasted reading an entire record if most of the storage consists of
inessential blank spaces.
2. Certain records may require more space than available
3. When the correction consists of more or fewer characters than the original
text, changing a misspelled word requires record to be changed.

Variable length structures with fixed maximum
The storage of variable-length strings in memory cells with fixed lengths can be done in
two general ways
1. One can use a marker, such as two dollar signs ($$), to signal the end of the string
2. One can list the length of the string—as an additional item in the pointer array

Srinivas B V,

Assistant Professor, Dept. of ISE, Atria Institute of Technology, Bengaluru

The other method to store strings one after another by using some separation marker, such
as the two dollar sign ($$) or by using a pointer giving the location of the string.

These ways of storing strings will save space and are sometimes used in seco ndary
memory when records are relatively permanent and require little changes.
These types of methods of storage are usually inefficient when the strings and their
lengths are frequently being changed.
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Linked Storage


 Most extensive word processing applications, strings are stored by means of
linked lists.
 In a one way linked list, a linearly ordered sequence of memory cells called nodes,
where each node contains an item called a link, which points to the next node in the
list, i.e., which consists the address of the next node.

Strings may be Stored in linked list as follows:
Each memory cell is assigned one character or a fixed number of characters and a link
contained in the cell gives the address of the cell containing the next character or group of
character in the string.
Ex: TO BE OR NOT TO BE

CHARACTER DATA TYPE
The various programming languages handles character data type in different ways.
Constants
Many programming languages denotes string constants by placing the string in either
single or double quotation marks.
Ex: ‗THE END‘
―THE BEGINNING‖
The string constants of length 7 and 13 characters respectively.
Variables
Each programming languages has its own rules for forming character variables.
These variables fall into one of three categories
1. Static: In static character variable, whose length is defined before the program
is executed and cannot change throughout the program
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2. Semi-static: The length of the variable may vary during the execution of the
program as long as the length does not exceed a maximum value determined by the
program before the program is executed.
3. Dynamic: The length of the variable can change during the execution of the program.

STRING OPERATION
Substring
Accessing a substring from a given string requires three pieces of information:
(1) The name of the string or the string itself
(2) The position of the first character of the substring in the given string
(3) The length of the substring or the position of the last character of the substring.
Syntax:

SUBSTRING (string, initial, length)

The syntax denote the substring of a string S beginning in a position K and having a length L.
Ex:

SUBSTRING ('TO BE OR NOT TO BE‘, 4, 7) = 'BE OR N‘
SUBSTRING ('THE END', 4, 4) = ' END'

Indexing
Indexing also called pattern matching, refers to finding the position where a string pattern P
first appears in a given string text T. This operation is called INDEX
Syntax:

INDEX (text, pattern)

If the pattern P does not appears in the text T, then INDEX is assigned the value 0.
The arguments ―text‖ and ―pattern‖ can be either string constant or string variable.

Concatenation
Let S1 and S2 be string. The concatenation of S1 and S2 which is denoted by S1 // S2, is the
string consisting of the characters of S1 followed by the character of S2. Ex:
(a) Suppose S1 = 'MARK' and S2= ‗TWAIN' then
S1 // S2 = ‗MARKTWAIN‘
Concatenation is performed in C language using strcat function as shown
below strcat (S1, S2);
Concatenates string S1 and S2 and stores the result in S1
strcat ( ) function is part of the string.h header file; hence it must be included at the time
of pre- processing
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Length
The number of characters in a string is called its length.
Syntax:
LENGTH (string)
Ex: LENGTH (‗computer‘) = 8
String length is determined in C language using the strlen( ) function, as shown below:
X = strlen ("sunrise");
strlen function returns an integer value 7 and assigns it to the variable X
Similar to strcat, strlen is also a part of string.h, hence the header file must be included at the
time of pre-processing.
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PATTERN MATCHING ALGORITHMS
Pattern matching is the problem of deciding whether or not a given string pattern P appears in
a string text T. The length of P does not exceed the length of T.

First Pattern Matching Algorithm









 The first pattern matching algorithm is one in which comparison is done by a given
pattern P with each of the substrings of T, moving from left to right, until a match is
found.
WK = SUBSTRING (T, K, LENGTH (P))
 Where, WK denote the substring of T having the same length as P and beginning with
th
the K character of T.
 First compare P, character by character, with the first substring, W1. If all the
characters are the same, then P = W1 and so P appears in T and INDEX (T, P) = 1.
 Suppose it is found that some character of P is not the same as the corresponding
character of W1. Then P ≠ W1
 Immediately move on to the next substring, W2 That is, compare P with W2. If P ≠ W2
then compare P with W3 and so on.
 The process stops, When P is matched with some substring WK and so P appears in T
and INDEX(T,P) = K or When all the WK'S with no match and hence P does not appear
in T.


The maximum value MAX of the subscript K is equal to LENGTH(T) -LENGTH(P) +1.

Algorithm: (Pattern Matching)
P and T are strings with lengths R and S, and are stored as arrays with one character per
element. This algorithm finds the INDEX of P in T.
1. [Initialize.] Set K: = 1 and MAX: = S - R + 1
2. Repeat Steps 3 to 5 while K ≤ MAX
3.
Repeat for L = 1 to R: [Tests each character of P]
If P[L] ≠ T[K + L – l], then: Go to Step 5
[End of inner loop.]
4.
[Success.] Set INDEX = K, and Exit
5.
Set K := K + 1
[End of Step 2 outer loop]
6. [Failure.] Set INDEX = O
7. Exit
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Observation of algorithms
  P is an r-character string and T is an s-character string
 Algorithm contains two loops, one inside the other. The outer loop runs through each
successive R-character substring WK = T[K] T[K + 1] ... T[K+R-l] of T.

 The inner loop compares P with WK, character by character. If any character does not
match, then control transfers to Step 5, which increases K and then leads to the next
substring of T.

 If all the R characters of P do match those of some WK then P appears in T and K is the
INDEX of P in T.

 If the outer loop completes all of its cycles, then P does not appear in T and so INDEX
= 0.
Complexity
2

The complexity of this pattern matching algorithm is equal to O(n )

Second Pattern Matching Algorithm
The second pattern matching algorithm uses a table which is derived from a particular pattern
P but is independent of the text T.
For definiteness, suppose
P = aaba
This algorithm contains the table that is used for the pattern P = aaba.
The table is obtained as follows.




 Let Qi denote the initial substring of P of length i, hence Q0 = A, Q1 = a, Q2 = a2, Q3
= aab, Q4 = aaba = P (Here Q0 = A is the empty string.)
 The rows of the table are labeled by these initial substrings of P, excluding P itself.
 The columns of the table are labeled a, b and x, where x represents any character that
doesn't appear in the pattern P.
 Let f be the function determined by the table; i.e., let f(Qi, t) denote the entry in the
table in row Qi and column t (where t is any character). This entry f(Qi, t) is defined to
be the largest Q that appears as a terminal substring in the string (Qi t) the
concatenation of Qi and t.

For example,
3

a2 is the largest Q that is a terminal substring of Q2a = a , so f(Q2, a) = Q2 A
is the largest Q that is a terminal substring of Q1b = ab, so f(Q1, b) = Q0 a is
the largest Q that is a terminal substring of Q0a = a, so f(Q0, a) = Q1
3

A is the largest Q that is a terminal substring of Q3a = a bx, so f(Q3, x) = Q0
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3

Although Q1 = a is a terminal substring of Q2a = a , we have f(Q2, a) = Q2 because Q2 is
3
also a terminal substring of Q2a = a and Q2 is larger than Q1. We note that f(Qi, x) = Q0 for
any Q, since x does not appear in the pattern P Accordingly, the column corresponding to x is
usually omitted from the table.
Pattern matching Graph
The graph is obtained with the table as follows.
First, a node in the graph corresponding to each initial substring Qi of P. The Q's are called
the states of the system, and Q0 is called the initial state.
Second, there is an arrow (a directed edge) in the graph corresponding to each entry in the
table. Specifically, if
f(Qi, t) = Qj
then there is an arrow labeled by the character t from Qi to Qj
For example, f(Q2, b) = Q3 so there is an arrow labeled b from Q2 to Q3
For notational convenience, all arrows labeled x are omitted, which must lead to the initial
state Qo.
The second pattern matching algorithm for the pattern P = aaba.



 Let T = T1 T2 T3 ... TN denote the n-character-string text which is searched for the
pattern P. Beginning with the initial state Q0 and using the text T, we will obtain a
sequence of states S1, S2, S3, ... as follows.
 Let S1 = Q0 and read the first character T1. The pair (S1, T1) yields a second state S2;
that is, F(S1, T1) = S2, Read the next character T2, The pair (S2, T2) yields a state S3,
and so on.
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There are two possibilities:
1. Some state SK = P, the desired pattern. In this case, P does appear in T and its index is
K - LENGTH(P).
2. No state S1, S2, ... , SN +1 is equal to P. In this case, P does not appear in T.
Algorithm: (PATTERN MATCHING) The pattern matching table F(Q1, T) of a pattern P is in
memory, and the input is an N-character string T = T1 T2 T3 …… TN. The algorithm finds the
INDEX of P in T.
1. [Initialize] set K: =1 ans S1 = Q0
2. Repeat steps 3 to 5 while SK ≠ P and K ≤ N
3.
Read TK
4.
Set SK+1 : = F(SK, TK)
[finds next state]
5.
Set K: = K + 1
[Updates counter]
[End of step 2 loop]
6. [Successful ?]
If SK = P, then
INDEX = K – LENGTH (P)
Else
INDEX = 0
[End of IF structure]
7. Exit.
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MODULE 2
STACKS AND QUEUES
There are certain situations in computer science that one wants to restrict insertions and
deletions so that they can take place only at the beginning or the end of the list, not in the
middle. Two of such data structures that are useful are:
• Stack.
• Queue.
Linear lists and arrays allow one to insert and delete elements at any place in the list i.e., at
the beginning, at the end or in the middle.
STACK:
A stack is a list of elements in which an element may be inserted or deleted only at one end,
called the top of the stack. Stacks are sometimes known as LIFO (last in, first out) lists. As
the items can be added or removed only from the top i.e. the last item to be added to a stack is
the first item to be removed.
The two basic operations associated with stacks are:

• Push: is the term used to insert an element into a stack.
• Pop: is the term used to delete an element from a stack.
All insertions and deletions take place at the same end, so the last element added to the stack
will be the first element removed from the stack. When a stack is created, the stack base
remains fixed while the stack top changes as elements are added and removed. The most
accessible element is the top and the least accessible element is the bottom of the stack.
Representation of Stack:
Let us consider a stack with N elements capacity. This is called as the size of the stack. The
number of elements to be added should not exceed the maximum size of the stack. If we
attempt to add new element beyond the maximum size, we will encounter a stack overflow
condition. Similarly, you cannot remove elements beyond the base of the stack. If such is the
case, we will reach a stack underflow condition. (an empty stack)
When an element is added to a stack, the operation is performed by push. The removal of an
element
is
performed
by
the
pop
operation
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Stack Using Array
A stack data structure can be implemented using one dimensional array. But stack
implemented using array, can store only fixed number of data values. This implementation is
very simple, just define a one dimensional array of specific size and insert or delete the
values into that array by using LIFO principle with the help of a variable 'top'. Initially top
is set to -1. Whenever an element is to be inserted into the stack, increment the top value by
one and then insert. Whenever an element is to be deleted from the stack the stack, then
delete the top value and decrement the top value by one.
Stack Implementation




Using static arrays
Using dynamic arrays
Using linked list

Stack Operations using Array
A

stack

can

be

implemented

using

array

as

follows...

push(value) - Inserting value into the stack
In a stack, push() is a function used to insert an element into the stack. In a stack, the new
element is always inserted at top position. Push function takes one integer value as parameter
and inserts that value into the stack. We can use the following algorithm to push an element
on to the stack...
Step 1: Check whether stack is FULL. (top == SIZE-1)
Step 2: If it is FULL, then display "Stack is FULL!!! Stack overflow!!!" and terminate the
function.
Step 3: If it is NOT FULL, then increment top value by one (top++) and set stack[top] to
value (stack[top] = value).

pop() - Delete a value from the Stack
In a stack, pop() is a function used to delete an element from the stack. In a stack, the element
is always deleted from top position. Pop function does not take any value as parameter. We
can use the following algorithm to pop an element from the stack...
Step 1: Check whether stack is EMPTY. (top == -1)
Step 2: If it is EMPTY, then display "Stack is EMPTY!!! Deletion is not possible!!!" and
terminate the function.
Step 3: If it is NOT EMPTY, then delete stack[top] and decrement top value by one (top--).
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display() - Displays the elements of a Stack
We can use the following algorithm to display the elements of a stack
Step 1: Check whether stack is EMPTY. (top == -1)
Step 2: If it is EMPTY, then display "Stack is EMPTY!!!" and terminate the function. Step
3: If it is NOT EMPTY, then define a variable 'i' and initialize with top. Display stack[i]
value and decrement i value by one (i--). Step 3: Repeat above step until i value becomes '0'.
Implementation of stack operations using array
# define SIZE 5
int a[SIZE],top=-1;

void push()
{
int key;
if (top==SIZE-1)
{
printf("stack full\n");
return;
}
printf("enter the elemnt to be inserted\n");
scanf("%d",&key);
a[++top]=key;
}
void pop()
{
if (top==-1)
printf("Stack Empty\n");
else
{
printf("the popped element is %d",a[top]);
top--;
}
}
void display()
{
int i;
if (top== -1)
{
printf("no elements in stack\n");
return;
}
for(i=top;i>=0;i--)
printf("%d\t",a[i]);
}
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Stack using dynamic arrays
Issues with static stack
 Can run out of space when stack size is set too small
 Can waste memory if stack size set too large
Use a dynamic array implementation where memory for the stack array is set
dynamically.(Implementation –refer class notes)
Stack using Linked list
A stack can be represented as a linked list(using a singly linked list or one way list).The data
field stores the elements of the stack and the link field hold pointers to the neighbouring
elements of the stack. The start pointer behaves as the top pointer and . NULL pointer in the
last node indicates the bottom of the stack. In a stack push and pop operations are performed
at one end called top. We can perform similar operations at one end of list using top pointer.

Push operation is done by inserting a node at the start of the list and pop is done by deleting
the element pointed to by the top pointer.
Overflow/Underflow:
No limitation on the capacity of a linked stack and hence no overflow condition. Underflow
or empty condition occurs when top==NULL
Linked Stack implementation
struct node
{
int data;
struct node *next;
};
typedef struct node stack;
stack *top=NULL;
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stack *getnode()
{
stack *newnode;
newnode=(stack*)malloc(sizeof(stack));
if (newnode==NULL)
printf("error in memory alloc\n");
printf("enetr data\n");
scanf("%d",&newnode->data);
newnode->next=NULL;
return newnode;
}
// Function to traverse and display elements of
stack void traverse()
{
stack *temp=top;
if (temp==NULL)
{
printf("stack empty\n");
return;
}
while(temp!=NULL)
{
printf("%d",temp->data);
temp=temp->next;
}
}
//Function to implement push operation
void pushlinkedstack()
{
stack *n1;
n1=getnode();
if (top==NULL)
{ top=n1;
n1->next=NULL;
return;
}
n1->next=top;
top=n1;
}
//Function to implement pop operation
void poplinkedstack()
{
stack *temp;
if (top==NULL)
{
printf("stack empty\n");
return;
}
temp=top;
top=top->next;
printf("the element deleted is %d",temp->data);
free(temp); }
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Algebraic Expressions:
An algebraic expression is a legal combination of operators and operands. Operand is the
quantity on which a mathematical operation is performed. Operand may be a variable like x,
y, z or a constant like 5, 4, 6 etc. Operator is a symbol which signifies a mathematical or
logical operation between the operands. Examples of familiar operators include +, -, *, /, ^
etc. An algebraic expression can be represented using three different notations. They are
infix, postfix and prefix notations:
Infix: It is the form of an arithmetic expression in which we fix (place) the arithmetic
operator in between the two operands.
Example: (A + B) * (C - D)
Prefix: It is the form of an arithmetic notation in which we fix (place) the arithmetic operator
before (pre) its two operands. The prefix notation is called as polish notation (due to the
polish mathematician Jan Lukasiewicz in the year 1920).
Example: * + AB – CD
Postfix: It is the form of an arithmetic expression in which we fix (place) the arithmetic
operator after (post) its two operands. The postfix notation is called as suffix notation and is
also referred to reverse polish notation.
Example: A B + C D - *
The three important features of postfix expression are:
1. The operands maintain the same order as in the equivalent infix expression.
2. The parentheses are not needed to designate the expression unambiguously.
3. While evaluating the postfix expression the priority of the operators is no longer relevant.
We consider five binary operations: +, -, *, / and $ or ↑ (exponentiation). For these binary
operations, the following in the order of precedence (highest to lowest):
OPERATOR
Exponentiation ($ or ↑ or ^)
*, /
+, #

PRECEDENCE
Highest
Next highest
Lowest
Lowermost (endofexpn)

VALUE
4
3
2
1

Applications of stacks:
1. Stack is used by compilers to check for balancing of parentheses, brackets and braces.
2. Stack is used to evaluate a postfix expression.
3. Stack is used to convert an infix expression into postfix/prefix form.
4. In recursion, all intermediate arguments and return values are stored on the processor’s
stack.
5. During a function call the return address and arguments are pushed onto a stack and on
return they are popped off.

Conversion from infix to postfix expression
Procedure to convert from infix expression to postfix expression is as follows:
(algorithm)
1. Scan the infix expression from left to right.
2. a)If the scanned symbol is left parenthesis, push it onto the stack.
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b) If the scanned symbol is an operand, then place directly in the postfix expression (output).
c) If the symbol scanned is a right parenthesis, then go on popping all the items from the
stack and place them in the postfix expression till we get the matching left parenthesis.
d) If the scanned symbol is an operator, then go on removing all the operators from the stack
and place them in the postfix expression, if and only if the precedence of the operator which
is on the top of the stack is greater than (or greater than or equal) to the precedence of the
scanned operator and push the scanned operator onto the stack otherwise, push the scanned
operator onto the stack
Note :Refer class notes for examples and steps in conversion(detailed)

Evaluation of postfix expression
1. Scan the postfix expression from left to right.
2. If the scanned symbol is an operand, then push it onto the stack.
3. If the scanned symbol is an operator, pop two symbols from the stack ,assign to operand 2
and operand1 respectively. Perform operation and push onto stack
4. Repeat steps 2 and 3 till the end of the expression.
(Refer class notes for steps in conversion and examples)
(a+b-c)*d–(e+f)
(ab+c-)*d-(ef+)
(ab+c-d*)-(ef+)
ab+c-d*ef+-
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Recursion
Recursion is deceptively simple in statement but exceptionally complicated in
implementation. Recursive procedures work fine in many problems. Many programmers
prefer recursion though simpler alternatives are available. It is because recursion is elegant to
use though it is costly in terms of time and space.
Introduction to Recursion:
A function is recursive if a statement in the body of the function calls itself. Recursion is the
process of defining something in terms of itself. For a computer language to be recursive, a
function must be able to call itself.
For example, let us consider the function factr() shown below, which computers the factorial
of an integer.
int factorial (int);
main() {
int num, fact;
printf (“Enter a positive integer value: ");
scanf (“%d”, &num);
fact = factorial (num);
printf ("\n Factorial of %d =%5d\n", num, fact);
}
int factorial (int n)
{ int result;
if (n == 0) return (1);
else
result = n * factorial (n-1);
return (result);
}
A non-recursive or iterative version for finding the factorial is as follows:
factorial (int n)
{ int i, result = 1;
if (n == 0) return
(result); else
{
for (i=1; i<=n;
i++) result = result
* i; return (result);
}}
The operation of the non-recursive version is clear as it uses a loop starting at 1 and ending at
the target value and progressively multiplies each number by the moving product. When a
function calls itself, new local variables and parameters are allocated storage on the stack and
the function code is executed with these new variables from the start. A recursive call does
not make a new copy of the function. Only the arguments and variables are new. As each
recursive call returns, the old local variables and parameters are removed from the stack and
execution resumes at the point of the function call inside the function.
When writing recursive functions, there must be an exit condition somewhere to force the
function to return without the recursive call being executed. If there is no exit condition, the
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recursive function will loop forever until you run out of stack space and indicate error about
lack of memory, or stack overflow.
Differences between recursion and iteration:
• Both involve repetition.
• Both involve a termination test.
• Both can occur infinitely.
Iteration

Recursion

Iteration explicitly uses a repetition structure

Recursion achieves repetition through
repeated function calls.
Recursion terminates when a base case is
recognized
Recursion keeps producing simple versions
of the original problem until the base case is
reached.
Recursion causes another copy of the
function and hence a considerable memory
space’s occupied.
. It increases the processor’s operating time

Iteration terminates when the loop ends
Iteration keeps modifying the counter until
the loop continuation condition fails.
Iteration normally occurs within a loop, so
the extra memory usage is avoided
. It reduces the processor’s operating time

Factorial of a given number:
The operation of recursive factorial function is as follows:
Start out with some natural number N (in our example, 5).
The recursive definition is:
n = 0, 0 ! = 1
Base Case
n > 0, n ! = n * (n - 1) !
Recursive Case
Recursion Factorials:
5! = 5*4! = 5*4*3! = 5*4*3*2! = 5*4*3*2*1! = 5*4*3*2*1*0! = 5*4*3*2*1*1 =120
We define 0! to equal 1, and we define factorial N (where N > 0), to be N * factorial (N-1).
All recursive functions must have an exit condition that is a state when the function
terminates. The exit condition in this example is when N = 0.
Tracing of the flow of the factorial () function:
When the factorial function is first called with, say, N = 5, here is what happens:
FUNCTION: Does N = 0? No Function Return Value = 5 * factorial (4)
At this time, the function factorial is called again, with N = 4.
FUNCTION: Does N = 0? No Function Return Value = 4 * factorial (3)
At this time, the function factorial is called again, with N = 3.
FUNCTION: Does N = 0? No Function Return Value = 3 * factorial (2)
At this time, the function factorial is called again, with N = 2.
FUNCTION: Does N = 0? No Function Return Value = 2 * factorial (1)
At this time, the function factorial is called again, with N = 1.
FUNCTION: Does N = 0? No Function Return Value = 1 * factorial (0)
At this time, the function factorial is called again, with N = 0.
FUNCTION: Does N = 0? Yes Function Return Value = 1
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Now, trace the way back up! See, the factorial function was called six times. At any function
level call, all function level calls above still exist! So, when we have N = 2, the function
instances where N = 3, 4, and 5 are still waiting for their return values.
So, the function call where N = 1 gets retraced first, once the final call returns 0. So,
the function call where N = 1 returns 1*1, or 1. The next higher function call, where N = 2,
returns 2 * 1 (1, because that's what the function call where N = 1 returned). Just keep
working up the chain till the final solution is obtained.
When N = 2, 2 * 1, or 2 was returned. When N = 3, 3 * 2, or 6 was returned. When N
= 4, 4 * 6, or 24 was returned. When N = 5, 5 * 24, or 120 was returned.
And since N = 5 was the first function call (hence the last one to be recalled), the value 120 is
returned.
The Towers of Hanoi:
In the game of Towers of Hanoi, there are three towers labeled 1, 2, and 3. The game starts
with n disks on tower A. For simplicity, let n is 3. The disks are numbered from 1 to 3, and
without loss of generality we may assume that the diameter of each disk is the same as its
number. That is, disk 1 has diameter 1 (in some unit of measure), disk 2 has diameter 2, and
disk 3 has diameter 3. All three disks start on tower A in the order 1, 2, 3. The objective of
the game is to move all the disks in tower 1 to entire tower 3 using tower 2. That is, at no
time can a larger disk be placed on a smaller disk.
The rules to be followed in moving the disks from tower 1 tower 3 using tower 2 are as
follows:
• Only one disk can be moved at a time.
• Only the top disc on any tower can be moved to any other tower.
• A larger disk cannot be placed on a smaller disk.
The towers of Hanoi problem can be easily implemented using recursion. To move the largest
disk to the bottom of tower 3, we move the remaining n – 1 disks to tower 2 and then move
the largest disk to tower 3. Now we have the remaining n – 1 disks to be moved to tower 3.
This can be achieved by using the remaining two towers. We can also use tower 3 to place
any disk on it, since the disk placed on tower 3 is the largest disk and continue the same
operation to place the entire disks in tower 3 in order.
The program that uses recursion to produce a list of moves that shows how to accomplish the
task of transferring the n disks from tower 1 to tower 3 is as follows:
void towers_of_hanoi (int n, char *a, char *b, char *c);
int cnt=0;
int main (void)
{
int n;
printf("Enter number of discs: ");
scanf("%d",&n);
towers_of_hanoi (n, "Tower 1", "Tower 2", "Tower 3");
getch();
}
void towers_of_hanoi (int n, char *a, char *b, char *c)
{
if (n == 1)
{++cnt;
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printf ("\n%5d: Move disk 1 from %s to %s", cnt, a, c);
return;
}
else
{
towers_of_hanoi (n-1, a, c, b); ++cnt;
printf ("\n%5d: Move disk %d from %s to %s", cnt, n, a, c);
towers_of_hanoi (n-1, b, a, c); return;
}}
Output of the program:
RUN 1:
Enter the number of discs: 3
1: Move disk 1 from tower 1 to tower 3.
2: Move disk 2 from tower 1 to tower 2.
3: Move disk 1 from tower 3 to tower 2.
4: Move disk 3 from tower 1 to tower 3.
5: Move disk 1 from tower 2 to tower 1.
6: Move disk 2 from tower 2 to tower 3.
7: Move disk 1 from tower 1 to tower 3.
Fibonacci Sequence Problem:
A Fibonacci sequence starts with the integers 0 and 1. Successive elements in this sequence
are obtained by summing the preceding two elements in the sequence. For example, third
number in the sequence is 0 + 1 = 1, fourth number is 1 + 1= 2, fifth number is 1 + 2 = 3 and
so on. The sequence of Fibonacci integers is given below:
0 1 1 2 3 5 8 13 21.........
A recursive definition for the Fibonacci sequence of integers may be defined as follows:
Fib (n) = n if n = 0 or n = 1
Fib (n) = fib (n-1) + fib (n-2) for n >=2
We will now use the definition to compute fib(5):
fib(5) = fib(4) + fib(3)
=fib(3) + fib(2) + fib(3)
=fib(2) + fib(1) + fib(2) + fib(3)
=fib(1) + fib(0) + fib(1) + fib(2) + fib(3)
=1 + 0 + 1 + fib(1) + fib(0) + fib(3)
=1 + 0 + 1 + 1 + 0 + fib(2) + fib(1)
=1 + 0 + 1 + 1 + 0 + fib(1) + fib(0) + fib(1)
=1+0+1+1+0+1+0+1=5
fib(2) is computed 3 times, and fib(3),is computed 2 times in the above calculations. The
values of fib(2) or fib(3) are saved and reused whenever needed.
A recursive function to compute the Fibonacci number in the nth position is given below:
main()
{
printf (“=nfib(5) is %d”, fib(5));
}
fib (int n) {
int x;
if (n==0 | | n==1) return n;
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x=fib(n-1) + fib(n-2);
return (x);
}
Program to calculate the greatest common divisor:
int check_limit (int a[], int n, int prime);
int check_all (int a[], int n, int prime);
long int gcd (int a[], int n, int prime);
void main()
{
int a[20], stat, i, n, prime;
printf (“Enter the limit: “);
scanf (“%d”, &n);
printf (“Enter the numbers: “);
for (i = 0; i < n; i ++)
scanf (“%d”, &a[i]);
printf (“The greatest common divisor is %ld”, gcd (a, n, 2));
}
int check_limit (int a[], int n, int prime)
{
int i;
for (i = 0; i < n; i++)
if (prime > a[i]) return 1;
return 0;
}
int check_all (int a[], int n, int prime)
{
int i;
for (i = 0; i < n; i++)
if ((a[i] % prime) != 0) return 0;
for (i = 0; i < n; i++)
a[i] = a[i] / prime; return 1;
}
long int gcd (int a[], int n, int prime)
{
int i;
if (check_limit(a, n, prime))
return 1;
if (check_all (a, n, prime))
return (prime * gcd (a, n, prime));
else
return (gcd (a, n, prime = (prime == 2) ? prime+1 : prime+2));
}
Output:
Enter the limit: 5
Enter the numbers: 99 55 22 77 121
The greatest common divisor is 11

Srinivas B V , Asst.Professor, Dept of ISE, Atria Institute of Technology

12

Data Structure and its Applications(18CS32)

Ackerman’s Function
In computability theory, the Ackermann function, named after Wilhelm Ackermann, is one of
the simplest andearliest-discovered examples of a total computable function that is not
primitive recursive. All primitive recursive functions are total and computable, but the
Ackermann function illustrates that not all total computable functions are primitive recursive.
The two-argument Ackermann function, is defined as follows for nonnegative integers m and
N
A(m,n) = n+1
if m=0
A(m-1,1)
if m>0 and n=0
if m>0 andn>0
A(m-1,A(m,n-1))
Its value grows rapidly, even for small inputs. For example A(4,2) is an integer of 19,729
decimal digits.
/* Akerman Function*/
#include<stdio.h>
#include<stdlib.h>
int ack(int,int,int);
main()
{
int m,n;
printf("Enter the value for m : ");
scanf("%d",&m);
printf("Enter the value for n : ");
scanf("%d",&n);
printf("The value is : %d\n",ack(m,n);
}
int ack(int m,int n,)
{
if(m==0)
return(n+1);
else if(m>0 && n==0)
return ack(m-1,1);
else
return ack(m-1,ack(m,n-1));
}
Queue
A queue is a linear list in which elements can be added at one end and elements can be
removed only at other end. So the information in this list is processed in same order as it was
received .Hence queue is called a FIFO structure.(First In First Out). Ex: people waiting in a
line at a bus stop.
The first person in queue is the first person to take bus. Whenever new person comes he joins
at end of the queue.
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Type of queues
1. Linear Queue 2. Circular queue. 3. Priority queue 4.Deque
Linear Queue
It is a linear data structure.
It is considered as ordered collection of items.
It supports FIFO (First In First Out) property.
It has three components:
A Container of items that contains elements of queue.
A pointer front that points the first item of the queue.
A pointer rear that points the last item of the queue.
Insertion is performed from REAR end.
Deletion is performed from FRONT end.
Insertion operation is also known as ENQUEUE in queue.
Deletion operation is also known as DEQUEUE in queue.
Implementation of Queue
Queue can be implementing by two ways:
 Array implementation.(Static and Dynamic arrays)
 Linked List implementation.
Array Representation of Queue
In Array implementation FRONT pointer initialized with 0 and REAR initialized
with -1.Consider the implementation: - If there are 5 items in a Queue,

Note: In case of empty queue, front is one position ahead of rear : FRONT = REAR +
1;.This is the queue underflow condition.
The queue is full when REAR =N-1.This is the queue overflow condition.
The figure above ,the last case after insertion of three elements, the rear points to 4, and
hence satisfies the overflow condition although the queue still has space to accommodate one
more element .This problem can be overcome by making the rear pointer reset to the starting
position in the queue and hence view the array as a circular representation. This is called a
circular queue.
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Implementation of queue using arrays
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# include <conio.h>
# define MAX 5
int Q[MAX];
int front=0, rear=-1; void
insertQ() //Enqueue
{
int data;
if(rear == MAX-1)
{ printf("\n Linear Queue is full");
return; }
printf("\n Enter data:
"); scanf("%d", &data);
Q[++rear] = data;
printf("\n Data Inserted in the Queue ");
}
void deleteQ()
// dequeue
{ if( front>rear)//OR front=rear +1
{
printf("\n\n Queue is Empty.."); return;
}
printf("\n Deleted element from Queue is %d",
Q[front]); front++;
}
void displayQ()
{ int i;
if(front >rear)
{ printf("\n\n\t Queue is Empty"); return; }
printf("\n Elements in Queue are: ");
for(i = front; i < rear; i++)
printf("%d\t", Q[i]);
}

Circular Queue
In a normal Queue Data Structure, elements can be inserted until queue becomes full. But
once if queue becomes full, no more elements can be inserted until all the elements are
deleted from the queue. For example consider the queue below...

After inserting all the elements into the queue.
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Now consider the following situation after deleting three elements from the queue...

This situation also says that Queue is Full and the new elementcannot be inserted because,
'rear' is still at last position. In above situation, even though we have empty positions in the
queue they cannot be used to insert new element. This is the major drawback in normal queue
data structure. This is overcome in circular queue data structure.
So what’s a Circular Queue?
A circular queue is linear data structure that contains a collection of data which allows
addition of data at the end of the queue and removal of data at the beginning of the queue.
Circular queues have a fixed size. Circular queue follows FIFO principle. Queue items are
added at the rear end and the items are deleted at front end of the circular queue.

A circular queue looks like
Note:
Note that the container of items is an array. Array is stored in main memory. Main memory is
linear. So this circularity is only logical. There cannot be physical circularity in main memor
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Consider

the

example

with

Circular

Queue

implementation

Addition causes the increment in REAR. It means that when REAR reaches N-1 position then
Increment in REAR causes REAR to reach at first position that is 0.
1 if( rear == N -1 )
2
rear = 0;
3 else
4
rear = rear + 1;
The short-hand equivalent representation may
be rear = ( rear + 1) % N;
Deletion causes the increment in FRONT. It means that when FRONT reaches the N-1
position, then increment in FRONT, causes FRONT to reach at first position that is 0.
1 if( front == N -1 )
2 front = 0;
3 else
4 front = front + 1;
The short-hand equivalent representation may be
front = ( front + 1) % N;
In any queue it is necessary that:
Before insertion, fullness of Queue must be checked (for overflow).
Before deletion, emptiness of Queue must be checked (for underflow).
Use count variable to hold the current position ( in case of insertion or deletion).
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Operation of Circular Queue using count
 Addition or Insertion operation.
 Deletion operation.
 Display queue contents
Array Implementation of Circular Queue
#define MAX 4
int CQ[MAX], n;
int r = -1;
int f = 0,ct=0;
void enqueue() //function to insert an element to queue
{
int key;
if (ct == n
){
printf("Queue Overflow\n");
return;
}
printf("\nenter the element for adding in queue : ");
r = (r+1)%n;
scanf("%d", &key);
CQ[r]=key;
ct++;
}
void dequeue() //function to remove an element from queue {
if (ct == 0)
{
printf("Queue Underflow\n");
return ;
}
printf("Element deleted from queue is : %d\n", CQ[f]);
f=(f+1)%n;
ct--;
}
void display()
{
int i,k=f;
if (ct == 0)
{
printf("Queue is empty\n");
return;
}
printf("contents of Queue are :\n");
for (i = 0; i < ct; i++)
{
printf("%d\t", CQ[k]);
k=(k+1)%n;
}}
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Double ended queue (deck)
Double Ended Queue is also a Queue data structure in which the insertion and deletion
operations are performed at both the ends (front and rear). That means, we can insert at both
front and rear positions and can delete from both front and rear positions.

Double Ended Queue can be represented in TWO ways, those are as follows...
Input Restricted Double Ended Queue
Output Restricted Double Ended Queue
Input Restricted Double Ended Queue
In input restricted double ended queue, the insertion operation is performed at only one end
and deletion operation is performed at both the ends.
Output Restricted Double Ended Queue
In output restricted double ended queue, the deletion operation is performed at only one end
and insertion operation is performed at both the ends.
Deque is a variation of queue data structure, pronounced “deck”, which stands for doubleended queue. In a deque values can be inserted at either the front or the back, A collection of
peas in a straw is a good example..
Queues and deques are used in a number of ways in computer applications. A printer, for
example, can only print one job at a time. During the time it is printing there may be many
different requests for other output to be printed. To handle this printer will maintain a queue
of pending print tasks. Since you want the results to be produced in the order that they are
received,
a
queue
is
the
appropriate
data
structure.
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For a deque the defining property is that elements can only be added or removed from the
end points. It is not possible to add or remove values from the middle of the collection.

Operations on deque
 Insertfront
 Deletefront
 INsertrear
 Deleterear
Deque Implementation
 Using arrays
 Linked list –Doubly linked list
Array Implementation of Deque
#include<stdio.h>
#define N 5
int dq[N],front=0,rear=-1,count=0;
//insert element at the rear end
void insertrear()
{
int key;
if (count==N)
printf("overflow\n");
else
{
printf("enter the key to be inserted\n");
scanf("%d",&key);
rear=(rear+1)%N;
dq[rear]=key;
count++;
}
}
//insert element at the front
void insertfront()
{
int key;
if (count==N)
printf("overflow\n");
else
{
printf("enter the key elemet\n");
scanf("%d",&key);
if (front==0)
front=N-1;
else
front=front-1;
dq[front]=key;
count++;
}}
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//delete element from the front
void deletefront()
{
if (count==0)
printf("underflow\n");
else
{
printf("element deleted is%d",dq[front]);
front=(front+1)%N;
count--;
}
}
//delete element from the rear end
void deleterear()
{
if (count==0)
printf("underflow\n");
else
{
printf("%d is rear value\n",rear);
printf("element deleted is %d",dq[rear]);
if (rear==0)
rear=N1; else
rear=rear-1;
count--;
}
}
void display()
{
int i,k;
if (count==0)
printf("empty queue\n");
else
{
k=front;
for(i=0;i<count;i++)
{
printf("%d\t",dq[k]);
k=(k+1)%N;
}
}
}
Deque Implementation using Doubly Linked
List #include<stdio.h>
struct deque
{
int data;
struct node *left;
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struct node *right;
};
typedef struct deque node;
node *start=NULL;
node *getnode()
{
node *newnode;
newnode=(node *)malloc(sizeof(node));
if (newnode==NULL)
printf("error in memory alloc\n");
printf("enetr data\n");
scanf("%d",&newnode->data);
newnode->left=newnode->right=NULL;
return newnode;
}
void insertbegin()
{
node *n;
n=getnode();
if (start==NULL)
{
start=n;
return;
}
n->right=start;
start->left=n;
start=n;
}
void traverse()
{
node *temp=start;
if (temp==NULL)
{
printf("list empty\n");
return;
}
while(temp!=NULL)
{
printf("%d",temp->data);
temp=temp->right;
}
}
void insertend()
{
node *temp=start;
node *n;
n=getnode();
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if (start==NULL)
{
start=n;return;
}
while(temp->right!=NULL)
temp=temp->right;
n->left=temp;
temp->right=n;
}
void delbegin()
{
node *temp;
if (start==NULL)
{
printf("list empty\n");
return;
}
temp=start;
start=temp->right;
start->left=NULL;
printf("the element to be deleted is %d",temp->data);
free(temp);
}
void delend()
{
node *temp,*prev;
if (start==NULL)
{
printf("list empty\n");
return;
}
if (start->right==NULL)
{
printf("node deleted is %d",start->data);
free(start);
start=NULL;
return;
}
temp=start;
while(temp->right!=NULL)
{
prev=temp;
temp=temp->right;
}
prev->right=NULL;
printf("deleted info is %d",temp->data);
free(temp);
}
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Priority Queue:
A priority queue is a collection of elements such that each element has been assigned a
priority and such that the order in which elements are deleted and processed comes from the
following rules:
1. An element of higher priority is processed before any element of lower priority.
2. two elements with same priority are processed according to the order in which they were
added to the queue.
A prototype of a priority queue is time sharing system: programs of high priority are
processed first, and programs with the same priority form a standard queue.
Implementation of a Priority Queue
A priority queue can be implemented by creating a sorted or ordered list. A sorted list can be
used to store the elements so that when an element is to be removed, the queue need not be
searched for an element with the highest priority, since the element with the highest priority
is already in the first position. Insertions are handled by inserting the elements in order.
C Program to Implement Priority Queue to Add and Delete
Elements #include <stdio.h>
#define MAX 5
int pri_que[MAX];
int front=0, rear=-1;
/* Function to insert value into priority queue */
void insert_by_priority(int data) {
if (rear== MAX - 1)
{
printf("\nQueue overflow no more elements can be
inserted"); return;}
if (rear == -1))
{
rear++;
pri_que[rear] = data;
}
else
check(data);
rear++;
}
/* Function to check priority and place element */
void check(int data)
{
int i,j;
for (i = 0; i <= rear; i++)
{
if (data >= pri_que[i])
{
for (j = rear + 1; j > i; j--)
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pri_que[j] = pri_que[j - 1];
pri_que[i] = data;
return;
}
}
pri_que[i] = data;
}
/* Function to delete an element from queue */
void delete_by_priority(int data)
{
int i;
if (rear==-1)
{
printf("\nQueue is empty no elements to
delete"); return;
}
printf( “The element deleted is %d”,pri_qui[front];
front++;
}
/* Function to display queue elements */
void display_pqueue()
{ int i;
if (rear == -1))
{
printf("\nQueue is empty");
return;}
for (i=front; i <= rear; i++)
{
printf(" %d ", pri_que[i]);
}
Linked Representation of a Priority Queue
A priority queue can be implemented using linked lists. When a priority queue is
implemented as a linked list, then every node of the list has three fields (1)the data part
(2)The priority number of the element(3)the address of the next element.
Implementation of priority queue
struct pqueue
{
int priority;
int info;
struct node *next;
};
typedef struct pqueue node;
node *start=NULL;
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void insert(int item,int item_priority)
{
struct node *new1,*temp;
new1=(struct node *)malloc(sizeof(struct node));
if(start==NULL)
{
printf(“Memory not available\n”);
return;
}
new1->info=item;
new1->priority=item_priority;
/*Queue is empty or item to be added has priority more than first
element*/ if( start==NULL || item_priority < start->priority ) {
new1->next=start;
start=new1;
}
else
{
temp =start;
while( temp->next!=NULL && temp->next->priority<=item_priority )
temp=temp->next;
new1->next=temp->next;
temp->next=new1;
}
}/*End of insert()*/
void del()
{
struct node *temp;
if( start==NULL)
{
printf(“Queue Underflow\n”);
}
else
{
temp=start;
printf(“the deleted element is %d”,temp->info);
start=start->next;
free(temp);
}
}/*End of del()*/
Applications of Queue:
1. It is used to schedule the jobs to be processed by the CPU.
2. When multiple users send print jobs to a printer, each printing job is kept in the printing
queue. Then the printer prints those jobs according to first in first out (FIFO) basis.
3. Breadth first search uses a queue data structure to find an element from a graph.
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Multiple stacks
A sequential representation of a single stack using array is simple since only the top of the
stack needs to be maintained and kept track. A linear structure like array can be used to
represent multiple stacks. If multiple stacks are to be implemented, the array can be
approximately divided into equal sized segments, each segment denoting a stack. The top and
bottom of each stack are to be kept track of to manage insertions and deletions into the
individual stacks.
Consider a set of N stacks to be implemented sunig an array. The array can be divided into N
equal sized segments .
Say if the array can hold 20 elements, and 4 stacks are to be implemented then each
individual stack hold 5 elements.
0
1 2
3
4
5
6
7
8
9
10 11 12 13
14 15 16
17 18
19
stack 0
tos[0]=-1,b[0]=-1

stack 1
tos[1]=b[1]=4

stack 2
tos[2]=b[2]=9

stack 3
tos[3]=b[3]=14

If i denotes an individual stack ,to establish multiple stacks, an array of top(tos[ i])and bottom
pointers (b[i])are maintained to keep track of the top and bottom of every stack.
Every stack‘s bottom and top pointer is set to B[i]=tos[i]=(size/n)*i-1 which enables
dividing the stack to be divided into equal sized segments.
Overflow in any stack
tos[i]=b[i+1] // top pointer of one stack points to the bottom position of the following stack
Underflow in any stack
tos[i]=b[i]
//top and bottom pointer of a stack in the same position
Implementation of multiple stacks using array
#define memsize 20
//size of array
#define maxstack 4
//number of stacks
int s[memsize],tos[maxstack],b[maxstack],n;
int main()
{
int i;
scanf(“%d”,&n);
//number of stacks
for(i=0;i<n;++)
tos[i]=b[i]=(memsize/n)*i-1;
b[n]=memsize-1;
// use switch case to call the different operations push, pop and display
}
void push()
{
int ele;
scanf(“%d”,&i); //stack number on which operation is to be done if
(tos[i]==b[i+1])
{printf(“stack %d is full”, i);return;} printf(“enter
the value to be inserted\n”);
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scanf(“%d”,&ele);
s[++tos[i]]=ele;
}
void pop()
{
printf(“enter the stack number\n”);
scanf(“%d”,&i);
if (tos[i]==b[i])
{
printf(“empty stack\n”);return;}
printf(“deleted element is %d”,s[tos[i]--];
}
void disp()
{
printf(“enter the stack number\n”);
scanf(“%d”,&i);
if (tos[i]==b[i])
{
printf(“empty stack\n”);return;}
printf(“contents are \n”);
for(j=b[i]+1;j<=tos[i];j++)
printf(“%d”,s[j]);
}

Prepared by
Srinivas B V,Asst Professor
Dept of ISE, Atria I T

GOOD LUCK!!!!
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MODULE 3: LINKED LIST
DEFINITION
A linked list, or one-way list, is a linear collection of data elements, called nodes, where the
linear order is given by means of pointers. That is, each node is divided into two parts:
  The first part contains the information of the element, and
 The second part, called the link field or nextpointer field, contains the address of the
next node in the list.

TEMP ->NEXT=START;
START=TEMP;

In the above figure each node is pictured with two parts.




NULL
TEMP 50

 The left part represents the information part of the node, which may contain an entire
record of data items.
 The right part represents the nextpointer field of the node
 An arrow drawn from a node to the next node in the list.
 The pointer of the last node contains a special value, called the null pointer, which is
any invalid address.

A pointer variable called START or FIRST which contains the address of the first node.
A special case is the list that has no nodes, such a list is called the null list or empty list and is
denoted by the null pointer in the variable START.
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REPRESENTATION OF LINKED LISTS IN MEMORY
Let LIST be a linked list. Then LIST will be maintained in memory as follows.
1. LIST requires two linear arrays such as INFO and LINK-such that INFO[K] and
LINK[K] contains the information part and the nextpointer field of a node of LIST.
2. LIST also requires a variable name such as START which contains the location of the
beginning of the list, and a nextpointer sentinel denoted by NULL-which indicates the
end of the list.
3. The subscripts of the arrays INFO and LINK will be positive, so choose NULL = 0,
unless otherwise stated.

The following examples of linked lists indicate that the nodes of a list need not occupy
adjacent elements in the arrays INFO and LINK, and that more than one list may be
maintained in the same linear arrays INFO and LINK. However, each list must have its own
pointer variable giving the location of its first node.

START=9
INFO[9]=N
LINK[3]=6
INFO[6]=V
LINK[6]=11
INFO[11]=E
LINK[11]=7
INFO[7]= X
LINK[7]=10
INFO[10]= I
LINK[10]=4
INFO[4]= T
LINK[4]= NULL value, So the list has ended
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REPRESENTING CHAIN IN C
The following capabilities are needed to make linked representation
1. A mechanism for defining a node’s structure, that is, the field it contains. So selfreferential structures can be used
2. A way to create new nodes, so MALLOC functions can do this operation
3. A way to remove nodes that no longer needed. The FREE function handles this
operation.
Defining a node structure
typedef struct {
char data[4];
listPointer list;
} listNode;
typedef struct listNode *listPointer;

Create a New Empty list
listPointer first = NULL
To create a New Node
MALLOC (first, sizeof(*first));
To place the data into NODE
strcpy(first→ data,”BAT”);
first→ link = NULL
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MEMORY ALLOCATION - GARBAGE COLLECTION




 The maintenance of linked lists in memory assumes the possibility of inserting new
nodes into the lists and hence requires some mechanism which provides unused
memory space for the new nodes.
 Mechanism is required whereby the memory space of deleted nodes becomes available
for future use.
 Together with the linked lists in memory, a special list is maintained which consists of
unused memory cells. This list, which has its own pointer, is called the list of available
space or the free storage list or the free pool.

Suppose linked lists are implemented by parallel arrays and insertions and deletions are to be
performed linked lists. Then the unused memory cells in the arrays will also be linked
together to form a linked list using AVAIL as its list pointer variable. Such a data structure
will be denoted by
LIST (INFO, LINK, START, AVAIL)
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Garbage Collection



Suppose some memory space becomes reusable because a node is deleted from a list or an
entire list is deleted from a program. So space is need to be available for future use.

 One way to bring this is to immediately reinsert the space into the free -storage list.
However, this method may be too time-consuming for the operating system of a
computer, which may choose an alternative method, as follows.

The operating system of a computer may periodically collect all the deleted space onto the
freestorage list. Any technique which does this collection is called garbage collection.
Garbage collection takes place in two steps.
1. First the computer runs through all lists, tagging those cells which are currently in use
2. And then the computer runs through the memory, collecting all untagged space onto
the free-storage list.
The garbage collection may take place when there is only some minimum amount of space or
no space at all left in the free-storage list, or when the CPU is idle and has time to do the
collection.

Overflow




 Sometimes new data are to be inserted into a data structure but there is no available
space, i.e., the free-storage list is empty. This situation is usually called overflow.
 The programmer may handle overflow by printing the message OVERFLOW. In such
a case, the programmer may then modify the program by adding space to the
underlying arrays.
 Overflow will occur with linked lists when AVAIL = NULL and there is an insertion.

Srinivas B V,

Assistant Professor, Dept. of ISE, Atria Institute of Technology, Bengaluru

Data Structures and its Applications (18cs32)

Underflow



 The term underflow refers to the situation where one wants to delete data from a data
structure that is empty.
 The programmer may handle underflow by printing the message UNDERFLOW.


The underflow will occur with linked lists when START = NULL and there is a deletion.

LINKED LIST OPERATIONS
1. Traversing a Linked list
Let LIST be a linked list in memory stored in linear arrays INFO and LINK with START
pointing to the first element and NULL indicating the end of LIST.



 Traversing algorithm uses a pointer variable PTR which points to the node that is
currently being processed.
 PTR→LINK points to the next node to be processed.
 Thus the assignment PTR= PTR→LINK moves the pointer to the next node in the list,
as pictured in below figure

Algorithm: (Traversing a Linked List) Let LIST be a linked list in memory. This algorithm
traverses LIST, applying an operation PROCESS to each element of LIST. The variable PTR
points to the node currently being processed.
1. Set PTR = START
2. Repeat Steps 3 and 4 while PTR ≠ NULL
3.
Apply PROCESS to PTR→INFO
4.
Set PTR = PTR→LINK
5. Exit.
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The details of the algorithm are as follows.
  Initialize PTR or START.
  Then process PTR→INFO, the information at the first node.

 Update PTR by the assignment PTR = PTR→LINK, so that PTR points to the second
node. Then process PTR→INFO, the information at the second node. Again update
PTR by the assignment PTR = PTR→LINK, and then process PTR→INFO, the
information at the third node. And so on. Continue until PTR = NULL, which signals
the end of the list.

Example:
The following procedure prints the information at each node of a linked list. Since the
procedure must traverse the list.
Procedure: PRINT (INFO, LINK, START)
1. Set PTR = START.
2. Repeat Steps 3 and 4 while PTR ≠ NULL:
3.
Write: PTR→INFO
4.
Set PTR = PTR→LINK
5. Return.

2. Searching a Linked list
There are two searching algorithm for finding location LOC of the node where ITEM first
appears in LIST.
Let LIST be a linked list in memory. Suppose a specific ITEM of information is given.
If ITEM is actually a key value and searching through a file for the record containing ITEM,
then ITEM can appear only once in LIST.
LIST Is Unsorted
Suppose the data in LIST are not sorted. Then search for ITEM in LIST by traversing
through the list using a pointer variable PTR and comparing ITEM with the contents
PTR→INFO of each node, one by one, of LIST. Before updating the pointer PTR by
PTR = PTR→LINK
It requires two tests.
First check whether we have reached the end of the list,
i.e., PTR == NULL
If not, then check to see whether
PTR→INFO == ITEM
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Algorithm: SEARCH (INFO, LINK, START, ITEM, LOC)
LIST is a linked list in memory. This algorithm finds the location LOC of the node
where ITEM first appears in LIST, or sets LOC = NULL.
1. Set PTR: = START.
2. Repeat Step 3 while PTR ≠ NULL
3.
If ITEM = PTR→INFO, then:
Set LOC: = PTR, and Exit.
Else
Set PTR: = PTR→LINK
[End of If structure.]
[End of Step 2 loop.]
4. [Search is unsuccessful.] Set LOC: = NULL.
5. Exit.
The complexity of this algorithm for the worst-case running time is proportional to
the number n of elements in LIST, and the average-case running time is
approximately proportional to n/2 (with the condition that ITEM appears once in
LIST but with equal probability in any node of LIST).

LIST is Sorted
Suppose the data in LIST are sorted. Search for ITEM in LIST by traversing the list using a
pointer variable PTR and comparing ITEM with the contents PTR→INFO of each node, one
by one, of LIST. Now, searching can stop once ITEM exceeds PTR→INFO.
Algorithm: SRCHSL (INFO, LINK, START, ITEM, LOC)
LIST is a sorted list in memory. This algorithm finds the location LOC of the node
where ITEM first appears in LIST, or sets LOC = NULL.
1. Set PTR: = START.
2. Repeat Step 3 while PTR ≠ NULL
3.

If ITEM < PTR→INFO, then:
Set PTR: = PTR→LINK

Else if ITEM = PTR→INFO, then:
Set LOC: = PTR, and Exit. [Search is successful.]
Else:
Set LOC: = NULL, and Exit. [ITEM now exceeds
PTR→INFO] [End of If structure.]
[End of Step 2 loop.]
4. Set LOC: = NULL.
5. Exit.
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The complexity of this algorithm for the worst-case running time is proportional to the number n of
elements in LIST, and the average-case running time is approximately proportional to n/2

3. Insertion into a Linked list
Let LIST be a linked list with successive nodes A and B, as pictured in Fig. (a). Suppose a
node N is to be inserted into the list between nodes A and B. The schematic diagram of such
an insertion appears in Fig. (b). That is, node A now points to the new node N, and node N
points to node B, to which A previously pointed.

The above figure does not take into account that the memory space for the new node N will
come from the AVAIL list.
Specifically, for easier processing, the first node in the AVAIL list will be used for the new
node N. Thus a more exact schematic diagram of such an insertion is that in below Fig.
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Observe that three pointer fields are changed as follows:
1. The nextpointer field of node A now points to the new node N, to which AVAIL
previously pointed.
2. AVAIL now points to the second node in the free pool, to which node N previously
pointed.
3. The nextpointer field of node N now points to node B, to which node A previously
pointed.
There are also two special cases.
1. If the new node N is the first node in the list, then START will point to N
2. If the new node N is the last node in the list, then N will contain the null pointer.
Insertion Algorithms
Algorithms which insert nodes into linked lists come up in various situations.
1. Inserts a node at the beginning of the list,
2. Inserts a node after the node with a given location
3. Inserts a node into a sorted list.
1. Inserting at the Beginning of a List
Inserting the node at the beginning of the list.
Algorithm: INSFIRST (INFO, LINK, START, AVAIL, ITEM)
This algorithm inserts ITEM as the first node in the list.
1. [OVERFLOW?] If AVAIL = NULL, then: Write: OVERFLOW, and Exit.
2. [Remove first node from AVAIL list.]
Set NEW: = AVAIL and AVAIL: = AVAIL→LINK
3. Set NEW→INFO:= ITEM.
[Copies new data into new node]
4. Set NEW→LINK:= START. [New node now points to original first node.]
5. Set START: = NEW.
[Changes START so it points to the new node.]
6. Exit.

Fig: Inserting at the Beginning of a List
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2. Inserting after a Given Node
Suppose the value of LOC is given where either LOC is the location of a node A in a linked
LIST or LOC = NULL.
The following is an algorithm which inserts ITEM into LIST so that ITEM follows node A or,
when LOC = NULL, so that ITEM is the first node.
Let N denote the new node. If LOC = NULL, then N is inserted as the first node in LIST.
Otherwise, let node N point to node B by the assignment NEW→LINK:= LOC→LINK and
let node A point to the new node N by the assignment LOC→LINK:= NEW
Algorithm: INSLOC (INFO, LINK, START, AVAIL, LOC, ITEM)
This algorithm inserts ITEM so that ITEM follows the node with location LOC or inserts
ITEM as the first node when LOC = NULL.
1. [OVERFLOW?] If AVAIL = NULL, then: Write: OVERFLOW, and Exit
2. [Remove first node from AVAIL list.]
Set NEW: = AVAIL and AVAIL: = AVAIL→LINK
3. Set NEW→INFO:= ITEM [Copies new data into new node]
4. If LOC = NULL, then: [Insert as first node]
Set NEW→LINK:= START and START: = NEW.
Else: [Insert after node with location LOC]
Set NEW→LINK:= LOC→LINK and LOC→LINK:=
NEW [End of If structure.]
5. Exit.

3. Inserting into a Sorted Linked List
 Suppose ITEM is to be inserted into a sorted linked LIST. Then ITEM must be inserted
between nodes A and B so that
INFO(A) < ITEM < INFO(B)





 The following is a procedure which finds the location LOC of node A, that is, which
finds the location LOC of the last node in LIST whose value is less than ITEM.
 Traverse the list, using a pointer variable PTR and comparing ITEM with PTR→INFO
at each node. While traversing, keep track of the location of the preceding node by
using a pointer variable SAVE, as pictured in below Fig. Thus SAVE and PTR are
updated by the assignments
SAVE: = PTR and PTR: = PTR→LINK
 The traversing continues as long as PTR→INFO > ITEM, or in other words, the
traversing stops as-soon as ITEM ≤ PTR→INFO. Then PTR points to node B, so
SAVE will contain the location of the node A.
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Procedure: FINDA (INFO, LINK, START, ITEM, LOC)
This procedure finds the location LOC of the last node in a sorted list such that
LOC→INFO < ITEM, or sets LOC = NULL.
1. [List empty?] If START = NULL, then: Set LOC: = NULL, and Return.
2. [Special case?] If ITEM < START→INFO, then: Set LOC: = NULL, and Return.
3. Set SAVE: = START and PTR: = START→LINK. [Initializes pointers.]
4. Repeat Steps 5 and 6 while PTR ≠ NULL.
5.
If ITEM < PTR→INFO, then:
Set LOC: = SAVE, and Return.
[End of If structure.]
6.
Set SAVE: = PTR and PTR: = PTR→LINK. [Updates pointers.]
[End of Step 4 loop.]
7. Set LOC: = SAVE.
8. Return.

Below algorithm which inserts ITEM into a linked list. The simplicity of the algorithm comes
from using the previous two procedures.
Algorithm: INSERT (INFO, LINK, START, AVAIL, ITEM)
This algorithm inserts ITEM into a sorted linked list.
1. [Use Procedure to find the location of the node preceding
ITEM.] Call FINDA (INFO, LINK, START, ITEM, LOC).
2. [Use Algorithm to insert ITEM after the node with location LOC.] Call
INSLOC (INFO, LINK, START, AVAIL, LOC, ITEM).

3. Exit.

3. Deletion into a Linked list




 Let LIST be a linked list with a node N between nodes A and B, as pictured in below
Fig.(a). Suppose node N is to be deleted from the linked list. The schematic diagram
of such a deletion appears in Fig.(b).
 The deletion occurs as soon as the nextpointer field of node A is changed so that it
points to node B.
 Linked list is maintained in memory in the form
LIST (INFO, LINK, START, AVAIL)
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The above figure does not take into account the fact that, when a node N is deleted from our
list, immediately return its memory space to the AVAIL list. So for easier processing, it will
be returned to the beginning of the AVAIL list. Thus a more exact schematic diagram of suc
h a deletion is the one in below Fig.

Free storage list

Observe that three pointer fields are changed as follows:
1. The nextpointer field of node A now points to node B, where node N
previously pointed.
2. The nextpointer field of N now points to the original first node in the free pool,
where AVAIL previously pointed.
3. AVAIL now points to the deleted node N.
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Deletion Algorithms
Deletion of nodes from linked lists come up in various situations.
1. Deletes the node following a given node
2. Deletes the node with a given ITEM of information.
All deletion algorithms will return the memory space of the deleted node N to the
beginning of the AVAIL list.
Deleting the Node Following a Given Node
Let LIST be a linked list in memory. Suppose we are given the location LOC of a node N
in LIST is given and location LOCP of the node preceding N or, when N is the first node,
then LOCP = NULL is given.
The following algorithm deletes N from the list.
Algorithm: DEL (INFO, LINK, START, AVAIL, LOC, LOCP)
This algorithm deletes the node N with location LOC. LOCP is the location of the node
which precedes N or, when N is the first node, LOCP = NULL.
1. If LOCP = NULL, then:
Set START: = START→LINK.
[Deletes first node.]
Else:
Set LOCP→LINK:= LOC→LINK
[Deletes node N.]
[End of If structure.]
2. [Return deleted node to the AVAIL list.]
Set LOC→LINK:= AVAIL and AVAIL: = LOC
3. Exit.

Deleting the Node with a Given ITEM of Information






 Consider a given an ITEM of information and wants to delete from the LIST the first
node N which contains ITEM. Then it is needed to know the location of the node
preceding N. Accordingly, first finds the location LOC of the node N containing ITEM
and the location LOCP of the node preceding node N.
 If N is the first node, then set LOCP = NULL, and if ITEM does not appear in LIST,
then set LOC = NULL.
 Traverse the list, using a pointer variable PTR and comparing ITEM with PTR→INFO
at each node. While traversing, keep track of the location of the preceding node by
using a pointer variable SAVE. Thus SAVE and PTR are updated by the assignments
SAVE:=PTR and PTR:= PTR→LINK
 The traversing continues as long as PTR→INFO ≠ ITEM, or in other words, the
traversing stops as soon as ITEM = PTR→INFO. Then PTR contains the location LOC
of node N and SAVE contains the location LOCP of the node preceding N
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Procedure: FINDB (INFO, LINK, START, ITEM, LOC, LOCP)
This procedure finds the location LOC of the first node N which contains ITEM and the
location LOCP of the node preceding N. If ITEM does not appear in the list, then the
procedure sets LOC = NULL; and if ITEM appears in the first node, then it sets LOCP =
NULL.
1. [List empty?] If START = NULL, then:
Set LOC: = NULL and LOCP: = NULL, and Return.
[End of If structure.]
2. [ITEM in first node?] If START→INFO = ITEM, then: Set
LOC: = START and LOCP = NULL, and Return.

[End of If structure.]
3. Set SAVE: = START and PTR: = START→LINK. [Initializes pointers.]
4. Repeat Steps 5 and 6 while PTR ≠ NULL.
5. If PTR→INFO = ITEM, then:
Set LOC: = PTR and LOCP: = SAVE, and Return.
[End of If structure.]
6. Set SAVE: = PTR and PTR: = PTR→LINK. [Updates pointers.]
[End of Step 4 loop.]
7. Set LOC: = NULL. [Search unsuccessful.]
8. Return.
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DOUBLY LINKED LIST
1. The difficulties with single linked lists is that, it is possible to traversal only in one
direction, ie., direction of the links.
2. The only way to find the node that precedes p is to start at the beginning of the list. The
same problem arises when one wishes to delete an arbitrary node from a singly linked
list. Hence the solution is to use doubly linked list
Doubly linked list: It is a linear collection of data elements, called nodes, where each node N
is divided into three parts:
1. An information field INFO which contains the data of N
2. A pointer field LLINK (FORW) which contains the location of the next node in the list
3. A pointer field RLINK (BACK) which contains the location of the preceding node in
the list
The declarations are:
typedef struct node *nodePointer;
typedef struct {
nodePointer llink;
element data;
nodePointer rlink;
} node;

Insertion into a doubly linked list
Insertion into a doubly linked list is fairly easy. Assume there are two nodes, node and
newnode, node may be either a header node or an interior node in a list. The function dinsert
performs the insertion operation in constant time.
void dinsert(nodePointer node, nodePointer newnode) {/* insert
newnode to the right of node */ newnode→llink = node;
newnode→rlink = node→rlink;
node→rlink→llink = newnode;
node→rlink = newnode;
}
Program: Insertion into a doubly linked circular list
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Deletion from a doubly linked list
Deletion from a doubly linked list is equally easy. The function ddelete deletes the node
deleted from the list pointed to by node.
To accomplish this deletion, we only need to change the link fields of the nodes that precede
(deleted→llink→rlink) and follow (deleted→rlink→llink) the node we want to delete.

void ddelete(nodePointer node, nodePointer deleted)
{/* delete from the doubly linked list */
if (node == deleted)
printf("Deletion of header node not permitted.\n");
else {
deleted→llink→rlink = deleted→rlink;
deleted→rlink→llink = deleted→llink;
free(deleted) ;
}
}
Program: Deletion from a doubly linked circular list

HEADER LINKED LISTS
A header linked list is a linked list which contains a special node, called the header node, at
the beginning of the list.
The following are two kinds of widely used header lists:
1. A grounded header list is a header list where the last node contains the null pointer.
2. A circular header list is a header list where the last node points back to the header node.

Below figure contains schematic diagrams of these header lists.

Observe that the list pointer START always points to the header node.
  If START→LINK = NULL indicates that a grounded header list is empty
 If START→LINK = START indicates that a circular header list is empty.
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The first node in a header list is the node following the header node, and the location of the
first node is START→LINK, not START, as with ordinary linked lists.
Below algorithm, which uses a pointer variable PTR to traverse a circular header list
1. Begins with PTR = START→LINK (not PTR = START)
2. Ends when PTR = START (not PTR = NULL).
Algorithm: (Traversing a Circular Header List) Let LIST be a circular header list in memory.
This algorithm traverses LIST, applying an operation PROCESS to each node of LIST.
1. Set PTR: = START→LINK. [Initializes the pointer PTR.]
2. Repeat Steps 3 and 4 while PTR ≠ START:
3.
Apply PROCESS to PTR→INFO.
4.
Set PTR: = PTR→LINK. [PTR now points to the next
node.] [End of Step 2 loop.]
5. Exit.

Algorithm: SRCHHL (INFO, LINK, START, ITEM, LOC)
LIST is a circular header list in memory. This algorithm finds the location LOC of the node
where ITEM first appears in LIST or sets LOC = NULL.
1. Set PTR: = START→LINK
2. Repeat while PTR→INFO [PTR] ≠ ITEM and PTR ≠ START:
Set PTR: =PTR→LINK. [PTR now points to the next node.]
[End of loop.]
3. If PTR→INFO = ITEM,
then: Set LOC: = PTR.
Else:
Set LOC: = NULL.
[End of If structure.]
4. Exit.

The two properties of circular header lists:
1. The null pointer is not used, and hence all pointers contain valid addresses.
2. Every (ordinary) node has a predecessor, so the first node may not require a special case.

There are two other variations of linked lists
1. A linked list whose last node points back to the first node instead of containing the null
pointer, called a circular list
2. A linked list which contains both a special header node at the beginning of the list and
a special trailer node at the end of the list
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LINKED STACKS AND QUEUES
The below figure shows stacks and queues using linked list. Nodes can easily add or delete a
node from the top of the stack. Nodes can easily add a node to the rear of the queue and add
or delete a node at the front

Linked Stack
The representation of n ≤ MAX_STACKS stacks, below is the declarations:
#define MAX_STACKS 10 /* maximum number of stacks */
typedef struct {
int key;
/* other fields */
}element;
typedef struct stack *stackPointer;
typedef struct {
element data;
stackPointer link;
} stack;
stackPointer top[MAX_STACKS];
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The initial condition for the stacks is:
top[i] = NULL, 0 ≤ i < MAX_STACKS
The boundary condition is:
top [i] = NULL iff the i

th

stack is empty

Functions push and pop add and delete items to/from a stack.
void push(int i, element item)
{
/* add item to the ith stack */
stackPointer temp;
MALLOC(temp, sizeof(*temp));
temp→data = item;
temp→link = top[i];
top[i] = temp;
}
Program: Add to a linked stack
Function push creates a new node, temp, and places item in the data field and top in the link
field. The variable top is then changed to point to temp. A typical function call to add an
element to the ith stack would be push (i,item).
element pop(int i)
{
/* remove top element from the ith stack */
stackPointer temp = top[i];
element item;
if (! temp)
return stackEmpty();
item = temp→data;
top[i] = temp→link;
free (temp) ;
return item;
}
Program: Delete from a linked stack
Function pop returns the top element and changes top to point to the address contained in its
link field. The removed node is then returned to system memory. A typical function call to
delete an element from the ith stack would be item = pop (i);
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Linked Queue
The representation of m ≤ MAX_QUEUES queues, below is the
declarations: #define MAX-QUEUES 10 /* maximum number
of queues */ typedef.struct queue *queuePointer;
typedef struct {
element data;
queuePointer link;
} queue;
queuePointer front[MAX_QUEUES], rear[MAX_QUEUES];

The initial condition for the queues is:
front[i] = NULL, 0 ≤ i < MAX_QUEUES
The boundary condition is:
front[i] = NULL iff the i

th

queue is empty

Functions addq and deleteq implement the add and delete operations for multiple queues.
void addq(i, item)
{
/* add item to the rear of queue i */
queuePointer temp;
MALLOC(temp, sizeof(*temp));
temp→data = item;
temp→link = NULL;
if (front[i])
rear[i] →link = temp;
else
front[i] = temp;
rear[i] = temp;
}
Program: Add to the rear of a linked queue
Function addq is more complex than push because we must check for an empty queue. If the
queue is empty, then change front to point to the new node; otherwise change rear's link field
to point to the new node. In either case, we then change rear to point to the new node.
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element deleteq(int i)
{
/* delete an element from queue i */ queuePointer temp
= front[i];
element item;
if (! temp)
return queueEmpty();
item = temp→data;
front[i]= temp→link;
free (temp) ;
return item;
}
Program: Delete from the front of a linked queue
Function deleteq is similar to pop since nodes are removing that is currently at the start of the
list. Typical function calls would be addq (i, item); and item = deleteq (i);

APPLICATIONS OF LINKED LISTS – POLYNOMIALS
Representation of the polynomial:

where the ai are nonzero coefficients and the ei are nonnegative integer exponents such
that em-l > em-2 > ... > e1 > e0 ≥ 0.
Present each term as a node containing coefficient and exponent fields, as well as a pointer
to the next term.
Assuming that the coefficients are integers, the type declarations are:
typedef struct polyNode *polyPointer;
typedef struct {
int coef;
int expon;
polyPointer link;
} polyNode;
polyPointer a,b;
coef
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Adding Polynomials
To add two polynomials, examine their terms starting at the nodes pointed to by a and b.




 If the exponents of the two terms are equal, then add the two coefficients and cre ate a
new term for the result, and also move the pointers to the next nodes in a and b.
 If the exponent of the current term in a is less than the exponent of the current term in
b, then create a duplicate term of b, attach this term to the result, called c, and advance
the pointer to the next term in b.
 If the exponent of the current term in b is less than the exponent of the current term in
a, then create a duplicate term of a, attach this term to the result, called c, and advance
the pointer to the next term in a

Below figure illustrates this process for the polynomials addition.
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The complete addition algorithm is specified by padd( )
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Analysis of padd:
To determine the computing time of padd, first determine which operations contribute to the
cost. For this algorithm, there are three cost measures:
(l) Coefficient additions
(2) Exponent comparisons
(3) Creation of new nodes for c
The maximum number of executions of any statement in padd is bounded above by m + n.
Therefore, the computing time is O(m+n). This means that if we implement and run the
algorithm on a computer, the time it takes will be C1m + C2n + C3, where C1, C2, C3 are
constants. Since any algorithm that adds two polynomials must look at each nonzero term at
least once, padd is optimal to within a constant factor.

SPARSE MATRIX REPRESENTATION
A linked list representation for sparse matrices.
In data representation, each column of a sparse matrix is represented as a circularly linked list
with a header node. A similar representation is used for each row of a sparse matrix.
Each node has a tag field, which is used to distinguish between header nodes and entry nodes.
Header Node:
  Each header node has three fields: down, right, and next as shown in figure (a).






The down field is used to link into a column list and the right field to link into a row list.

 The next field links the header nodes together.
 The header node for row i is also the header node for column i, and the total number of
header nodes is max {number of rows, number of columns}.

Element node:




 Each element node has five fields in addition in addition to the tag field: row, col,
down, right, value as shown in figure (b).
 The down field is used to link to the next nonzero term in the same column and the
right field to link to the next nonzero term in the same row. Thus, if aij ≠ 0, there is a
node with tag field = entry, value = aij, row = i, and col = j as shown in figure (c).
 We link this node into the circular linked lists for row i and column j. Hence, it is
simultaneously linked into two different lists.
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Consider the sparse matrix, as shown in below figure (2).

Figure (3) shows the linked representation of this matrix. Although we have not shown the
value of the tag fields, we can easily determine these values from the node structure.
For each nonzero term of a, have one entry node that is in exactly one row list and one
column list. The header nodes are marked HO-H3. As the figure shows, we use the right field
of the header node list header to link into the list of header nodes.
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To represent a numRows x numCols matrix with numTerms nonzero terms, then we need max
{numRows, numCols} + numTerms + 1 nodes. While each node may require several words of
memory, the total storage will be less than numRows x numCols when numTerms is
sufficiently small.
There are two different types of nodes in representation, so unions are used to create the
appropriate data structure. The C declarations are as follows:

#define MAX-SIZE 50 /*size of largest matrix*/
typedef enum {head, entry} tagfield; typedef
struet matrixNode *matrixPointer;
typedef struet {
int row;
int eol;
int value;
} entryNode;
typedef struet {
matrixPointer down;
matrixPointer right;
tagfield tag;
union {
matrixPointer next;
entryNode entry;
} u;
} matrixNode;
matrixPointer hdnode[MAX-SIZE];
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MODULE 4: TREES
DEFINITION
A tree is a finite set of one or more nodes such that
  There is a specially designated node called root.

 The remaining nodes are partitioned into n >= 0 disjoint set T1,…,Tn, where each of
these sets is a tree. T1,…,Tn are called the subtrees of the root.

Every node in the tree is the root of some subtree

TERMINOLOGY






 Node: The item of information plus the branches to other nodes
 Degree: The number of subtrees of a node
 Degree of a tree: The maximum of the degree of the nodes in the tree.
 Terminal nodes (or leaf): nodes that have degree zero or node with no successor
 Nonterminal nodes: nodes that don‟t belong to terminal nodes.
 Parent and Children: Suppose N is a node in T with left successor S1 and right
successor S2, then N is called the Parent (or father) of S1 and S2. Here, S1 is








called left child (or Son) and S2 is called right child (or Son) of N.
 Siblings: Children of the same parent are said to be siblings.
 Edge: A line drawn from node N of a T to a successor is called an edge
 Path: A sequence of consecutive edges from node N to a node M is called a path.
 Ancestors of a node: All the nodes along the path from the root to that node.
 The level of a node: defined by letting the root be at level one . If a node is at level l,
then it children are at level l+1.
 Height (or depth): The maximum level of any node in the tree
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Example

A is the root node
B is the parent of E and F
C and D are the sibling of B
E and F are the children of B
K, L, F, G, M, I, J are external nodes, or leaves
A, B, C, D, E, H are internal nodes
The level of E is 3
The height (depth) of the tree is 4
The degree of node B is 2
The degree of the tree is 3
The ancestors of node M is A, D, H
The descendants of node D is H, I, J, M

Representation of Trees
There are several ways to represent a given tree such as:

Figure (A)
1. List Representation
2. Left Child- Right Sibling Representation
3. Representation as a Degree-Two tree
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List Representation:
The tree can be represented as a List. The tree of figure (A) could be written as the list.
(A (B (E (K, L), F), C (G), D (H (M), I, J) ) )


 The information in the root node comes first.
 The root node is followed by a list of the subtrees of that node.

Tree node is represented by a memory node that has fields for the data and pointers to the tree
node's children

Since the degree of each tree node may be different, so memory nodes with a varying
number of pointer fields are used.
For a tree of degree k, the node structure can be represented as below figure. Each child field
is used to point to a subtree.

Left Child-Right Sibling Representation
The below figure show the node structure used in the left child-right sibling representation

To convert the tree of Figure (A) into this representation:
1. First note that every node has at most one leftmost child
2. At most one closest right sibling.
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Ex:
  In Figure (A), the leftmost child of A is B, and the leftmost child of D is H.
  The closest right sibling of B is C, and the closest right sibling of H is I.

 Choose the nodes based on how the tree is drawn. The left child field of each node
points to its leftmost child (if any), and the right sibling field points to its closest right
sibling (if any).

Figure (D) shows the tree of Figure (A) redrawn using the left child-right sibling representation.

Figure (D): Left child-right sibling representation of tree of figure (A)

Representation as a Degree-Two Tree
To obtain the degree-two tree representation of a tree, simply rotate the right-sibling pointers
in a left child-right sibling tree clockwise by 45 degrees. This gives us the degree-two tree
displayed in Figure (E).

Figure (E): degree-two representation
In the degree-two representation, a node has two children as the left and right children.
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BINARY TREES
Definition: A binary tree T is defined as a finite set of nodes such that,
  T is empty or

 T consists of a root and two disjoint binary trees called the left subtree and the right
subtree.

Figure: Binary Tree

Different kinds of Binary Tree
1. Skewed Tree
A skewed tree is a tree, skewed to the left or skews to the right.
or
It is a tree consisting of only left subtree or only right subtree.
  A tree with only left subtrees is called Left Skewed Binary Tree.
 A tree with only right subtrees is called Right Skewed Binary Tree.



2. Complete Binary Tree
A binary tree T is said to complete if all its levels, except possibly the last level, have the
i
maximum number node 2 , i ≥ 0 and if all the nodes at the last level appears as far left as
possible.

Figure (a): Skewed binary tree
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3. Full Binary Tree
k

A full binary tree of depth „k‟ is a binary tree of depth k having 2 – 1 nodes, k ≥ 1.

Figure: Full binary tree of level 4 with sequential node number
4. Extended Binary Trees or 2-trees
An extended binary tree is a transformation of any binary tree into a complete binary tree.
This transformation consists of replacing every null subtree of the original tree with
“special nodes.” The nodes from the original tree are then internal nodes, while the special
nodes are external nodes.
For instance, consider the following binary tree.

The following tree is its extended binary tree. The circles represent internal nodes, and
square represent external nodes.
Every internal node in the extended tree has exactly two children, and every external node is
a leaf. The result is a complete binary tree.
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PROPERTIES OF BINARY TREES
Lemma 1: [Maximum number of nodes]:
i-1

(1) The maximum number of nodes on level i of a binary tree is 2 , i ≥ 1.
k
(2) The maximum number of nodes in a binary tree of depth k is 2 -1, k ≥ 1.
Proof:
(1) The proof is by induction on i.
Induction Base: The root is the only node on level i = 1. Hence, the maximum number of
i-1
0
nodes on level i =1 is 2 = 2 = 1.
Induction Hypothesis: Let i be an arbitrary positive integer greater than 1. Assume that the
i-2
maximum number of nodes on level i -1is 2
i-2
Induction Step: The maximum number of nodes on level i -1 is 2 by the induction
hypothesis. Since each node in a binary tree has a maximum degree of 2, the maximum
i-1
number of nodes on level i is two times the maximum number of nodes on level i -1, or 2
(2) The maximum number of nodes in a binary tree of depth k is
k
k
∑ (maximum number of nodes on level i) =
i=0

∑ 2i-1 = 2k-1
i=0

Lemma 2: [Relation between number of leaf nodes and degree -2 nodes]:
For any nonempty binary tree, T, if n0 is the number of leaf nodes and n2 the number of nodes
of degree 2, then n0 = n2 + 1.
Proof: Let n1 be the number of nodes of degree one and n the total number of
nodes. Since all nodes in T are at most of degree two, we have
n = n 0 + n1 + n2
(1)
Count the number of branches in a binary tree. If B is the number of branches,
then n =B + 1.
All branches stem from a node of degree one or two. Thus,
B = 1n 1+ 2n2.
Hence, we obtain
n = B + 1= n 1+ 2n2 + 1
(2)

n0 = n2+1
Subtracting Eq. (2) from Eq. (1) and rearranging terms, we get
n0 = n2 +1
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Consider the figure:

Here, For Figure (b) n2=4, n0= n2+1= 4+1=5
Therefore, the total number of leaf node=5

BINARY TREE REPRESENTATION
The storage representation of binary trees can be classified as
1. Array representation
2. Linked representation.

Array representation:



 A tree can be represented using an array, which is called sequential representation.
 The nodes are numbered from 1 to n, and one dimensional array can be used to store
the nodes.
 Position 0 of this array is left empty and the node numbered i is mapped to position i of
the array.

Below figure shows the array representation for both the trees of figure (a).
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 For complete binary tree the array representation is ideal, as no space is wasted.
 For the skewed tree less than half the array is utilized.

Linked representation:
The problems in array representation are:


 It is good for complete binary trees, but more memory is wasted for skewed and
many other binary trees.
 The insertion and deletion of nodes from the middle of a tree require the movement of
many nodes to reflect the change in level number of these nodes.

These problems can be easily overcome by linked representation
Each node has three fields,
 LeftChild - which contains the address of left subtree
 RightChild - which contains the address of right subtree.
 Data
- which contains the actual information
C Code for node:
struct node {
int data;
struct node *leftChild,*rightChild;
};
typedef struct node *treepointer;
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Figure: Node representation

Linked representation of the binary tree
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BINARY TREE TRAVERSALS
Visiting each node in a tree exactly once is called tree traversal
The different methods of traversing a binary tree are:
1. Preorder
2. Inorder
3. Postorder
4. Iterative inorder Traversal
5. Level-Order traversal

1. Inorder: Inorder traversal calls for moving down the tree toward the left until you cannot
go further. Then visit the node, move one node to the right and continue. If no move can be
done, then go back one more node.
Let ptr is the pointer which contains the location of the node N currently being
scanned. L(N) denotes the leftchild of node N and R(N) is the right child of node N

Recursion function:
The inorder traversal of a binary tree can be recursively defined as


 Traverse the left subtree in inorder.
 Visit the root.
 Traverse the right subtree in inorder.

void inorder(treepointer ptr)
{
if (ptr)
{
inorder (ptr→leftchild);
printf (“%d”,ptr→data);
inorder (ptr→rightchild);
}
}
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2. Preorder: Preorder is the procedure of visiting a node, traverse left and continue. When you
cannot continue, move right and begin again or move back until you can move right and resume.

Recursion function:
The Preorder traversal of a binary tree can be recursively defined as
  Visit the root
 Traverse the left subtree in preorder.
 Traverse the right subtree in preorder
void preorder (treepointer ptr)
{
if (ptr)
{
printf (“%d”,ptr→data)
preorder (ptr→leftchild);
preorder (ptr→rightchild);
}
}
3. Postorder: Postorder traversal calls for moving down the tree towards the left until you can
go no further. Then move to the right node and then visit the node and continue.
Recursion function:
The Postorder traversal of a binary tree can be recursively defined as
  Traverse the left subtree in postorder.
  Traverse the right subtree in postorder.
 Visit the root
void postorder(treepointerptr)
{
if (ptr)
{
postorder (ptr→leftchild);
postorder (ptr→rightchild);
printf (“%d”,ptr→data);
}
}
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4. Iterative inorder Traversal:
Iterative inorder traversal explicitly make use of stack function.
The left nodes are pushed into stack until a null node is reached, the node is then removed from the
stack and displayed, and the node‟s right child is stacked until a null node is reached. The traversal
then continues with the left child. The traversal is complete when the stack is empty.

5. Level-Order traversal:
Visiting the nodes using the ordering suggested by the node numbering is called
level ordering traversing.
The nodes in a tree are numbered starting with the root on level 1 and so on.
Firstly visit the root, then the root‟s left child, followed by the root‟s right child. Thus
continuing in this manner, visiting the nodes at each new level from the leftmost node to the
rightmost node.

Level order traversal: 1 2 3 4 5
Initially in the code for level order add the root to the queue. The function operates
by deleting the node at the front of the queue, printing the nodes data field and adding the
nodes left and right children to the queue.
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Function for level order traversal of a binary tree:

ADDITIONAL BINARY TREE OPERATIONS
1. Copying a Binary tree
This operations will perform a copying of one binary tree to another.
C function to copy a binary tree:
treepointer copy(treepointer original)
{ if(original)
{ MALLOC(temp,sizeof(*temp));
temp→leftchild=copy(original→leftchild);
temp→rightchild=copy(original→rightchild);

temp→data=original→data;
return temp;
}
return NULL;
}
2. Testing Equality
This operation will determin the equivalance of two binary tree. Equivalance binary tree have
the same strucutre and the same information in the corresponding nodes.
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C function for testing equality of a binary tree:
int equal(treepointer first,treepointer second)
{
return((!first && !second) || (first && second && (first→data==second→data)
&& equal(first→leftchild,second→leftchild) &&
equal(first→rightchild, second→rightchild))
}
This function will return TRUE if two trees are equivalent and FALSE if they are not.
3. The Satisfiability problem






 Consider the formula that is constructed by set of variables: x1, x2, …, xn and operators
(and), (or), ¬ (not).
 The variables can hold only of two possible values, true or false.
 The expression can form using these variables and operators is defined by
the following rules.
 A variable is an expression
 If x and y are expressions, then ¬x, xy, xy are expressions
 Parentheses can be used to alter the normal order of evaluation (¬ >  > )

Example:

x1  (x2  ¬ x3)
= false  (true  ¬false)
= false  true
= true

If x1 and x3 are false and x2 is true

The satisfiablity problem for formulas of the propositional calculus asks if there is an
assignment of values to the variable that causes the value of the expression to be true.
Let‟s assume the formula in a binary tree
(x1  ¬x2)  (¬ x1  x3)  ¬x3
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The inorder traversal of this tree is
x1  ¬x2  ¬ x1  x3  ¬x3
The algorithm to determine satisfiablity is to let (x1, x2, x3) takes on all the possible
combination of true and false values to check the formula for each combination.
n

For n value of an expression, there are 2 possible combinations of true and false
For example n=3, the eight combinations are (t,t,t), (t,t,f), (t,f,t), (t,f,f), (f,t,t), (f,t,f), (f,f,t),
(f,f,f).
n

The algorithm will take O(g 2 ), where g is the time to substitute values for x1, x2,… xn
and evaluate the expression.
Node structure:
For the purpose of evaluation algorithm, assume each node has four fields:

Define this node structure in C as:

Satisfiability function: The first version of Satisfiability algorithm
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THREADED BINARY TREE
The limitations of binary tree are:
  In binary tree, there are n+1 null links out of 2n total links.
 Traversing a tree with binary tree is time consuming.
These limitations can be overcome by threaded binary tree.

In the linked representation of any binary tree, there are more null links than actual pointers.
These null links are replaced by the pointers, called threads, which points to other nodes in
the tree.
To construct the threads use the following rules:
1. Assume that ptr represents a node. If ptr→leftChild is null, then replace the null link
with a pointer to the inorder predecessor of ptr.
2. If ptr →rightChild is null, replace the null link with a pointer to the inorder successor
of ptr.
Ex: Consider the binary tree as shown in below figure:

Figure A: Binary Tree
There should be no loose threads in threaded binary tree. But in Figure B two threads
have been left dangling: one in the left child of H, the other in the right child of G.

Figure B: Threaded tree corresponding to Figure A
In above figure the new threads are drawn in broken lines. This tree has 9 node and 10 0 links which has been replaced by threads.
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When trees are represented in memory, it should be able to distinguish between threads
and pointers. This can be done by adding two additional fields to node structure, ie.,
leftThread and rightThread


 If ptr→leftThread = TRUE, then ptr→leftChild contains a thread,
otherwise it contains a pointer to the left child.
 If ptr→rightThread = TRUE, then ptr→rightChild contains a thread,
otherwise it contains a pointer to the right child.

Node Structure:
The node structure is given in C declaration
typedef struct threadTree
*threadPointer typedef struct{
short int leftThread;
threadPointer leftChild;
char data;
threadPointer rightChild;
short int rightThread;
}threadTree;

The complete memory representation for the tree of figure is shown in Figure C
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The variable root points to the header node of the tree, while root →leftChild points to the
start of the first node of the actual tree. This is true for all threaded trees. Here the problem of
the loose threads is handled by pointing to the head node called root.

Inorder Traversal of a Threaded Binary Tree




 By using the threads, an inorder traversal can be performed without making use of
a stack.
 For any node, ptr, in a threaded binary tree, if ptr→rightThread =TRUE, the inorder
successor of ptr is ptr →rightChild by definition of the threads. Otherwise we obtain
the inorder successor of ptr by following a path of left-child links from the rightchild of ptr until we reach a node with leftThread = TRUE.
 The function insucc ( ) finds the inorder successor of any node in a threaded tree
without using a stack.

threadedpointer insucc(threadedPointer tree)
{/* find the inorder successor of tree in a threaded binary tree */
threadedpointer temp;
=
temp = tree→rightChild;
if (!tree→rightThread)
while (!temp→leftThread)
temp = temp→leftChild;
return temp;
Program: Finding inorder successor of a node

To perform inorder traversal make repeated calls to insucc ( ) function
void tinorder (threadedpointer tree)
{
Threadedpointer temp = tree;
for(; ;){
temp = insucc(temp);
if (temp == tree) break;
printf(“%3c”, temp→data
}
}
Program: Inorder traversal of a threaded binary tree
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Inserting a Node into a Threaded Binary Tree
In this case, the insertion of r as the right child of a node s is studied.
The cases for insertion are:
  If s has an empty right subtree, then the insertion is simple and diagrammed in Figure


If the right subtree of s is not empty, then this right subtree is made the right subtree of r after
insertion. When this is done, r becomes the inorder predecessor of a node that has a
leftThread == true field, and consequently there is a thread which has to be updated to point
to r. The node containing this thread was previously the inorder successor of s.

void insertRight(threadedPointer Sf threadedPointer r)
{ /* insert r as the right child of s */
threadedpointer temp; r→rightChild =
parent→rightChild; r→rightThread =
parent→rightThread; r→leftChild =
parent; r→leftThread = TRUE;
s→rightChild = child; s→rightThread
= FALSE;
if (!r→rightThread) { temp
= insucc(r);
temp→leftChild = r;

}
}
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MODULE 5

GRAPHS, HASHING, SORTING, FILES
A graph is an abstract data structure that is used to implement the mathematical concept of
graphs. It is basically a collection of vertices (also called nodes) and edges that connect these
vertices. A graph is often viewed as a generalization of the tree structure, where instead of
having a purely parent-to-child relationship between tree nodes, any kind of complex
relationship can exist.
Graphs - Terminology and Representation

Definitions: Graph, Vertices, Edges








Define a graph G = (V, E) by defining a pair of sets:
1. V = a set of vertices
2. E = a set of edges
Edges:
o Each edge is defined by a pair of vertices
o An edge connects the vertices that define it
Vertices:
o
o

Vertices also called nodes
Denote vertices with labels

o

Represent vertices with circles, perhaps containing a
label o Represent edges with lines between circles
o
o

V = {A,B,C,D}
E = {(A,B),(A,C),(A,D),(B,D),(C,D)}

Many algorithms use a graph representation to represent data or the problem to be
solved


Examples of Graph applications:
o Cities with distances between
o Roads with distances between intersection points
o Course prerequisites
o Network and shortest routes
o Social networks
o Electric circuits, projects planning and many more...

Graph Classifications



There are several common kinds of
graphs o Weighted or unweighted
o Directed or undirected
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o
o

Cyclic or acyclic
Multigraphs

Kinds of Graphs: Weighted and Unweighted





Graphs can be classified by whether or not their edges have weights
Weighted graph: edges have a weight
o Weight typically shows cost of traversing
o Example: weights are distances between cities
Unweighted graph: edges have no weight
o Edges simply show connections
o Example: course prerequisites

Kinds of Graphs: Directed and Undirected


Graphs can be classified by whether or their edges are have direction
o Undirected Graphs: each edge can be traversed in either direction
o Directed Graphs: each edge can be traversed only in a specified direction

Undirected Graphs


Undirected Graph: no implied direction on edge between nodes
o The example from above is an undirected graph

fig 1
In diagrams, edges have no direction (ie there are no arrows)
Can traverse edges in either directions
In an undirected graph, an edge is an unordered pair
o Actually, an edge is a set of 2 nodes, but for simplicity we write it with
parenthesis
 For example, we write (A, B) instead of {A, B}
 Thus, (A,B) = (B,A), etc
 If (A,B) ∈ E then (B,A) ∈ E
o
o
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Directed Graphs



Digraph: A graph whose edges are directed (ie have a direction)
o Edge drawn as arrow
o Edge can only be traversed in direction of arrow o
Example: E = {(A,B), (A,C), (A,D), (B,C), (D,C)}

fig 2


In a digraph, an edge is an ordered pair
o Thus: (u,v) and (v,u) are not the same edge
o In the example, (D,C) ∈ E, (C,D) ∉ E

Degree of a Node



The degree of a node is the number of edges incident on it.
In the example above: (fig 1)
o Degree 2: B and C
o Degree 3: A and D
o A and D have odd degree, and B and C have even degree
 Can also define in-degree and out-degree
o In-degree: Number of edges pointing to a node
o Out-degree: Number of edges pointing from a node

Graphs: Terminology Involving Paths



Path: sequence of vertices in which each pair of successive vertices is connected
by an edge
 Cycle: a path that starts and ends on the same vertex
 Simple path: a path that does not cross itself
o That is, no vertex is repeated (except first and
last) o Simple paths cannot contain cycles
 Length of a path: Number of edges in the path
 Examples
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Cyclic and Acyclic Graphs


A Cyclic graph contains cycles
o Example: roads (normally)
An acyclic graph contains no cycles
o Example: Course prerequisites



Multigraph: A graph with self loops and parallel edges is called a multigraph.

Connected and Unconnected Graphs and Connected Components


An undirected graph is connected if every pair of vertices has a path between
it o Otherwise it is unconnected.
 A directed graph is strongly connected if every pair of vertices has a path
betweenthem, in both directions

Data Structures for Representing Graphs



Two common data structures for representing
graphs: o Adjacency lists
o Adjacency matrix

Adjacency List Representation
An adjacency list is a way in which graphs can be represented in the computer’s
memory. This structure consists of a list of all nodes in G. Furthermore, every node is
in turn linked to its own list that contains the names of all other nodes that are
adjacent to it. The key advantages of using an adjacency list are:









It is easy to follow and clearly shows the adjacent nodes of a particular node.
It is often used for storing graphs that have a small-to-moderate number of edges.
That is, an adjacency list is preferred for representing sparse graphs in the computer’s
memory; otherwise, an adjacency matrix is a good choice.
Adding new nodes in G is easy and straightforward when G is represented using an
adjacency list. Adding new nodes in an adjacency matrix is a difficult task, as the size
of the matrix needs to be changed and existing nodes may have to be reordered. Each
node has a list of adjacent nodes
Example (undirected graph): (fig 1)
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A

B

C

B

A

D

C

A

D

D

A

B

D

C

Fig (1) adjacency list for Fig.3
o

Example (directed
graph): o A: B, C, D
o B: D
o C: Nil
o D: C

Adjacency Matrix Representation
An adjacency matrix is used to represent which nodes are adjacent to one another. By
definition, two nodes are said to be adjacent if there is an edge connecting them. In a directed
graph G, if node v is adjacent to node u, then there is definitely an edge from u to v. That is,
if v is adjacent to u, we can get from u to v by traversing one edge. For any graph G having n
nodes, the adjacency matrix will have the dimension of n * n. In an adjacency matrix, the
rows and columns are labelled by graph vertices. An entry aij in the adjacency matrix will
contain 1, if vertices vi and vj are adjacent to each other. However, if the nodes are not
adjacent, aij will be set to zero. It. Since an adjacency matrix contains only 0s and 1s, it is
called a bit matrix or a Boolean matrix. The entries in the matrix depend on the ordering of
the nodes in G. Therefore, a change in the order of nodes will result in a different adjacency
matrix.
Aij =

1

if there is an edge from Vi to Vj

0

otherwise

Adjacency Matrix: 2D array containing weights on edges
o
o
o



Row for each vertex
Column for each vertex
Entries contain weight of edge from row vertex to column
vertex o Entries contain ∞ if no edge from row vertex to column
vertex o Entries contain 0 on diagonal (if self edges not allowed)
Example undirected graph (assume self-edges not allowed):
ABCD
A0111
B10∞1
C1∞01
D1110
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Example directed graph (assume self-edges allowed):
ABCD
A∞111
B∞∞∞1
C∞∞∞∞
D∞∞1 ∞

Disadvantage: Adjacency matrix representation is easy to represent and feasible as long
as the graph is small and connected. For a large graph ,whose matrix is sparse,
adjacency matrix representation wastes a lot of memory. Hence list representation is
preferred over matrix representation.
Graph traversal algorithms
Traversing a graph, is the method of examining the nodes and edges of the graph. There are
two standard methods of graph traversal. These two methods are:
1. Breadth-first search 2. Depth-first search
While breadth-first search uses a queue as an auxiliary data structure to store nodes for
further processing, the depth-first search scheme uses a stack.
Breadth-first search algorithm
Breadth-first search (BFS) is a graph search algorithm that begins at the root node and
explores all the neighbouring nodes. Then for each of those nearest nodes, the algorithm
explores their unexplored neighbour nodes, and so on, until it finds the goal. That is, we start
examining the node A and then all the neighbours of A are examined. In the next step, we
examine the neighbours of neighbours of A, so on and so forth. This means that we need to
track the neighbours of the node and guarantee that every node in the graph is processed and
no node is processed more than once. This is accomplished by using a queue that will hold
the nodes that are waiting for further processing.

Srinvas B V, Asst.Professor, Dept of ISE, Atria Institute of Technology

6

Data Structure and its Applications (18CS32)

Algorithm for BFS traversal













Step 1: Define a Queue of size total number of vertices in the graph.
Step 2: Select any vertex as starting point for traversal. Visit that vertex and insert
it into the Queue.
Step 3: Visit all the adjacent vertices of the verex which is at front of the
Queue which is not visited and insert them into the Queue.
Step 4: When there is no new vertex to be visit from the vertex at front of the Queue
then delete that vertex from the Queue.
Step 5: Repeat step 3 and 4 until queue becomes empty.
Step 6: When queue becomes Empty, then the enqueue or dequeue order gives the
BFS traversal order.
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Depth-first Search Algorithm
Depth-first search begins at a starting node A which becomes the current node. Then, it
examines each node N along a path P which begins at A. That is, we process a neighbour of
A, then a neighbour of neighbour of A, and so on.
During the execution of the algorithm, if we reach a path that has a node N that has already
been processed, then we backtrack to the current node. Otherwise, the unvisited
(unprocessed) node becomes the current node. The algorithm proceeds like this until we reach
a dead-end (end of path P). On reaching the deadend, we backtrack to find another path P.
The algorithm terminates when backtracking leads back to the starting node A.
In this algorithm, edges that lead to a new vertex are called discovery edges and edges that
lead to an already visited vertex are called back edges. Observe that this algorithm is similar
to the in-order traversal of a binary tree. Its implementation is similar to that of the breadthfirst search algorithm but here we use a stack instead of a queue.

We use the following steps to implement DFS traversal...
















Step 1: Define a Stack of size total number of vertices in the graph.
Step 2: Select any vertex as starting point for traversal. Visit that vertex and push
it on to the Stack.
Step 3: Visit any one of the adjacent vertex of the verex which is at top of the stack
which is not visited and push it on to the stack.
Step 4: Repeat step 3 until there are no new vertex to be visit from the vertex on top
of the stack.
Step 5: When there is no new vertex to be visit then use back tracking and pop one
vertex from the stack.
Step 6: Repeat steps 3, 4 and 5 until stack becomes Empty.
Step 7: When stack becomes Empty, then produce final spanning tree by
removing unused edges from the graph

PTO
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Applications OF graphs
  Graphs are constructed for various types of applications such as:
 In circuit networks where points of connection are drawn as vertices and component
wires become the edges of the graph.

 In transport networks where stations are drawn as vertices and routes become the
edges of the graph.


In maps that draw cities/states/regions as vertices and adjacency relations as edges.

 In program flow analysis where procedures or modules are treated as vertices and
calls to these procedures are drawn as edges of the graph.

 Once we have a graph of a particular concept, they can be easily used for finding
shortest paths, project planning, etc.

 In flowcharts or control-flow graphs, the statements and conditions in a program are
represented as nodes and the flow of control is represented by the edges.

 In state transition diagrams, the nodes are used to represent states and the edges
represent legal moves from one state to the other.

 Graphs are also used to draw activity network diagrams. These diagrams are
extensively used as a project management tool to represent the interdependent
relationships between groups, steps, and tasks that have a significant impact on the
project.
Introduction to sorting
Sorting means arranging the elements of an array so that they are placed in some relevant
order which may be either ascending or descending. That is, if A is an array, then the
elements of A are arranged in a sorted order (ascending order) in such a way that A[0] < A[1]
< A[2] < ...... < A[N]. For example, if we have an array that is declared and initialized as int
A[] = {21, 34, 11, 9, 1, 0, 22}; Then the sorted array (ascending order) can be given as: A[] =
{0, 1, 9, 11, 21, 22, 34; A sorting algorithm is defined as an algorithm that puts the elements
of a list in a certain order, which can be either numerical order, lexicographical order, or any
user-defined order
Insertion Sort
Insertion sort is a very simple sorting algorithm in which the sorted array (or list) is built one
element at a time. We all are familiar with this technique of sorting, as we usually use it for
ordering a deck of cards while playing bridge. The main idea behind insertion sort is that it
inserts each item into its proper place in the final list. To save memory, most implementations
of the insertion sort algorithm work by moving the current data element past the already
sorted values and repeatedly interchanging it with the preceding value until it is in its correct
place. Insertion sort is less efficient as compared to other more advanced algorithms such as
quick sort, heap sort, and merge sort.
Technique:










The array of values to be sorted is divided into two sets. One that stores sorted values and
another that contains unsorted values.
The sorting algorithm will proceed until there are elements in the unsorted set.
Suppose there are n elements in the array. Initially, the element with index 0 (assuming LB =
0) is in the sorted set. Rest of the elements are in the unsorted set.
The first element of the unsorted partition has array index 1 (if LB = 0).
During each iteration of the algorithm, the first element in the unsorted set is picked up and
inserted into the correct position in the sorted set.
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ALGORITHM INSERTION-SORT (ARR, N)
Step 1: Repeat Steps 2 to 5 for K = 1 toN–1
Step 2: SET TEMP = ARR[K]
Step 3: SET J = K - 1
Step 4: Repeat while TEMP <= ARR[J]
SET ARR[J + 1] = ARR[J]
SETJ=J-1 [END OF INNER LOOP]
Step 5: SET ARR[J + 1] = TEMP [END OF LOOP]
Step 6: EXIT
To insert an element A[K] in a sorted list A[0], A[1], ..., A[K–1], we need to compare A[K]
with A[K–1], then with A[K–2], A[K–3], and so on until we meet an element A[J] such that
A[J] <= A[K]. In order to insert A[K] in its correct position, we need to move elements A[K–
1], A[K–2], ..., A[J] by one position and then A[K] is inserted at the (J+1)th location..
Radix Sort
Radix sort is a linear sorting algorithm for integers and uses the concept of sorting names in
alphabetical order. When we have a list of sorted names, the radix is 26 (or 26 buckets)
because there are 26 letters in the English alphabet. So radix sort is also known as bucket
sort. Observe that
words are
first sorted according
to
the
first letter
o/f
the
name. That is,
26
classes are
used to
arrange the names,
where the
first class stores the
names that
begin with A,
the second
class contains the names with B, and so on. During the second pass, names are grouped
according to the second letter. After the second pass,
names are
sorted on the first
two letters. This processis
continued
till
the
nth pass, where n is the
length of the name with maximum number of letters.
After every pass, all
the
names are
collected
in
order of
buckets.
That is, first pick
up
the
names in
the
first bucket that
contains
the names beginning with
A.
In
the
second pass, collect the
name from the second bucket, and so
on. When radix sort is used on integers, sorting is done on each of the digits in the number.
The sorting procedure proceeds by sorting the least significant to the most significant digit.
While sorting the numbers, we have ten buckets, each for one
digit (0, 1, 2, …, 9) and the number of passes will depend on the length of the number having
maximum number of digits.
Algorithm for RadixSort (ARR, N)
Step 1: Find the largest number in ARR as LARGE
Step 2: [INITIALIZE] SET NOP = Number of digits in LARGE
Step 3: SET PASS = 0
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Step 4: Repeat Step 5 while PASS <= NOP-1
Step 5: SET= I=0 and INITIALIZE buckets
Step 6: Repeat Steps 7 to 9 while I<N-1
Step 7: SET DIGIT = digit at PASSth place in A[I]
Step 8: Add A[I] to the bucket numbered DIGIT
Step 9: INCREMENT bucket count for bucket numbered DIGIT [END OF LOOP]
Step 10: Collect the numbers in the bucket [END OF LOOP]
Step 11: END
Sort the numbers given below using radix sort. 345, 654, 924, 123, 567, 472, 555, 808,
911
In the first pass, the numbers are sorted according to the digit at ones place.
Bin 0

Bin 1
911

Bin2
472

Bin 3
123

Bin4
654
924

Bin 5
345
555

Bin 6

Bin7
67

Bin8
808

Bin 9

After this pass, the numbers are collected bucket by bucket. The new list thus formed is used
as an input for the next pass. 911,472,123,654,924,345,555,67,808
In the second pass, the numbers are sorted according to the digit at the tens place
Bin 0
808

Bin 1
911

Bin2
123
924

Bin 3

Bin4
345

Bin 5
654
555

Bin 6
67

Bin7
472

Bin8

Bin 9

After this pass, the numbers are collected bucket by bucket. The new list thus formed is used
as an input for the next pass. 808,911,123,924,345,654,555,67,472
In the third pass, the numbers are sorted according to the digit at the hundreds place
Bin 0
67

Bin 1
123

Bin2

Bin 3
345

Bin4
472

Bin 5
555

Bin 6
654

Bin7

The sorted order is as above :67,123,345,472,555,654,808,911,924
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Address Calculation Sort








Is based on hashing.
It is a distribution based sorting technique.
A hash function is applied on each element of the unsorted list



The address generated is taken as the position where the element is stored in a hash
table organised as a array of
num= 25
–
f(25) gives 2
pointers to elements.

57
–
f(57) gives 5
The elements that map to the same
48
–
f(48) gives 4
location are stored as a linked list
37
–
f(37) gives 3
of elements.
12
–
f(12) gives 1
92
–
f(92) gives 9
–
f(86) gives 8
33
–
f(33) gives 3 which is repeated.






If more than one element maps to the same location, they are inserted into the linked
list in order using any sorting technique.



After all elements have been hashed, the linked lists are concatenated to form the
sorted list.



The hash function should satisfy the property that if a key x is less than y,then
f(x)<f(y).This is called order preserving property.

Example:
Sort 25
sort

57

48

37

12

92

86

33 using address calculation

Let us create 10 sub lists. Initially each of these sublist is empty. An array of pointer f(10) is
declared, where f(i) refers to the first element in the file, whose first digit is i. The number is
passed to hash function, which returns its last digit (ten’s place digit), which is placed at that
position only, in the array of pointers.
rd

th

Thus it is inserted in 3 sublist (4 ) only, but must be checked with the existing elements
for its proper position in this sublist.
Hashing
Why Hashing?
Internet has grown to millions of users generating terabytes of content every day. According
to internet data tracking services, the amount of content on the internet doubles every six
months. With this kind of growth, it is impossible to find anything in the internet, unless we
develop new data structures and algorithms for storing and accessing data. So what is wrong
with traditional data structures like Arrays and Linked Lists? Suppose we have a very large
data set stored in an array. The amount of time required to look up an element in the array is
either O(log n) or O( n) based on whether the array is sorted or not. If the array is sorted then
a technique such as binary search can be used to search the array. Otherwise, the array must
be searched linearly. Either case may not be desirable if we need to process a very large data
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set. Therefore we discuss a new technique called hashing that allows us to update and retrieve
any entry in constant time O(1). The constant time or O(1) performance means, the amount of
time to perform the operation does not depend on data size n.
The Map Data Structure(Hash Map)(Hash function)
In a mathematical sense, a map is a relation between two sets. We can define Map M as a set
of pairs, where each pair is of the form (key, value), where for given a key, we can find a
value using some kind of a “function” that maps keys to values. The key for a given object
can be calculated using a function called a hash function. In its simplest form, we can think
of an array as a Map where key is the index and value is the value at that index. For example,
given an array A, if i is the key, then we can find the value by simply looking up A[i]. The
idea of a hash table is more generalized and can be described as follows.
The concept of a hash table is a generalized idea of an array where key does not have to be an
integer. We can have a name as a key, or for that matter any object as the key. The trick is to
find a hash function to compute an index so that an object can be stored at a specific location
in a table such that it can easily be found.
STATIC HASHING

This kind of hashing is called static hashing since the size of the hash table is fixed.(an
array)
Example:
Suppose we have a set of strings {“abc”, “def”, “ghi”} that we’d like to store in a table. Our
objective here is to find or update them quickly from a table, actually in O(1). We are not
concerned about ordering them or maintaining any order at all. Let us think of a simple
schema to do this. Suppose we assign “a” = 1, “b”=2, … etc to all alphabetical characters. We
can then simply compute a number for each of the strings by using the sum of the characters
as follows.
“abc” = 1 + 2 + 3=6, “def” = 4 + 5 + 6=15 , “ghi” = 7 + 8 + 9=24
If we assume that we have a table of size 5 to store these strings, we can compute the location
of the string by taking the sum mod 5. So we will then store
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“abc” in 6 mod 5 = 1, “def” in 15 mod 5 = 0, and “ghi” in 24 mod 5 = 4 in locations 1, 0
and 4 as follows.
0
1
2
3
4
def
abc
ghi
Now the idea is that if we are given a string, we can immediately compute the location
using a simple hash function, which is sum of the characters mod Table size. Using this
hash value, we can search for the string.
Problem with Hashing -collision
The method discussed above seems too good to be true as we begin to think more about the
hash function. First of all, the hash function we used, that is the sum of the letters, is a bad
one. In case we have permutations of the same letters, “abc”, “bac” etc in the set, we will
end up with the same value for the sum and hence the key. In this case, the strings would
hash into the same location, creating what we call a “collision”. This is obviously not a
good thing. Secondly, we need to find a good table size, preferably a prime number so that
even if the sums are different, then collisions can be avoided, when we take mod of the
sum to find the location. So we ask two questions.
Question 1: How do we pick a good hash function?
Question 2: How do we deal with collisions?
The problem of storing and retrieving data in O(1) time comes down to answering the
above questions. Picking a “good” hash function is key to successfully implementing a
hash table. What we mean by “good” is that the function must be easy to compute and
avoid collisions as much as possible. If the function is hard to compute, then we lose the
advantage gained for lookups in O(1). Even if we pick a very good hash function, we still
will have to deal with “some” collisions.
The process where two records can hash into the same location is called collision. We can
deal with collisions using many strategies, such as linear probing (looking for the next
available location i+1, i+2, etc. from the hashed value i), quadratic probing (same as linear
probing, except we look for available positions i+1 , i + 4, i + 9, etc from the hashed value
i and separate chaining, the process of creating a linked list of values if they hashed into
the same location.This is called collision resolution.
Popular hash functions
Hash functions that use numeric keys are very popular.. However, there can be cases in
real-world applications where we can have alphanumeric keys rather than simple numeric
keys. In such cases, the ASCII value of the character can be used to transform it into its
equivalent numeric key. Once this transformation is done, any hash function can be applied
to generate the hash value.
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Division Method
It is the most simple method of hashing an integer x. This method divides x by M and then
uses the remainder obtained. In this case, the hash function can be given as
h(x) = x mod M
The division method is quite good for just about any value of M and since it requires only a
single division operation, the method works very fast. However, extra care should be taken to
select a suitable value for M. Generally, it is best to choose M to be a prime number because
making M a prime number increases the likelihood that the keys are mapped with a
uniformity in the output range of values.
A potential drawback of the division method is that while using this method, consecutive
keys map to consecutive hash values. On one hand, this is good as it ensures that consecutive
keys do not collide, but on the other, it also means that consecutive array locations will be
occupied. This may lead to degradation in performance.
Example :
Calculate the hash values of keys 1234 and 5462. Solution Setting M = 97, hash values can
be calculated as:
h(1234) = 1234 % 97 = 70
h(5642) = 5642 % 97 = 16
Mid-Square Method
The mid-square method is a good hash function which works in two steps:
2

Step 1: Square the value of the key. That is, find k .
Step 2: Extract the middle r digits of the result obtained in Step 1.
The algorithm works well because most or all digits of the key value contribute to the result.
This is because all the digits in the original key value contribute to produce the middle digits
of the squared value. Therefore, the result is not dominated by the distribution of the bottom
digit or the top digit of the original key value. In the mid-square method, the same r digits
must be chosen from all the keys. Therefore, the hash function can be given as:
2

h(k) = s where s is obtained by selecting r digits from k .
Example Calculate the hash value for keys 1234 and 5642 using the mid-square method. The
hash table has 100 memory locations. Solution Note that the hash table has 100 memory
locations whose indices vary from 0 to 99.
This means that only two digits are needed to map the key to a location in the hash table, so r
= 2.
2

When k = 1234, k = 1522756, h (1234) = 27
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2

When k = 5642, k = 31832164, h (5642) = 21
Observe that the 3rd and 4th digits starting from the right are chosen.
Folding Method
The folding method works in the following two steps:
Step 1: Divide the key value into a number of parts. That is, divide k into parts k1, k2, ..., kn,
where each part has the same number of digits except the last part which may have lesser
digits than the other parts.
Step 2: Add the individual parts. That is, obtain the sum of k1 + k2 + ... + kn. The hash value
is produced by ignoring the last carry, if any. Note that the number of digits in each part of
the key will vary depending upon the size of the hash table. .
Example Given a hash table of 100 locations, calculate the hash value using folding method
for keys 5678, 321, and 34567. Solution Since there are 100 memory locations to address, we
will break the key into parts where each part (except the last) will contain two digits. The
hash values can be obtained as shown below:
key

5678

321

34567

Parts

56 and 78

32 and 1

34, 56 and 7

Sum

134

33

97

Hash value

34 (ignore the last carry)

33

97

Collision Resolution Strategies
1. Open Addressing/Closed Hashing
2. Chaining
Once a collision takes place, open addressing or closed hashing computes new positions
using a probe sequence and the next record is stored in that position.The process of
examining memory locations in the hash table is called probing. Open addressing technique
can be implemented using linear probing, quadratic probing, double hashing.
Linear Probing
When using a linear probe to resolve collision, the item will be stored in the next
available slot in the table, assuming that the table is not already full.
This is implemented via a linear search for an empty slot, from the point of collision. If the
physical end of table is reached during the linear search, the search will wrap around to the
beginning of the table and continue from there.If an empty slot is not found before reaching
the point of collision, the table is full.
If h is the point of collision, probe through h+1,h+2,h+3..................h+i. till an empty slot is
found
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Searching a Value using Linear Probing
The procedure for searching a value in a hash table is same as for storing a value in a hash
table. While searching for a value in a hash table, the array index is re-computed and the key
of the element stored at that location is compared with the value that has to be searched. If a
match is found, then the search operation is successful. The search time in this case is given
as O(1). If the key does not match, then the search function begins a sequential search of the
array that continues until:







the value is found,or
the search function encounters a vacant location in the array, indicating that the value
is not present, or
the search function terminates because it reaches the end of the table and the value is
not present.

Probe Sequence ::(h+i)%Table size
Disadvantage:
As the hash table fills, clusters of consecutive cells are formed and the time required for a
search increases with the size of the cluster. It is possible for blocks of data to form when
collisions are resolved. This means that any key that hashes into the cluster will require
several attempts to resolve the collision. More the number of collisions, higher the probes
that are required to find a free location and lesser is the performance. This phenomenon is
called clustering. To avoid clustering, other techniques such as quadratic probing and double
hashing are used.
Quadratic Probing
A variation of the linear probing idea is called quadratic probing. Instead of using a
constant “skip” value, if the first hash value that has resulted in collision is h, the successive
values which are probed are h+1, h+4, h+9, h+16, and so on. In other words, quadratic
probing uses a skip consisting of successive perfect squares.
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2

2

2

Probe sequence :h,h+1 ,h=2 ,h=3 ..............................h+i

2

2)

H(k)=(h+i %Tablesize
Double Hashing
In double hashing, we use two hash functions rather than a single function. Double hashing
uses the idea of applying a second hash function to the key when a collision occurs. The
result of the second hash function will be the number of positions form the point of collision
to insert.There are a couple of requirements for the second function:



it must never evaluate to 0
must make sure that all cells can be probed

A popular second hash function is: Hash2(key) = R - ( key % R ) where R is a prime number
that is smaller than the size of the table. But any independent hash function may also be
used. Double hashing minimizes repeated collisions and the effects of clustering.
Chaining
Chaining is another approach to implementing a hash table; instead of storing the data
directly inside the structure, have a linked list structure at each hash element. That way, all
the collision, retrieval and deletion functions can be handled by the list, and the hash
function's role is limited mainly to that of a guide to the algorithms, as to which hash
element's list to operate on.
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The linked list at each hash element is often called a chain. A chaining hash table gets its
name because of the linked list at each element -- each list looks like a 'chain' of data strung
together.Operations on the data structure are made far simpler, as all of the data storage
issues are handled by the list at the hash element, and not the hash table structure itself.

Chaining overcomes collision but increases search time when the length of the overflow
chain increases
Drawbacks of static hashing
1. Table size is fixed and hence cannot accommodate data growth.
2. Collsions increases as data size grows.
Avoid the above conditions by doubling the hash table size. This increase in hash table size is
taken up, when the number of collisions increase beyond a certain threshold. The threshold
limit is decided by the load factor.
Load factor
The load factor α of a hash table with n key elements is given by α= n / hash table size.
The probability of a collision increases as the load factor increases. We cannot just double the
size of the table and copy the elements from the original table to the new table ,since when
the table size is doubled from N to 2N+1, the hash function changes. It requires reinserting
each element of the old table into the new table (using the modified hash function).This is
called Rehashing. Rehashing in large databases is a tedious process and hence dynamic
hashing.
Dynamic hashing schemes
Dynamically increases the size of the hash table as collision occurs.There are two types:
Extendible hashing (directory): uses a directory that grows or shrinks depending on the
data distribution. No overflow buckets
Linear hashing(directory less): No directory. Splits buckets in linear order, uses overflow
buckets.
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Extendible hashing :





Uses a directory of pointers to buckets/bins which are collections of records



The number of buckets are doubled by doubling the directory, and splitting just the
bin that overflowed.



Directory much smaller than file, so doubling it is much cheaper. Only one bin of data
entries is split and rehashed.

Global Depth
– Max number of bits needed to tell which bucket an entry belongs to.
Local Depth
The number of least significant digits that is common for all the numbers sharing the same
bin.
On overflow:
If global depth =Local depth
1.
2.
3.
4.

Double the hash directory
SPlit the overflowing bin
Redistribute elements of the overflowing bin
Increment the global and local depth

If global depth >Local depth
1. SPlit the overflowing bin
2. Redistribute elements of the overflowing bin
3. Increment the local depth
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Linear Hashing
Basic Idea:
•
•
•
•
•



Pages are split when overflows occur – but not necessarily the page with the
overflow.
Directory avoided in LH by using overflow pages. (chaining approach)
Splitting occurs in turn, in a round robin fashion.one by one from the first bucket to
the last bucket.
Use a family of hash functions h0, h1, h2, ...
– Each function’s range is twice that of its predecessor.
When all the pages at one level (the current hash function) have been split, a new
level is applied.
Insert in Order using linear hashing: 1,7,3,8,12,4,11,2,10,13.....

After insertion till 12:

When 4 inserted overflow occurred. So we split the bucket (no matter it is full or partially
empty). And increment pointer.

So we split bucket 0 and rehashed all keys in it. Placed 3
to new bucket as (3 mod 6 = 3 ) and (12 mod 6 = 0 ). Then 11 and 2 are inserted. And now
overflow. s is pointing to bucket 1, hence split bucket 1 by re- hashing it.
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After split:

Insertion of 10 and 13: as (10 mod 3 = 1) and bucket 1 <
s, we need to hash 10 again using h1(10) = 10 mod 6 = 4th bucket.
Note :Files topics can be referred from the text book reference(reema thareja)
Prepared by
Srinivas B V,Asst Professor
Atria I T,

Bengaluru

HARD WORK BEATS TALENT WHEN TALENT DOES NOT WORK HARD
GOOD LUCK!!!
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