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Syllabus
F.Y.B.Sc. (CS) Discrete Mathematics
Semester | (CBCYS)

Objectives:

The purpose of the course is to familiarize the prospective learners
with mathematical structures that are fundamentally discrete. This course
introduces sets and functions, forming and solving recurrence relations
and different counting principles. These concepts are useful to study or
describe objects or problems in computer algorithms and programming
languages.

Expected L earning Outcomes:

1) To provide overview of theory of discrete objects, starting with
relations and partially ordered sets.

2) Study about recurrence relations, generating function and operations
on them.

3) Give an understanding of graphs and trees, which are widely used in
software.

4) Provide basic knowledge about models of automata theory and the
corresponding formal languages.

Unit | :

Recurrence Relations

(a) Functions. Definition of function. Domain, co domain and the range of
a function. Direct and inverse images. Injective, surjective and bijective
functions. Composite and inverse functions.

(b) Relations: Definition and examples. Properties of relations , Partia
Ordering sets, Linear Ordering Hasse Daigrams, Maximum and Minimum
elements, Lattices

(c) Recurrence Relations: Definition of recurrence relations, Formulating
recurrence relations, solving recurrence relations- Back tracking method,
Linear homogeneous recurrence relations with constant coefficients.
Solving linear homogeneous recurrence relations with constant
coefficients of degree two when characteristic equation has distinct roots
and only one root, Particular solutions of non linear homogeneous
recurrence relation, Solution of recurrence relation by the method of
generation functions, Applicationss Formulate and solve recurrence
relation for Fibonacci numbers, Tower of Hanoi, Intersection of linesin a
plane, Sorting Algorithms.

Unit 11

Counting Principles, Languages and Finite State Machine

() Permutations and Combinations: Partition and Distribution of objects,
Permutation with distinct and indistinct objects, Binomial numbers,
Combination with identities : Pascal Identity, Vandermonde's Identity,
Pascal triangle, Binomial theorem, Combination with indistinct objects.
(b) Counting Principles: Sum and Product Rules, Two-way counting, Tree
diagram for solving counting problems, Pigeonhole Principle (without



proof); Simple examples, Inclusion Exclusion Principle (Sieve formula)
(Without proof).

(c) Languages, Grammars and Machines: Languages, regular Expression
and Regular languages, Finite state Automata, grammars, Finite state
machines, Godel numbers, Turing machines.

Unit [11

Graphs and Trees

(a) Graphs : Definition and elementary results, Adjacency matrix, path
matrix, Representing relations using diagraphs, Warshall’s algorithm -
shortest path, Linked representation of a graph, Operations on graph with
algorithms - searching in a graph; Insertion in a graph, Deleting from a
graph, Traversing a graph- Breadth-First search and Depth-First search.

(b) Trees: Definition and elementary results. Ordered rooted tree, Binary
trees, Complete and extended binary trees, representing binary trees in
memory, traversing binary trees, binary search tree, Algorithms for
searching and inserting in binary search trees, Algorithms for deleting in a
binary search tree

Text books:

1. Discrete Mathematics and Its Applications, Seventh Edition by
Kenneth H. Rosen, McGraw Hill Education (India) Private Limited.
(2011)

2. Norman L. Biggs, Discrete Mathematics, Revised Edition, Clarendon
Press, Oxford 1989.

3. Data Structure Seymor Lipschutz, Schaum’s out lines, McGraw-Hill
Inc.

Additional References:

1. Elements of Discrete Mathematics. C.L. Liu , Tata McGraw- Hill
Edition .

2. Concrete Mathematics (Foundation for Computer Science): Graham,
Knuth, Patashnik Second Edition, Pearson Education.

3. Discrete Mathematics : Semyour Lipschutz, Marc Lipson, Schaum’s
out lines, McGraw - Hill Inc.

4. Foundations in Discrete Mathematics: K.D. Joshi, New Age
Publication, New Delhi.
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Unit |
Recurrence Relations

FUNCTIONS

Unit Structure:

1.1 Introduction.

1.2 Functions.

1.3 Domain, Co-domain and the range of afunction.
1.4 Injective, surjective and bijective functions.

1.5 Composite and inverse functions

1.5 Summary
1.6 Exercise
1.7 Reference.

1.1 INTRODUCTION

In many instances we assign to each element of a set a particular
element of a second set (which may be the same as the first). For example,
suppose that each student in a discrete mathematics class is assigned a
letter grade from the set { A, B, C, D, F}. And suppose that the grades are
Afor Adams, C for Chou, B for Good friend, A for Rodriguez, and F for
Stevens.

1.2 FUNCTIONS

Let A and B be nonempty sets. A function f from A to B is an
assignment of exactly one element of B to each element of A. We write f
(@ = b if bis the unique element of B assigned by the function f to the
element a of A. If f is a function from A to B, we writef : A — B.
Functions are sometimes a so called mappings or transformations.

e.g. f(x) = x* shows us that function "f* takes "x" and squares it. Here f
stands fgr function; x stands for input; x? stands for output.
f(x) =x
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Functions are specified in many different ways. Sometimes we
explicitly state the assignments, as in Figure 1. Often we give a formula,
such asf (x) = x + 1, to define afunction. Other times we use a computer
program to specify afunction.

If f isafunction from A to B, we say that A is the domain of f and
B isthe codomain of f. If f (a) = b, we say that b isthe image of aand ais
a preimage of b. The range, or image, of f is the set of al images of
elements of A. Also, if f is afunction from A to B, we say that f maps
A toB.

1.3 DOMAIN, CO-DOMAIN AND THE RANGE OF A
FUNCTION

Let G be the function that assigns a grade to a student in our
discrete mathematics class. Note that G(Adams) = A, for instance. The
domain of G is the set { Adams, Chou, Goodfriend, Rodriguez, Stevens},
and the codomain is the set { A, B, C, D, F}. Therange of G isthe set {A,
B, C, F}, because each grade except D is assigned to some student.

Generadly function is called as domain. The Possible outcome is
called as co-domain. The actual outcome s called as range of afunction.

Consider afunction f(x) =2x + 1

OO NOOULL B WN P



In above example A ={1, 2, 3,4} isdomain, B ={1,2,34,5,6,7,8,9} isa
co-domain and Range={3, 5, 7, 9}

Range is calculated in following manner:

fx)=2x+1...Forx=1...... f1)=2(1)+1=2+1=3
fx)=2x+1...Forx=2...... f1)=2(2)+1=4+1=5
fx)=2x+1...Forx=3...... f1)=2(3)+1=6 +1=
fx)=2x+1...Forx=4...... f1)=2(4)+1=8 +1=

1.4 INJECTIVE, SURJECTIVE AND BIJECTIVE
FUNCTIONS

Injective

A function f isinjectiveif and only if whenever f(x) = f(y), x = .
Example: f(x) = x+5 from the set of real numbers real numbers to real
numbersis an injective function.

Isit true that whenever f(x) =f(y),x =y ?

Imagine x=3, then:

f(x)=8

Now | say that f(y) = 8, what is the value of y? It can only be 3, so x=y

Surjective

A function f (from set A to B) is surjective if and only if for every
y in B, thereis at least one x in A such that f(x) =y, in other words f is
surjectiveif and only if f(A) =B.

In simpleterms: every B has some A.

Example: The function f(x) = 2x from the set of natural numbers to the set
of non-negative even numbersis a surjective function.

BUT f(x) = 2x from the set of natural numbers to natural numbers is not
surjective, because, for example, no member in natural numbers can be
mapped to 3 by this function.

Bijective

A function f (from set A to B) is bijective if, for every y in B, there is
exactly onex in A such that f(x) =y

Alternatively, f is bijective if it is a one-to-one correspondence between
those sets, in other words both injective and surjective.

Example: The function f(x) = x* from the set of positive real numbers to
positive real numbers is both injective and surjective. Thus it is aso
bijective.

But the same function from the set of all rea numbers rea
numbersis not bijective because we could have, for example, both
f(2)=4 andf(-2)=4



1.5COMPOSITE AND INVERSE FUNCTIONS

The process of combining functions so that the output of one
function becomes the input of another is known as a composition of
functions. The resulting function is known as a composite function. We
represent this combination by the following notation:

(fog)(x) =f(g(x))

We read the left-hand side as “ f* composed with g a x, and
theright-hand sideas “ f of g of x.” Thetwo sides of the equation have
the same mathematical meaning and are equal. The open circle symbol, °
, Is called the composition operator. Composition is a binary operation that
takes two functions and forms a new function, much as addition or
multiplication takes two numbers and gives a new number.

If f(x)=—2xf(x)=—2x and g(x)=x2—-1g(x)=x2—1,evaluate f(g(3))f(g(3)) an
d o(f(3))a(f(3))-
To evauate f(g(3))f(g(3)), first substitute, or inputthe value

of 33 into g(x)g(x) and find the output. Then substitute that value into
the f(x)f(x) function, and simplify:

0(3)=(3)2-1=9-1=89(3)=(3)2—1=9-1=8 ,f(8)=—2(8)=—16f(8)=—2(8)=—16
Therefore, f(g(3))=—16

To evauate g(f(3))g(f(3)), find f(3)f(3) and then use that output value as
the input value into the g(x)g(x) function:

f(3)=—2(3)=—6f(3)=—2(3)=—6,9(~6)=(—6)2-1=36-1=359(~6)=(—6)2-1=3
6-1=35

Therefore, g(f(3))=35

An inverse function, which is notated f *(x), is defined as the
inverse function of f(x) if it consistently reverses the f(x) process. That is,
if f(x) turns aainto bb, then f—1(x) must turn b into a More concisely and
formally, f %(x) is the inverse function of f(x) if:

f(F1(x))=x

Below is a mapping of functionf(x) and its inverse function, f—1(x).
Notice that the ordered pairs are reversed from the original function to its
inverse. Because (x) mapsato 3, theinversef *(x) maps 3 back to a

25 SUMMARY

This chapter gives introductory review on functions and their
examples. It will create base for advanced level.
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26 EXERCISE

1. Specify a codomain for each. Under what conditions is each of these
functions withthe codomain you specified onto?
« A={1234} B={ab,cd}
 f:A — Bisafunction defined as
i. f(Q)=b,f(2)=b,f(3)=hb,f(4)=b

i. f(1)=b,f(2=c,f(3)=d f(4)=a

iii. f()=af(2=af3)=b

iv. f(1)=b,f(1)=af(3)=b,f(4)=d

vf(l)=b,f(2) =4 f(3)=b, f(5) =c

3. Give an example of afunction from N to N that is

a) one-to-one but not onto.

b) onto but not one-to-one.

¢) both onto and one-to-one (but different from the identity function).

d) neither one-to-one nor onto.

4. Give an explicit formulafor a function from the set ofintegers to the set
of positiveintegersthat is

a) one-to-one, but not onto.

b) onto, but not one-to-one.

C) one-to-one and onto.

d) neither one-to-one nor onto

2.7 REFERENCES-
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2.7 Summary
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2.1INTRODUCTION

A relation between two sets is a collection of ordered pairs
containing one object from each set. If the object x isfrom the first set and
the object y is from the second set, then the objects are said to be related if
the ordered pair (x,y) isin therelation. A function is atype of relation.

2.2DEFINITION AND EXAMPLES

Let A and B be sets. A binary relation is defined from A to B as a subset
of A x B.

For asingle set A, binary relation is defined from A to B as a subset of A
x A

Where A x B is cartesian product of sets A and B

For example: Let A={1, 2} and B={a, b}. Then{(1, a), (1,b), (2, b)} is
arelation from Ato B.

If (ab) € R then we denoteit by aRb

If (ab) ¢ R then we denocteit by g&b
In above example 1L R awhile2 R a

2.3 PROPERTIESOF RELATIONS

Let A beaset. Let R bearelation defined on A .
There are several properties that are used to classify relations on a
set. We will discuss some important of these here.
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1) Reflexive: A relation R on aset A iscaled reflexiveif (a @) € R for
every element a € A.

2) Symmetry : ArelationR on a setAis called symmetric if (b, @ € R
whenever (a, b) € R, foral a b € A.

3) Transitive :A relation R on aset A iscalled transitive if whenever (a, b)
€ Rand (b,c) € Rithen(a,c) € R, foral a b,c € A.

Example :
Consider thefollowing relation on {1, 2, 3, 4}:
) R={(11),(12,(21,(22,B4 41),44}

Then Risreflexive since (1,1),(2,2),(3,3) and (4,4) al belonto R
Risnot symmetricas (3,4) € Rbut (4,3) ¢ R

Risnot transitive as (3,4) € Rand (4,1) € Rbut (4,1) ¢ R

Whereasif wetakeR={{(1, 1), (2, 1), (2, 2), (3, 4), (4,3), (4, 4)}}
R satisfies all three properties.

A relation which satisfies all three propertiesis called an equivalence
relation.

24 PARTIAL ORDERING SET

DEFINITION 1 A relation R on a set S is caled a partia ordering or
partial order if it is reflexive, antisymmetric, and transitive. A set S
together with a partial ordering R is called a partially ordered set, or poset,
and is denoted by (S; R). Members of S are called elements of the poset.

A relation R is antisymmetric when :
forala b e A, if (ab) € Rand(b,a € R,thena=b

EXAMPLE 1 Show that the “greater than or equal” relation (>) is a
partial ordering on the set of integers.

Solution: Because a> afor every integer a, > isreflexive.

If a>band b > a, thena=b. Hence, > is antisymmetric.

Finally, > istransitive because a> b and b > cimply that a> c.

It follows that > is a partial ordering on the set of integers and (Z, >) isa
poset

EXAMPLE 2 Show that the inclusion relation < is a partial ordering on
the power set of aset S.

Solution: Because A & A whenever A isasubset of S, € isreflexive.

It isantisymmetric because A € B and B S A imply that A = B.

Finaly, € istransitive, because A € B and B & C imply that A € C.

Hence, € isapartia orderingon P (S), and (P (S), &) isaposet.
7



DEFINITION 2 The elements a and b of a poset (S, ) are caled
comparable if either ab or b a When aand b are elements of S such that
neither ab nor b a, aand b are called incomparable.

EXAMPLE 5 In the poset (Z+, |), are the integers 3 and 9 comparable?
Are 5 and 7 comparable? Solution: The integers 3 and 9 are comparable,
because 3 | 9. The integers 5 and 7 are incomparable, because 5 | 7 and
7]5.

The adjective “partial” is used to describe partia orderings because
pairs of elements may be incomparable. When every two eements in the
set are comparable, therelation is called atotal ordering

2.5HASSE DIAGRAMS

Many edges in the directed graph for a finite poset do not have to
be shown because they must be present. For instance, consider the directed
graph for the partial ordering {(a b) |a< b} ontheset {1, 2, 3, 4}, shown
in Figure 1(a).

Because this relation is a partial ordering, it is reflexive, and its
directed graph has loops at al vertices. Consequently, we do not have to
show these loops because they must be present; in Figure 1(b) loops are
not shown. Because a partial ordering is transitive, we do not have to show
those edges that must be present because of transitivity.

For example, in Figure 1(c) the edges (1, 3), (1, 4), and (2, 4) are
not shown because they must be present. If we assume that all edges are
pointed “upward” (as they are drawn in the figure), we do not have to
show the directions of the edges; Figure 2(c) does not show directions. In
general, we can represent a finite poset (S, ) using this procedure: Start
with the directed graph for this relation. Because a partial ordering is
reflexive, aloop (a, @) is present at every vertex a.

1. Remove these loops.

2. Next, remove al edges that must be in the partial ordering because of
the presence of other edges and trangitivity. That is, remove all edges
(x,y) for which thereisan element z € Ssuchthat x <zand z < x.

3. Finally, arrange each edge so thatits initia vertex is below its terminal
vertex (asit is drawn on paper).

4. Remove all the arrows on the directed edges, because all edges point
“upward” toward their terminal vertex.

These steps are well defined, and only a finite number of steps
need to be carried out for a finite poset. When all the steps have been
taken, the resulting diagram contains sufficient information to find the
partial ordering, as we will explain later. The resulting diagram is called
theHasse diagram of poset named after the twentieth-century German
mathematician Helmut Hasse who made extensive use of them. Let (S, <)

8



be a poset. We say that an element y € S coversan element X € Sif x <y
and there is no element z € S such that x < z <y. The set of pairs (X, y)
such that y covers x is called the covering relation of (S,< ). From the
description of the Hasse diagram of a poset, we see that the edges in the
Hasse diagram of (S,<) are upwardly pointing edges corresponding to the
pairs in the covering relation of (S< ). Furthermore, we can recover a
poset from its covering relation, because it is the reflexive transitive
closure of its covering relation. (Exercise 31 asks for a proof of this fact.)
This tells us that we can construct a partial ordering from its Hasse
diagram.

(]

|
by ()

Figurel

EXAMPLE 12 Draw the Hasse diagram representing the partial ordering
{(a, b)/ adividesb} on{1, 2, 3,4, 6, 8, 12}.

Solution: Begin with the digraph for this partial order, as shown in Figure
3(a). Remove dl loops, as shown in Figure 3(b). Then delete al the edges
implied by the transitive property. These are (1, 4), (1, 6), (1, 8), (1, 12),
(2, 8), (2, 12), and (3, 12). Arrange all edges to point upward, and delete
all arrows to obtain the Hasse diagram. The resulting Hasse diagram is
shown in Figure 3(c).

5 2

44 6

1

Figure?2



2.6 MAXIMUM AND MINIMUM ELEMENTS

Elements of posets that have certain extremal properties are
important for many applications. An element of a poset is called maximal
if it is not less than any element of the poset. That is, ais maximal in the
poset (S, <) if thereisno b € Ssuch that a< b. Similarly, an element of a
poset is called minimal if it is not greater than any element of the posat.
That is, aisminima if thereisno element b € Ssuch that b < a. Maximal
and minimal elements are easy to spot using a Hasse diagram. They are
the “top” and “bottom” elementsin the diagram.

EXAMPLE 1 : Which elements of the poset ({2, 4, 5, 10, 12, 20, 25}, |)
are maximal, and which are minimal? Solution: The Hasse diagram in
Figure 2 for this poset shows that the maximal elements are 12, 20, and
25, and the minimal elements are 2 and 5. As this example shows, a poset
can have more than one maxima element and more than one minimal
element. Sometimes there is an element in a poset that is greater than
every other element. Such an element is called the greatest element. That
is, aisthe greatest element of the poset (S, <)

Lattices

A partially ordered set in which every pair of eements has both a
least upper bound and a greatest lower bound is called a lattice. Lattices
have many special properties. Furthermore, lattices are used in many
different applications such as models of information flow and play an
important role in Boolean algebra.

EXAMPLE 2 Determine whether the posets represented by each of the
Hasse diagrams in Figure 3 are lattices. Solution: The posets represented
by the Hasse diagramsin (a) and (c) are both | attices because in each poset
every pair of elements has both a least upper bound and a greatest lower
bound, as the reader should verify. On the other hand, the poset with the
Hasse diagram shown in (b) is not a lattice, because the elements b and ¢
have no least upper bound. To see this, note that each of the elements d, e,
and f is an upper bound, but none of these three elements precedes the
other two with respect to the ordering of this poset.

S i
a e £ g
b e b d
a a
(a) (b) ()
Figure3
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2.7 SUMMARY

Relationships among elements of more than two sets often arise.
For instance, there is a relationship involving the name of a student, the
student’s major, and the student’ s grade point average.

Similarly, there is a relationship involving the airline, flight
number, starting point, destination, departure time, and arrival time of a
flight. An example of such a relationship in mathematics involves three
integers, where the first integer is larger than the second integer, which is
larger than the third. Another example is the betweenness relationship
involving points on a line, such that three points are related when the
second point is between the first and the third.

2.8 EXERCISE

1. List the ordered pairsintherelation R fromA = {0, 1, 2, 3, 4} to B ={0,
1, 2, 3}, where (a, b) € Rif and only if

aa=h.
bya+b=4.

c) a>h.

d)al|b.

€) gcd(a, b) = 1.
f)lecm(a b) = 2.

2. a) List all the ordered pairsin the relationR = {(a, b) | adivides b} on
theset {1, 2, 3,4, 5, 6}.

b) Display this relation graphically.

c¢) Display thisrelation in tabular form.

3. For each of these relations on the set {1, 2, 3, 4}, decidewhether it is
reflexive, whether it is symmetric, whetherit is antisymmetric, and
whether it istransitive.

8 {(2.2),(2,3),(2,4),(3,2),(3,3), (3, 4}
b) {(1,1), (1, 2),(2 1), (2 2), (3 3), (4 4}
0 {(2.4), (4,2}

{1 2),.(23). (3 4}

e {(1. 1), (2 2, (3,3),(4 4}

f){(13), (1 4),(273).(2 4,3 1), G 4}

4. Determine whether the relation R on the set of all peopleis reflexive,

symmetric, antisymmetric, and/or transitivewhere (a, b) € R if and
only if

11



a) aistaller than b.

b) aand b were born on the same day.
¢) ahas the samefirst name asb.

d) aand b have a common grandparent.

5. Determine whether the relation R on the set of al Webpages is
reflexive, symmetric, antisymmetric, and/or transitive, where (a, b) € R if
and only if

a) everyone who has visited Web page a has a so visitedWeb page b.

b) there are no common links found on both Webpage a and Web page b.
c) thereis at least one common link on Web page a andWeb page b
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3.1 INTRODUCTION

e Thischapter isfocusing on Recurrence relations and example

3.2 RECURRENCE RELATION

A recurrence relation is an equation that recursively defines a
sequence where the next term is a function of the previous terms
(Expressing Fras some combination of F with i<n).

Example — Fibonacci series — F=F,-1+F,—2, Tower of Hanoi — F,=2F,;+1
Linear Recurrence Relations

A linear recurrence equation of degree k or order k is a recurrence
equation which is in the format Xp\=A1Xn-1+A2Xn-1+A3Xn-1+... AXnk(AN
is a constant and Ax#0) on a sequence of numbers as a first-degree
polynomial.

13



These are some examples of linear recurrence equations

Recurrence relations Initial values Solutions
Fa=Fp1+Fpa aj=az;=1 Fibonacci number
Frn=Fn1+Fpo aj=1a;=3 Lucas Number
Fa=Fpn2+Fps aj=ay=ay=1 Padovan sequence
Fr=2Fh 1+ Fno a;=0a=1 Pell number

A recurrence relation is an equation that recursively defines a
sequence, i.e., each term of the sequence is defined as a function of the
preceding terms. A recursive formula must be accompanied by initial
conditions (information about the beginning of the sequence).The first
method is called backtracking, and consists of taking a linear recurrence
defining an, and replace the terms a,-1, &2, . . . with the relation that
defines an, but where n is replaced by n — 1, n — 2, etc. This is best
illustrated on an example.

A recurrence relation can be used to model various situations in
real life like compound interest, algorithms in computer to name afew .

3.3SOLVING RECURRENCE RELATION

Recurrence relations canbe solved using iteration or some other ad hoc
technique.solving recurrence relation means finding an explicit formula.
Following methods can be used :
1 Backtracking
2 Linear method
3. Generating functions

3.3.1BACKTRACKING

In this type we use recurrence relation to repeatedly to express nth in
terms of previous terms ofthe sequence till we reach initia condition or
are ableto identify a pattern

Example . Consider the linear recurrence
=1+ 3 a=2
Then a,-1 = a2+ 3 82= a3+ 3 8+3= a4 + 3 and so on and so forth.

Thereforea, = a1+ 3=(ar2+3)+3=a2+2-3=(ar3+3) +6=a,3
+3:3=...=y+3(n—-1).
The last equality follows because a generic term is of the form a,i+ 3i,

therefore when n — i = 1,. By plugging the initial condition, we conclude
a=2+3(n—1).

Once the solution has been found, you may wonder how to check whether
thisistheright answer. One way to do it is by proving it by induction!
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332 LINEAR HOMOGENEOUS RECURRENCE RELATIONS
WITH CONSTANT COEFFICIENTS

A linear homogeneous recurrence relation of degree k with
constant coefficientsis arecurrence relation of the form a, = cia,-1 + Ca,-2
+-+ -k, Where ¢y, C,...,Cc arereal numbers, and ¢, # 0

The recurrence relation in the definition is linear because the right-
hand side is a sum of previous terms of the sequence each multiplied by a
function of n. The recurrence relation is homogeneous because no terms
occur that are not multiples of the g s. The coefficients of the terms of the
sequence are all constants, rather than functions that depend on n. The
degreeis k because &, is expressed in terms of the previous k terms of the
sequence.

A consegquence of the second principle of mathematical induction
is that a sequence satisfying the recurrence relation in the definition is
uniquely determined by this recurrence relation and the k initial conditions

a=Cy, & =Cy,...,a¢1=C1.

EXAMPLE The recurrence relation Pn = (1.11)P,; is a linear
homogeneous recurrence relation of degree one.

The recurrence relation f,, = f-; + f,» is alinear homogeneous recurrence
relation of degree two.

The recurrence relation a, = a,s is a linear homogeneous recurrence
relation of degree five.

Consider linear homogeneous relation of degreed is of the form

an = C18n-11Coan27F ... .. 7Cdhn-d

We first form characteristic equation of the recurrence relation. The
solutions of this egquation are called the characteristic roots of the
recurrence relation. These characteristic roots can be used to give an
explicit formulafor al the solutions of there currence relation.

Three cases may occur while finding the roots —

Case 1 — If this equation factors as (X—x1)(X—X1)=0 and it produces two
distinct real roots x; and x,, then Fn=ax";+bx", is the solution. [Here, a
and b are constants]

Case 2 — If this equation factors as (x—X1),=0 and it produces single real
root x;, then Fy=ax";+bnx"; is the solution.

Case 3 — If the equation produces two distinct complex roots, x1 and X2 in

polar form x1=r £6 and x2=r Z(—0), then Fn=rn(acos(n0)+bsin(nd)) is the
solution.
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Example The Fibonacci sequence f,= f,1 + fp2 is @ homogeneous
relation. Let us compute its characteristic equation:

Xn—xn—1-xn—2=0= xn-2
(x*-x—-1)=0
therefore x>~ x — 1 = 0 isthe characteristic equation.

Let us focus on quadratic characteristic equations, that is of the formx® —
C1X — Cz = Owhich corresponds to linear recurrences of the form

&h = C10n-1 + Coan—2.

Suppose that X* — ¢;x — ¢, = 0 has two distinct real roots sy, s, then
F1-CS— =052~ C=0.

Thereforesnl — clsn—11 — c2sn—2 =0, sn2 — clsn—-12 - c2sn—2=0

and we have that if sis asolution of x2 —c1x—c2 = 0 then snis a solution
ofan = clan—1+c2an—2. This tells us that solutions of an are composed of
snl, sn2.

Example:

Solve the recurrence relation F,=5F,-1—6F,» where Fp=1 and F,=4
Solution

The characteristic equation of the recurrence relation is —
X*~5x+6=0,

So, (x—3)(x—2)=0

Hence, the roots are —

x1=3 and xp=2

Theroots arereal and distinct. So, thisisin the form of case 1
Hence, the solution is—

Fn=ax"1+bx",

Here, Fn=a3"+b2" (As x,=3 and x,=2)

Therefore,

1=Fy=a3’+h2’=atb

4=F=a3'+b2'=3a+2b

Solving these two equations, we get a=2 and b=—1

Hence, the final solutionis—

F=2.3"+(-1).2"=2.3"-2"

Note the term "composed” is used, because if a sequence aOnbalso
satisfies therecurrence of an, then a, + a psatisfies the recurrence of an as
well, as doesmultiples of a,
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3.3.3 GENERATING FUNCTIONS

The generating function for the sequence a0, al, . . ., ak, . . . of red
numbersis the infiniteseries

G(x) = a0 + alx +: - -+akxk +- - -

We can find the solution to a recurrence relation and its initial
conditions by finding an explicit formula for the associated generating
function.

334 NON LINEAR NON HOMOGENEOUS RECURRENCE
RELATIONSWITH CONSTANT COEFFICIENTS

We have seen how to solve linear homogeneous recurrence
relations with constant coefficients. Is there a relatively simple technique
for solving a linear, but not homogeneous, recurrence relation with
constant coefficients, such as a, = 3a,-1 + 2,? We will see that the answer
is yes for certain families of such recurrence relations. The recurrence
relation an = 33,1 + 2n is an example of a linear nonhomogeneous
recurrence relation with constant coefficients, that is, a recurrence relation
of theform an = ¢1a,-1 + Cogn2++++ Cark + F (N),

where cl, c2,...,ck are real numbers and F (n) is a function not identically
zero depending only on n. The recurrence relation an = C1a,-1 + Can2 +--++
Ckank IS called the associated homogeneous recurrence relation. It plays an
important role in the solution of the nonhomogeneous recurrence relation.

Merge Sort The merge sort algorithm (introduced in Section 5.4)
splits a list to be sorted with n items, where n is even, into two lists with
n/2 elements each, and uses fewer than n comparisons to merge the two
sorted lists of n/2 items each into one sorted list. Consequently, the
number of comparisons used by the merge sort to sort alist of n elements
is less than M(n), where the function M(n) satisfies the divide-and-
conquer recurrence relation M(n) = 2M(n/2) + n.

Tower of Honoi

The Tower of Hanoi A popular puzzle of the late nineteenth
century invented by the French mathematician Edouard Lucas, called the
Tower of Hanoi, consists of three pegs mounted on a board together with
disks of different sizes. Initialy these disks are placed on the first peg in
order of size, with the largest on the bottom (as shown in Figure 2). The
rules of the puzzle alow disks to be moved one at atime from one peg to
another aslong as adisk is never placed on top of a smaller disk. The goa
of the puzzle is to have al the disks on the second peg in order of size,
with the largest on the bottom. Let H, denote the number of moves needed
to solve the Tower of Hanoi problem with n disks. Set up a recurrence
relation for the sequence {H,}. Solution: Begin with n disks on peg 1. We
can transfer the top n — 1 disks, following the rules of the puzzle, to peg 3
using Hn—1 moves (see Figure 3 for an illustration of the pegs and disks at
this point). We keep the largest disk fixed during these moves. Then, we
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use one move to transfer the largest disk to the second peg. We can
transfer the n — 1 disks on peg 3 to peg 2 using Hn—1 additional moves,
placing them on top of the largest disk, which aways stays fixed on the
bottom of peg 2. Moreover, it is easy to see that the puzzle cannot be
solved using fewer steps. This shows that H= 2H,; + 1. The initia
condition is H; = 1, because one disk can be transferred from peg 1 to peg
2, according to the rules of the puzzle, in one move

——
o frr]

We can use an iterative approach to solve this recurrence relation. Note
that H,=2H, 1+ 1 =2(2Hp 2+ 1) + 1 =22H,2+ 2+ 1=22(2H, 3+ 1) +
2+1=23H,3+22+2+1...=2n-1H;+2n-2+2n-3+-+2+ 1=

2n-1+2n-2 +-+ 2+ 1 =2n— 1. We have used the recurrence relation
repeatedly to express Hn in terms of previous terms of the sequence. In the
next to last equality, the initial condition H1 = 1 has been used. The last
equality is based on the formula for the sum of the terms of a geometric
series, which can be found in Theorem 1 in Section 2.4. The iterative
approach has produced the solution to the recurrence relation H, = 2H,—1
+ 1 with the initial condition H1 = 1. This formula can be proved using
mathematical induction. This is left for the reader as Exercise 1. A myth
created to accompany the puzzle tells of a tower in Hanoi where monks
are transferring 64 gold disks from one peg to another, according to the
rules of the puzzle. The myth says that the world will end when they finish
the puzzle. How long after the monks started will the world end if the
monks take one second to move a disk? From the explicit formula, the
monks require2® — 1 = 18,446,744,073,709,551,615 moves to transfer the
disks. Making one move per second, it will take them more than 500
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billion years to complete the transfer, so the world should survive awhile
longer than it already has

3.4 SUMMARY

This chapter gives introductory view about recurrence relation and
also explains and demonstrates some basic examples.

3.5EXERCISE

1. Use mathematical induction to verify the formula derivedin Example 2
for the number of moves required to complete the Tower of Hanoi
puzzle.

2. @) Find a recurrence relation for the number of permutations of a set
with n elements.

b) Use this recurrence relation to find the number of permutations of a set
with n elements using iteration.

3. A vending machine dispensing books of stamps accepts only one-dollar
coins, $1 bills, and $5 hills.

a) Find arecurrence relation for the number of ways to deposit n dollarsin
the vending machine, where the order in which the coins and hills are
deposited matters.

b) What are theinitial conditions?
¢) How many ways are there to deposit $10 for a bookof stamps?

4. A country uses as currency coins with values of 1 peso,2 pesos, 5 pesos,
and 10 pesos and bills with values of5 pesos, 10 pesos, 20 pesos, 50
pesos, and 100 pesos. Finda recurrence relation for the number of
ways to pay a billof n pesos if the order in which the coins and bills
arepaid matters
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Unit - I

Counting Principles, Languages and Finite
State Machine

A

PERMUTATIONS AND COMBINATIONS

Unit Structure: -
4.1 Introduction.
4.2  Permutation and combinations.
4.3  Binomia number and combinations
4.3.1 Pascal’s Identity.
4.3.2Vandermonde’ s Identity.
4.4  Permutation and combinations with indistinct objects
4.5 Summary
46 Exercise
4.7 References

4.1INTRODUCTION

Combinatorics is a very important part in discrete mathematics. It
is used to solve many mathematical and general problems.

4.2 PERMUTATION AND COMBINATIONS:-

Many counting problems can be solved by finding the number of
ways to arrange a specified number of distinct elements of a set of a
particular size, where the order of these elements matters. Many other
counting problems can be solved by finding the number of ways to select
particular number of elements from a set of a particular size, where the
order of the elements selected does not matter. For example, in how many
ways can we select three students from a group of five students to stand in
line for a picture? How many different committees of three students can be
formed from a group of four students? In this section we will develop
methods to answer guestions such as these.

A permutation of a set of distinct objectsis an ordered arrangement
of these objects. We also are interested in ordered arrangements of some
of the elements of a set. An ordered arrangement of r elements of a set is
called an r-permutation.
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Let S={1, 2, 3}. The ordered arrangement 3, 1, 2 is a permutation
of S. The ordered arrangement 3, 2 is a 2-permutation of S. The number of
r-permutations of a set with n elementsis denoted by P (n, r). We can find
P (n, r) using the product rule.

P(n,r) = n! /(n-r)!

Problem 1: How many ways are there to select a first-prize winner, a
second-prize winner, and a third-prize winner from 100 different people
who have entered a contest?

Because it matters which person wins which prize, the number of
ways to pick the three prize winners is the number of ordered selections of
three elements from a set of 100 elements, that is, the number of 3-
permutations of aset of 100 elements. Consequently, the answer is
P (100, 3) = 100 - 99 - 98 = 970,200.

Problem 2. Suppose that there are eight runners in a race. The winner
receives a gold medal, the second place finisher receives a silver medd,
and the third-place finisher receives a bronze medal. How many different
ways are there to award these medals, if al possible outcomes of the race
can occur and there are no ties?

Solution: The number of different ways to award the medals is the
number of 3-permutations of a set with eight elements. Hence, there are P
(8,3) =87 -6 =336 possible ways to award the medals.

Problem 3: Suppose that a saleswoman has to visit eight different cities.
She must begin her trip in a specified city, but she can visit the other seven
cities in any order she wishes. How many possible orders can the
saleswoman use when visiting these cities?

Solution: The number of possible paths between the cities is the number
of permutations of seven elements, because the first city is determined, but
the remaining seven can be ordered arbitrarily. Consequently, there are 7!
=7-6-5-4-3-2-1=5040 ways for the sal eswoman to choose her tour.
If, for instance, the saleswoman wishes to find the path between the cities
with minimum distance, and she computes the totd distance for each
possible path, she must consider atotal of 5040 paths!

Problem 4: How many permutations of the letters ABCDEFGH contain
the string ABC ?

Solution: Solution: Because the letters ABC must occur as a block, we
can find the answer by finding the number of permutations of six objects,
namely, the block ABC and the individual letters D, E, F, G, and H.
Because these six objects can occur in any order, there are 6! = 720
permutations of the letters ABCDEFGH in which ABC occurs as a block.

22



Combinations

An r-combination of elements of a set is an unordered selection of
r elements from the set. Thus, an r-combination is simply a subset of the
set with r elements.It is denoted by C(n,r) and given by n! /[r! (n-r)!]

Example 1: Let Sbetheset {1, 2, 3,4}. Then {1, 3, 4} isa 3-combination
from S. (Note that {4, 1, 3} is the same 3-combination as {1, 3, 4},
because the order in which the elements of a set are listed does not
matter.)

Example 2: - How many poker hands of five cards can be dedt from a
standard deck of 52 cards? Also, how many ways are there to select 47
cards from a standard deck of 52 cards?

Solution: Because the order in which the five cards are dealt from a deck
of 52 cards does not matter, there are

521
C(52,5)=51471
different hands of five cards that can be dealt. To compute the value of
C(52, 5), first divide the numerator and denominator by 47! to obtain

52.51.50.49.48
C(52,5 = 54321

This expression can be simplified by first dividing the factor 5 in the
denominator into the factor 50 in the numerator to obtain a factor 10 in the
numerator, then dividing the factor 4 in the denominator into the factor 48
in the numerator to obtain a factor of 12 in the numerator, then dividing
the factor 3 in the denominator into the factor 51 in the numerator to
obtain afactor of 17 in the numerator, and finally, dividing the factor 2 in
the denominator into the factor 52 in the numerator to obtain a factor of 26
in the numerator. We find that C(52, 5) = 26 - 17 - 10 - 49 - 12 =
2,598,960.

Consequently, there are 2,598,960 different poker hands of five
cards that can be dealt from a standard deck of 52 cards.

Example 3:- A group of 30 people have been trained as astronauts to go
on the first mission to Mars. How many ways are there to select a crew of
six people to go on this mission (assuming that all crew members have the
same job)?

Solution:-The number of ways to select a crew of six from the pool of 30
people is the number of 6-combinations of a set with 30 elements, because
the order in which these people are chosen does not matter., the number of
such combinationsis

30! 30.29.28.27.26.25
C(30,6)= 61241= 654321 =593,775.




Example 4 : How many bit strings of length n contain exactly r 1s?

Solution :- The positions of r 1s in a bit string of length n form an r-
combination of the set {1, 2, 3,...,n}. Hence, there are C(n, r) bit strings of
length n that contain exactly r 1s

Binomial Number:-
Binomia number is a numberof the forma"£5" wherea, b,
and # areintegers. Binomia numbers can be factored a gebraically as

a =0 =(a- -‘i}{ﬂ"" vad b4 vab" 4 » (D)

for al n,

a b =(a+b)la - A hd . —ab 4 p 2

for » odd, and

a" b = @ = Y @ Y 3)

for all positive integers m. n. For example,
at -b =(a-b)(a+b) 4
a - =la-b)(a® +ab+b) (5)
g =p =la-bla+ .’:}{a: + h:] (6)
g =b =la-b)a*+a b+a b +ab’ +b) (7
a =bp° =la-b)la+b)|a® —ab+b’)(a +ab+b’) (8)
al —b =la=b)a*+a’b+a' b +a’ b +a b rab’ +b°) (9)
@t = =la-b)(a+b)|a* +b')[a" +b%) (10)
@’ -b =la-b)|a +ab+b)[a* +a b +b°) (11)

a —pzla-b)a+b)(a* -’ b+a’ b -ab’ +b')x(a’ +a’ b+’ b +ab’ +5%)(12)
and

@b =a b (13)
@ +b =la+b)a -ab+ b:] (14)
a +b' =g+ b (15)
@b =a+b)a' -a b+a’ b —ab’ +b' (16)
b = (@) (a* - b+ bY) a7
a+b =@tb)a®-abra' b -a b +a b -ab’ +b° (18)
a% + b!‘ = ﬂ'! + bh i (19)
a +b =la+h) {.ﬂ'1I -ab+ b:} [H{‘ -a b+ r'l‘&: (20)
a4 b= (@ +b°)(a" - a® b +at B = B° 4 B (21)

Rather surprisingly, the number of factors of " = #" witha and #
symbolic and » a positive integer is given by @ (], where d (n) = @y (n) s the
number of divisors of # and @i (n) is the divisor function. The first few
terms aretherefore 1, 2, 2,3, 2, 4, 2, ...

Pascal’ s Identity and Triangle

The binomial coefficients satisfy many different identities. We
introduce one of the most important of these now.

C(n+1,k) = C(n,k) + C(n,k-1)

Proof:We will use a combinatorial proof. Suppose that T is a set
containing n + 1 elements. Let abean dementin T, and let S=T —{&}.
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Note that there are n+1 k subsets of T containing k elements. However, a
subset of T with k elements either contains a together with k — 1 elements
of S, or contains k e ements of S and does not contain a. Because there are
n k-1 subsets of k — 1 elements of S, there are n k=1 subsets of k
elements of T that contain a And there are n k subsets of k elements of T
that do not contain a, because there are n k subsets of k elements of S.
Consequently,

4.3.1 PASCAL’STRIANGLE.

Remark: Pascal’s identity, together with the initial conditionsn0 =nn =
1 for all integers n, can be used to recursively define binomial coefficients.
This recursive definition is useful in the computation of binomial
coefficients because only addition, and not multiplication, of integers is
needed to use this recursive definition. Pascal’s identity is the basis for a
geometric arrangement of the binomial coefficientsin atriangle, as shown
in Figure 1. The nth row in the triangle consists of the binomial
coefficientsn k , k=0, 1, ..., n. Thistriangle is known as Pasca’s
triangle. Pascal’s identity shows that when two adjacent binomial
coefficients in this triangle are added, the binomia coefficient in the next
row between these two coefficients is produced

1 7 21 35 35 21 7 1
4.3.2VANDERMONDE'SIDENTITY

Definition :-Let m, n, and r be nonnegative integers with r not exceeding
either morn. ThenC(m+n,r) =X (k=0tor) C(m, r—k)C( n, k)

Remark: This identity was discovered by mathematician Alexandre-
Théophile Vandermonde in the eighteenth century.

Proof: Suppose that there are m items in one set and n items in a second
set. Then the total number of ways to pick r elements from the union of
these setsism+ nr . Another way to pick r elements from the union is to
pick k elements from the second set and then r — k elements from the first
set, where k is an integer with 0 < k < r. Because there are n k ways to
choose k elements from the second set and mr — k ways to choose r — k
elements from the first set, the product rule tells us that this can be donein
mr — k n k ways. Hence, the total number of ways to pick r elements
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from the union also equalsr k = 0 mr-k n k . We have found two
expressions for the number of ways to pick r elements from the union of a
set with m items and a set with n items. Equating them gives us
Vandermonde’' s identity.

44 PERMUTATION AND COMBINATIONS WITH
INDISTINCT OBJECTS

Concept of permutation and combination can be generalized asfollows :

The number of r-permutations of a set of n objects with repetition allowed
isn'.

ThereaeC(n+r—1,r)=C(n+r—1, n— 1) r-combinations from a set
with n e ements when repetition of elementsis allowed.

4.5 SUMMARY

This Chapter is focused on basic counting principles like
permutation and Combination.

4.6 EXERCISE

1. List al the permutations of {a, b, c}.
2. How many different permutations are there of the set{ a, b, ¢, d, e, f, g} ?
3. How many permutations of {a, b, ¢, d, g, f, g} end witha?
4. How many permutations of the letters ABCDEFG contain
a) the string BCD?
b) the string CFGA?
¢) the strings BA and GF?
d) the strings ABC and DE?
e) the strings ABC and CDE?
f ) the strings CBA and BED?

5. How many permutations of the letters ABCDEFGH contain
a) the string ED?
b) the string CDE?
¢) the strings BA and FGH?
d) the strings AB, DE, and GH?
€) the strings CAB and BED?
f) the strings BCA and ABF?
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6. How many ways are there for eight men and five women to stand in a
line so that no two women stand next to each other? [Hint: First position
the men and then consider possible positions for the women.]

7. How many ways are there for 10 women and six men to stand in aline
so that no two men stand next to each other? [Hint: First position the
women and then consider possible positions for the men.]

8. One hundred tickets, numbered 1, 2, 3,..., 100, are sold to 100 different
people for a drawing. Four different prizes are awarded, including a grand
prize (atrip to Tahiti). How many ways are there to award the prizes if

a) there are no restrictions?

b) the person holding ticket 47 wins the grand prize?

c) the person holding ticket 47 wins one of the prizes?

d) the person holding ticket 47 does not win a prize?

e) the people holding tickets 19 and 47 both win prizes?

f ) the people holding tickets 19, 47, and 73 al winprizes?

0) the people holding tickets 19, 47, 73, and 97 all winprizes?

h) none of the people holding tickets 19, 47, 73, and 97wins a prize?
i) the grand prize winner is a person holding ticket 19 ,47, 73, or 97?

j) the people holding tickets 19 and 47 win prizes, butthe people
holding tickets 73 and97 do not win prizes?
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5.1INTRODUCTION

Suppose that a password on a computer system consists of six,
seven, or eight characters. Eachof these characters must be a digit or a
letter of the alphabet. Each password must contain at leastone digit. How
many such passwords are there? The techniques needed to answer this
guestionand a wide variety of other counting problems will be introduced
in this section.

5.2 BASIC COUNTING PRINCIPLES

There are two basic counting principles Product rule and Sum rule
The product rule applies when a procedure is made up of separate tasks.

THE PRODUCT RULE Suppose that a procedure can be broken down
into a sequence of two tasks. If there are n1 ways to do the first task and
for each of these ways of doing the first task, there are n2 ways to do the
second task, then there are n1n2 ways to do the procedure

EXAMPLE 1 A new company with just two employees, Sanchez and
Patel, rents afloor of abuilding with 12 offices. How many ways are there
to assign different offices to these two employees?

Solution: The procedure of assigning offices to these two employees
consists of assigning an office to Sanchez, which can be done in 12 ways,
then assigning an office to Patel different from the office assigned to
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Sanchez, which can be done in 11 ways. By the product rule, there are 12 -
11 = 132 ways to assign offices to these two employees.

EXAMPLE 2 The chairs of an auditorium are to be labeled with an
uppercase English letter followed by a positive integer not exceeding 100.
What is the largest number of chairs that can be labeled differently?

Solution: The procedure of labeling a chair consists of two tasks, namely,
assigning to the seat one of the 26 uppercase English letters, and then
assigning to it one of the 100 possible integers. The product rule shows
that there are 26 - 100 = 2600 different ways that a chair can be labeled.
Therefore, the largest number of chairs that can be labeled differently is
2600

THE SUM RULE If atask can be done either in one of n1 ways or in one
of n2 ways, where none of the set of n1 ways is the same as any of the set
of n2 ways, then there are n1 + n2 ways to do the task.

EXAMPLE 3 Suppose that either a member of the mathematics faculty or
a student who is a mathematics major is chosen as a representative to a
university committee. How many different choices are there for this
representative if there are 37 members of the mathematics faculty and 83
mathematics majors and no one is both afaculty member and a student?

Solution: There are 37 ways to choose a member of the mathematics
faculty and there are 83 ways to choose a student who is a mathematics
major. Choosing a member of the mathematics faculty is never the same
as choosing a student who is a mathematics major because no oneis both a
faculty member and a student. By the sum rule it follows that there are 37
+ 83 = 120 possible ways to pick this representative.

5.3INCLUSION EXCLUSION

The subtraction rule is aso known as the principle of inclusion—
exclusion, especially when it is used to count the number of eements in
the union of two sets. Suppose that A1 and A2 are sets. Then, there are
|A1] ways to select an element from Al and |A2| ways to select an element
from A2. The number of ways to select an element from A1 or from A2,
that is, the number of ways to select an element from their union, is the
sum of the number of ways to select an element from A1 and the number
of ways to select an element from A2, minus the number of ways to select
an element that isin both A1 and A2. Because there are/A1 U A2|waysto
select an element in either Al or in A2, and |A1 N A2| ways to select an
element common to both sets, we have |[A1 U A2| = |AL] + |A2] - JAL N
A2|.
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5.4 TREE DIAGRAMS

Counting problems can be solved using tree diagrams. A tree
consists of a root, a number of branches leaving the root, and possible
additional branches leaving the endpoints of other branches. To use trees
in counting, we use a branch to represent each possible choice. We
represent the possible outcomes by the leaves, which are the endpoints of
branches not having other branches starting at them.
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EXAMPLE 4 How many bit strings of length four do not have two
consecutive 1s?

Solution: The tree diagram in Figure 1 displays all bit strings of length
four without two consecutive 1s. We see that there are eight bit strings of

length four without two consecutive 1s.

The Pigeonhole Principle:

Suppose that a flock of 20 pigeons flies into a set of 19 pigeonholes to
roost. Because there are 20 pigeons but only 19 pigeonholes, aleast one of
these 19 pigeonholes must have at least two pigeonsin it. To see why this
is true, note that if each pigeonhole had at most one pigeon in it, at most
19 pigeons, one per hole, could be accommodated. This illustrates a
general principle called the pigeonhole principle, which states that if there
are more pigeons than pigeonholes, then there must be at least one
pigeonhole with at least two pigeons in it (see Figure 2). Of course, this
principle applies to other objects besides pigeons and pigeonholes.

THE PIGEONHOLE PRINCIPLE If k is a positive integer and k + 1 or
more objects are placed into k boxes, then there is a least one box

containing two or more of the objects.
30



§ & 7 § (% \@
L L 1 % 5 (5
= = = > = -

(a) (b) (c)

Figure2

Proof: We prove the pigeonhole principle using a proof by contraposition.
Suppose that none of the k boxes contains more than one object. Then the
total number of objects would be at most k.

Thisisacontradiction, because there are at |east k + 1 objects.

The pigeonhole principle is also called the Dirichlet drawer principle, after
the nineteenth century German mathematician G. Legeune Dirichlet, who
often used this principlein his work.

(Dirichlet was not the first person to use this principle; a demonstration
that there were at least two Parisians with the same number of hairs on
their heads dates back to the 17th century) It is an important additional
proof technique supplementing those we have developed in earlier
chapters. We introduce it in this chapter because of its many important
applications to combinatorics.

We will illustrate the usefulness of the pigeonhole principle. We first show
that it can be used to prove a useful corollary about functions

EXAMPLE 1 Among any group of 367 people, there must be at least two
with the same birthday, because there are only 366 possible birthdays.

EXAMPLE 2 In any group of 27 English words, there must be at least two
that begin with the same letter,because there are 26 letters in the English
alphabet.

5.5 SUMMARY

This section is focused on Tree structure and Inclusion exclusion
principal with variety of examples.

5.6 EXERCISE

1. There are 18 mathematics magjors and 325 computer science majors at a
college.

31



a) In how many ways can two representatives be picked so that one is a
mathematics major and the other is a computer science major?

b) In how many ways can one representative be picked who is either a
mathematics major or a computer science major?

2. An office building contains 27 floors and has 37 officeson each floor.
How many offices are in the building?

3. A multiple-choice test contains 10 questions. There arefour possible
answers for each question.

a) In how many ways can a student answer the questionson the test if the
student answers every question?

b) In how many ways can a student answer the questionson the test if the
student can leave answers blank?

4. A particular brand of shirt comesin 12 colors, has a male version and a
female version, and comes in three sizes for each sex. How many
different types of this shirt aremade?

5. Six different airlines fly from New York to Denver andseven fly from
Denver to San Francisco. How many different pairs of airlines can you
choose on which to booka trip from New York to San Francisco via
Denver, when you pick an airline for the flight to Denver and an
airline for the continuation flight to San Francisco?

6. There are four mgjor auto routes from Boston to Detroit and six from
Detroit to Los Angeles. How many major auto routes are there from
Boston to Los Angeles via Detroit?

7. How many different three-letter initials can people have?

8. How many different three-letter initials with none of the letters repeated
can people have?

9. How many different three-letter initials are there that begin with an A?
10. How many hit strings are there of length eight?
11. How many hit strings of length ten both begin and end with a1?

12. How many bit strings are there of length six or less, not counting the
empty string?

13. How many hit strings with length not exceeding n, wheren is a positive
integer, consist entirely of 1s, not counting the empty string?

14. How many bit strings of length n, where n is a positive integer, start
and end with 1s?

15. How many strings are there of lowercase letters of length four or less,
not counting the empty string?

16. How many strings are there of four lowercase letters thathave the letter
X in them?
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6.1 INTRODUCTION

This chapter is mainly focused on Finite state machines.

6.2 LANGUAGES AND GRAMMARS

Words in the English language can be combined in various ways.
The grammar of English tells us whether a combination of wordsisavalid
sentence. For instance, the frog writes neatly is avalid sentence, because it
is formed from a noun phrase, the frog, made up of the article the and the
noun frog, followed by a verb phrase, writes neatly, made up of the verb
writes and the adverb neatly. We do not care that this is a nonsensical
statement, because we are concerned only with the syntax, or form, of the
sentence, and not its semantics, or meaning. We aso note that the
combination of words swims quickly mathematics is not a valid sentence
because it does not follow the rules of English grammar.

The syntax of a natural language, that is, a spoken language, such
as English, French, German, or Spanish, is extremely complicated. In fact,
it does not seem possible to specify al the rules of syntax for a natural
language. Research in the automatic translation of one language to another
has led to the concept of a formal language, which, unlike a natural
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language, is specified by a well-defined set of rules of syntax. Rules of
syntax are important not only in linguistics, the study of natural languages,
but also in the study of programming languages.

We will describe the sentences of a formal language using a
grammar. The use of grammars helps when we consider the two classes of
problems that arise most frequently in applications to programming
languages. (1) How can we determine whether a combination of wordsis a
valid sentence in a formal language? (2) How can we generate the valid
sentences of a formal language? Before giving a technical definition of a
grammar, we will describe an example of a grammar that generates a
subset of English. This subset of English is defined using a list of rules
that describe how avalid sentence can be produced. We specify that

asentence is made up of anoun phrase followed by averb phrase;

a noun phrase is made up of an article followed by an adjective
followed by anoun, or

3. anoun phraseis made up of an article followed by a noun;

4. averb phraseismade up of averb followed by an adverb, or
5. averb phraseis made up of averb;

6. anarticleisa, or
7
8
9

NP

an articleisthe;
. anadjectiveislarge, or
. an adjectiveishungry;
10. anoun israbbit, or
11. anoun is mathematician;
12. averbiseats, or
13. averb ishops;
14. an adverb isquickly, or
15. an adverb iswildly

6.3 PHRASE-STRUCTURE GRAMMARS

DEFINITION 1 A vocabulary (or alphabet) V is afinite, nonempty set of
elements called symbols. A word (or sentence) over V is a string of finite
length of elements of V . The empty string or null string, denoted by A, is
the string containing no symbols. The set of al words over V is denoted
by V. A language over V is a subset of V.

Note that A, the empty string, is the string containing no symbols.
It is different from @, the empty set. It follows that {A} is the set
containing exactly one string, namely, the empty string. Languages can be
specified in various ways. One way is to list all the words in the language.
Another is to give some criteria that a word must satisfy to be in the
language. In this section, we describe another important way to specify a
language, namely, through the use of a grammar, such as the set of rules
we gave in the introduction to this section. A grammar provides a set of
symbols of various types and a set of rules for producing words. More
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precisely, a grammar has a vocabulary V , which is a set of symbols used
to derive members of the language.

Some of the elements of the vocabulary cannot be replaced by
other symbols. These are called terminals, and the other members of the
vocabulary, which can be replaced by other symbols, are called
nonterminals. The sets of terminals and nonterminals are usually denoted
by T and N, respectively. In the example given in the introduction of the
section, the set of terminals is {a, the, rabbit, mathematician, hops, eats,
quickly, wildly}, and the set of nonterminals is { sentence, noun phrase,
verb phrase, adjective, article, noun, verb, adverb}. There is a specid
member of the vocabulary called the start symbol, denoted by S, which is
the element of the vocabulary that we aways begin with. In the example
in the introduction, the start symbol is sentence. The rules that specify
when we can replace a string from V *, the set of all strings of elementsin
the vocabulary, with another string are called the productions of the
grammar. We denote by zo — z; the production that specifies that zO can
be replaced by z; within a string. The productions in the grammar given in
the introduction of this section were listed. The first production, written
using this notation, is sentence — noun phrase verb phrase. We
summarize this terminology in Definition 2.

DEFINITION 2 A phrase-structure grammar G = (V, T, S, P) consists of
avocabulary V , asubset T of V consisting of terminal symbols, a start
symbol S from V , and a finite set of productions P. Theset V — T is
denoted by N. Elements of N are called nontermina symbols. Every
production in P must contain at least one nonterminal on its left side.

EXAMPLE1LetG=(V,T,S P),wheeV ={a b,A,B, S}, T={a b},
Sisthe start symbol, and P =

{S— ABa, A —» BB, B — ab, AB — b}. G is an example of a phrase-
structure grammar. A

We will be interested in the words that can be generated by the
productions of a phrasestructure grammar.

6.4 TYPES OF PHRASE-STRUCTURE GRAMMARS

A type O grammar has no restrictions on its productions. A type 1
grammar can have productions of the form w1l — w2, wherew1 = |Ar and
w2 = lwr, where A is a nonterminal symbol, | and r are strings of zero or
more terminal or nonterminal symbols, and w is a nonempty string of
terminal or nonterminal symbols. It can also have the production S — A as
long as S does not appear on the right-hand side of any other production.
A type 2 grammar can have productions only of the form wl — w2, where
w1l isasingle symbol that is not atermina symbol. A type 3 grammar can
have productions only of the form w1l — w2 with wl = A and either w2 =
aB or w2 = a, where A and B are nonterminal symbols and ais atermina
symbol, or with wl =S and w2 = A.
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Type 2 grammars are called context-free grammars because a
nonterminal symbol that is the left side of a production can be replaced in
astring whenever it occurs, no matter what elseisin the string.A language
generated by a type 2 grammar is called a context-free language. When
there is a production of the form Iwir — lwyr (but not of the form wy; —
W), the grammar is called type 1 or context-sensitive because wl can be
replaced by w2 only when it is surrounded by the strings | and r. A
language generated by a type 1 grammar is called a context-sensitive
language. Type 3 grammars are also called regular grammars. A language
generated by aregular grammar is called regular. Section 13.4 deds with
the relationship between regular languages and finite-state machines.

6.5 FINITE-STATE MACHINESWITH OUTPUT

DEFINITION 1 A finite-state machineM = (S, I, O, f, g, S) consists of a
finite set S of states, a finite input aphabet 1, a finite output aphabet O, a
transition function f that assigns to each state and input pair a new state, an
output function g that assigns to each state and input pair an output, and an
initial state s

LeeM=(S I, 0O,f, g, s0) beafinite-state machine. We can use a state table
to represent the values of the transition function f and the output function
g for all pairs of states and input. Wepreviously constructed a state table
for the vending machine discussed in the introduction to this section

EXAMPLE 1 The state table shown in Table 2 describes a finite-state
machinewith S={sy, s1, &, 3}, | ={0, 1}, and O = {0, 1}. The values of
the transition function f are displayed in the first two columns, and the
values of the output function g are displayed in the last two columns.

Another way to represent a finite-state machine is to use a state diagram,
which is a directed graph with labeled edges. In this diagram, each state is
represented by a circle. Arrows labeled with the input and output pair are
shown for each transition.
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TABLE 2
f g
Input Input
State 0 1 0 1
50 51 50 1 0
51 53 50 1 1
s 5 5 0 1
53 sl $1 0 0
TABLE 3
f 4
Input Input
State 0 1 0 1
50 1 53 1 0
51 1 52 1 1
52 3 54 0 1]
53 1 50 0 0
$4 3 54 0 a

An input string takes the starting state through a sequence of states,
as determined by the transition function. As we read the input string
symbol by symbol (from left to right), each input symbol takes the
machine from one state to another. Because each transition produces an
output, an input string also produces an output string.

Suppose that the input string is X = X1X2 . . . Xk. Then, reading this
input takes the machine from state s, to state s;, where s; = f (S, X1), then
to state s2, where s2 = f (s, X2), and so on, with § =f (5-4, Xj ) forj = 1, 2,
..., k, ending a state sk = f (S1, X«). This sequence of transitions
produces an output string yay» . . . Yk, Where y; = g(So, X1) is the output
corresponding to the transition from s to s;, Y2 = g(S1, X2) is the output
corresponding to the transition from s; to s, and so on. In general, y; =
o(s-1, xj) forj=1,2,..., k. Hence, we can extend the definition of the
output function g to input strings so that g(x) =y, where y is the output
corresponding to the input string x. This notation is useful in many
applications.

EXAMPLE 4 Find the output string generated by the finite-state machine
in Figure 3 if theinput string is 101011.

Solution: The output obtained is 001000. The successive states and
outputs are shown in Table 4.
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TABLE 4
Input 1 0 1 0 1 1 =
State 50 53 51 52 53 50 53
Output 0 0 1 0 0 0 —

6.6 FINITE-STATE AUTOMATA

A finite-state automaton M = (S, I, f, so, F ) consists of a finite set S of
states, a finite input aphabet 1, a transition function f that assigns a next
state to every pair of state and input (sothat f : Sx | — §), aninitia or
start state SO, and a subset F of S consisting of final (or accepting states).

Example: - A finite-state automaton M = (S, I, f, s, F) consists of afinite
set S of states, afinite inputalphabet I, atransition function f that assigns a
next state to every pair of state and input(so that f : Sx | — §), an initia
or start state SO, and a subset F of S consisting of final (or accepting states).
Regular Expression:-

DEFINITION 1 The regular expressions over a set | are defined
recursively by:

the symbol @ isaregular expression;

the symbol A is a regular expression;

the symbol x isaregular expression whenever x € |,

the symbols (AB), (A U B), and A% are regular expressions whenever
Aand B are regular expressions.

Each regular expression represents a set specified by these rules:
orepresents the empty set, that is, the set with no strings;
A represents the set {A}, which is the set containing the empty string;
X represents the set {x} containing the string with one symbol X;
(AB) represents the concatenation of the sets represented by A and by B;
(A UB) represents the union of the sets represented by A and by B;

39



Axrepresents the Kleene closure of the set represented by A.
Sets represented by regular expressions are called regular sets. Henceforth
regular expressions will be used to describe regular sets, so when we refer
to the regular set A, we will mean the regular set represented by the
regular expression A. Note that we will leave out outer parentheses from
regular expressions when they are not needed.

EXAMPLE 1 What are the strings in the regul ar sets specified by the
regular expressions 10%, (10)*, 0 U 01,
0(0 U 1)*, and (0*1)*?

Solution: The regular sets represented by these expressions are givenin
Table 1, asthe reader should verify

TABLE 1

Expression Strings

10* a 1 followed by any number of 0s (including no zeros)
(1m* any number of copies of 10 (1ncluding the null string)
ouol the string 0 or the string 01

ooumn* any string beginmng with 0

o*n* any string not ending with 0

EXAMPLE 2 Find aregular expression that specifies each of these sets:
(a) the set of bit strings with even length

(b) the set of bit strings ending with a0 and not containing 11

(c) the set of bit strings containing an odd number of Os

Solution: (a) To construct a regular expression for the set of bit strings
with even length, we use the fact that such a string can be obtained by
concatenating zero or more strings each consisting of two bits. The set of
strings of two bits is specified by the regular expression (00 U01 U 10
U 11). Consequently, the set of strings with even length is specified by (00
U0l U10 U11)*.

(b) A bit string ending with a O and not containing 11 must be the
concatenation of one or more strings where each string is either a0 or a
10. (To see this, note that such a bit string must consist of O bits or 1 bits
each followed by a O; the string cannot end with a single 1 because we
know it ends with a 0.) It follows that the regular expression (0 U 10)* (0
U 10) specifies the set of bit strings that do not contain 11 and end with a
0. [Note that the set specified by (0 U 10)*includes the empty string,
which is not in this set, because the empty string does not end with a 0.]
(c) A bit string containing an odd number of Os must contain at least one 0,
which tells us that it starts with zero or more 1s, followed by a O, followed
by zero or more 1s. That is, each such bit string begins with a string of the
form 1j 01k for nonnegative integer§ and k. Because the bit string
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contains an odd number of Os, additional bits after this initial block can be
split into blocks each starting with a O and containing one more 0. Each
such block is of the form 01p01q, where p and g are nonnegative integers.
Consequently, the regular expression 1x01%(01+01*)*specifies the set of
bit strings with an odd number of Os.

6.7 REGULAR SETSAND REGULAR GRAMMARS

In Section 13.1 we introduced phrase-structure grammars and defined
different types of grammars. In particular we defined regular, or type 3,
grammars, which are grammars of theform G = (V, T, S P ), where each
production is of theform S— 1, A — a, or A — aB, wherea isatermina
symbol, and A and B are nonterminal symbols. As the terminology
suggests, there is a close connection between regular grammars and
regular sets.

THEOREM 1A set is generated by aregular grammar if and only if itisa
regular set.

Proof: First we show that a set generated by a regular grammar is a
regular set. Supposethat G=(V, T, S P) isaregular grammar generating
the set L(G).To show that L(G) is regular we will build a nondeterministic
finite-state machine M = (S I, f, 5, F ) that recognizes L(G).
Let S the set of states, contain a state s A for each no terminal symbol A of
G and an additional state sk, which is afinal state. The start state SO is the
state formed from the start symbol S The transitions of M are formed from
the productions of G in the following way. A transition from sAto sFon
input of aisincluded if A — aisaproduction, and a transition from sato
sgon input of aisincluded if A — aBis aproduction. The set of fina states
includes sFand also includes O if S— A isaproductionin G. It isnot hard
to show that the language recognized by M equals the language generated
by the grammar G, that is, L(M) = L(G). This can be done by determining
the words that lead to a final state. The details are left as an exercise for
the reader.
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(a) Machins Set racognized

k)

6.8 TURING MACHINE

There are other machines called linear bounded automata, more
powerful than pushdown automata, that can recognize sets such as
{On1n2n |n =0, 1, 2, ... }. In particular, linear bounded automata can
recognize context-sensitive languages. However, these machines cannot
recognize all the languages generated by phrase-structure grammars. To
avoid the limitations of special types of machines, the model known as a
Turing machine, named after the British mathematician Alan Turing, is
used. A Turing machine is made up of everything included in afinite-state
machine together with atape, which isinfinite in both directions. A Turing
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machine has read and write capabilities on the tape, and it can move back
and forth along this tape. Turing machines can recognize al languages
generated by phrase-structure grammars. In addition, Turing machines can
model al the computations that can be performed on a computing
machine. Because of their power, Turing machines are extensively studied
in theoretical computer science.

DEFINITION 1 A Turing machineT = (S, I, f, o) consists of afiniteset S
of states, an alphabet | containingthe blank symbol B, a partial function f
fromSxtoSx | x{R, L}, and astarting state

To interpret this definition in terms of a machine, consider a control unit
and a tape divided into cells, infinite in both directions, having only a
finite number of nonblank symbols on it a any given time, as pictured in
Figure 1. The action of the Turing machine at each step of its operation
depends on the value of the partial function f for the current state and tape
symbol.

At each step, the control unit reads the current tape symbol x. If the control
unitisin state sand if the partial function f is defined for the pair (s, X)
with f (s, X) = (s, X, d), the control unit

1. entersthe state s,

2. writesthe symbol x in the current cell, erasing x, and

3. movesright one cell if d = Ror movesleft onecell if d=L.

We write this step as the five-tuple (s, x, S, X', d). If the partia function f
is undefined for the pair (s, x), then the Turing machine T will halt.
A common way to define a Turing machine is to specify a set of five-
tuples of the form (s, x, S, X, d). The set of states and input alphabet is
implicitly defined when such a definition is used.

At the beginning of its operation a Turing machine is assumed to be in the
initial state s and to be positioned over the leftmost nonblank symbol on
the tape. If the tape is al blank, the control head can be positioned over
any cell. We will call the positioning of the control head over the leftmost
nonblank tape symbol the initial position of the machine.

EXAMPLE 1 What isthefinal tape when the Turing machine T defined
by the seven fivetuples(s0, 0, O, O, R), (s0, 1, s1, 1, R), (0, B, s3, B, R),
(s1,0,90,0,R), (s1,1,s82,0,L)

(s1, B, s3,B,R), and (s2, 1, s3, 0, R) isrun on the tape shown in Figure
2(a)?
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(a) 3 Initial Position
L

B B 1 1] 1 1 0 B B

(b) 5
¥

B B 0 1] 1 1 0 B B

(c) 51
——

B g 0 1 1 1 0 B B

(d) 5
¥

B B 0 1 0 1 0 B B

()
1

B B 0 1 0 1 0 B B

(f) 55
——

B B ] 1 0 0 0 B B

(z)
)
B B ] 1 0 0 0 B B

Solution: We start the operation with T in state sO and with T positioned
over the leftmost nonblank symbol on the tape. The first step, using the
five-tuple (sO, 0, O, 0, R), reads the 0 in the leftmost nonblank cell, stays
in state O, writes a 0 in this cell, and moves one cell right.
The second step, using the five-tuple (0, 1, s1, 1, R), reads the 1 in the
current cell, enters state s1, writes a 1 in this cell, and moves one cell
right. The third step, using the five-tuple (s1, O, 0, O, R), reads the O in the
current cell, enters state sO, writes a 0 in this cell, and moves one cell
right. The fourth step, using the five-tuple (0, 1, s1, 1, R), reads the 1 in
the current cell, enters state s1, writesa 1 in this cell, and moves right one
cell. The fifth step, using the five-tuple (sl, 1, s2, O, L), reads the 1 in the
current cell, enters state s2, writes a 0 in this cell, and moves left one cell.
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The sixth step, using the five-tuple (s2, 1, s3, 0, R), reads the 1 in the
current cell, enters the state s3, writes a 0 in this cell, and moves right one
cell. Findly, in the seventh step, the machine halts because there is no
five-tuple beginning with the pair (s3, 0) in the description of the machine.

6.9 GODEL NUMBERS:

In mathematical logic, a Godel numbering is a function that assigns
to each symbol and well-formed formula of some forma language a
unique natural number, called its Godel number. The concept was used by
Kurt Godel for the proof of hisincompleteness theorems. (Godel 1931)

A GOdel numbering can be interpreted as an encoding in which a
number is assigned to each symbol of a mathematical notation, after which
a sequence of natural numbers can then represent a sequence of symbols.
These sequences of natural numbers can again be represented by single
natural numbers, facilitating their manipulation in formal theories of
arithmetic.

GOdel noted that statements within a system can be represented by
natural numbers. The significance of this was that properties of statements
— such as their truth and falsehood — would be equivalent to determining
whether their Godel numbers had certain properties. The numbers
involved might be very long indeed (in terms of number of digits), but this
is not a barrier; al that matters is that we can show such numbers can be
constructed.

In simple terms, we devise a method by which every formula or
statement that can be formulated in our system gets a unique number, in
such a way that we can mechanically convert back and forth between
formulas and Godel numbers. Clearly there are many ways this can be
done. Given any statement, the number it is converted to is known as its
G6del number. A simple example is the way in which English is stored as
a sequence of numbersin computers using ASCII or Unicode:

The word HELLO is represented by (72,69,76,76,79) using decimal
ASCII.

Thelogical formulax=y => y=x is represented by
(120,61,121,32,61,62,32,121,61,120) using decima ASCII.

6.10 SUMMARY

Here, we introduced the concept of a Turing machine. We have
shown how Turing machines can be used to recognize sets.
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6.11 EXERCISE

1. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings beginning with 01.

2. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings that end with 10.

3. Construct a deterministic finite-state automaton thatrecognizes the set
of al bit strings that contain thestring 101.

4. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings that do not contain threeconsecutive Os.

5. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings that contain exactlythree Os.

6. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings that contain at |eastthree Os.

7. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings that contain three consecutive 1s.

8. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings that begin with 0 orwith 11.

9. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings that begin and end with 11.

10. Construct a deterministic finite-state automaton that recognizes the set
of all bit strings that contain an even number of 1s.

11. Construct a deterministic finite-state automaton that recognizes the set
of al bit strings that contain an odd numberof Os.
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GRAPHS

Unit Structure

7.0 Objective

7.1 Definition

7.2 Adjacency matrix

7.3 path matrix

7.4 Representing relations using diagraphs
7.5 Warshall’ s a gorithm- shortest path
7.6 Linked representation of agraph

7.7 Operations on graph with agorithms
7.8 Traversing a graph-

7.8.1 Breadth-First search and
7.8.2 Depth-First search.

7.00OBJECTIVE

This chapter will cover these topics like Graphs, directed graphs ,
operations on graphs , finding shortest paths which appear in many
areas of mathematics and computer science.

Graphs are discrete structures consisting of vertices and edges that
connect these vertices. There are different kinds of graphs, depending
on whether edges have directions, whether multiple edges can connect
the same pair of vertices, and whether loops are allowed.

We will describe how graphs can be used to model acquaintanceships
between people, collaboration between researchers, telephone calls
between tel ephone numbers, and links between websites.

We will show how graphs can be used to model roadmaps and the
assignment of jobs to employees of an organization.

Graphs can be used to determine whether a circuit can be implemented
on aplanar circuit board.

We can determine whether two computers are connected by a
communications link using graph models of computer networks.

Graphs with weights assigned to their edges can be used to solve
problems such as finding the shortest path between two cities in a
transportation network.
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e We can aso use graphs to schedule exams and assign channels to
television stations.

e This chapter will introduce the basic concepts of graph theory and
present many different graph models.

e To solve the wide variety of problems that can be studied using
graphs, we will introduce many different graph agorithms. We will
also study the complexity of these algorithms.

7.1 DEFINITION AND ELEMENTARY RESULTS:

The definition of a graph:

Graph:

A graph G = (V , E) consists of V , a nonempty set of vertices aso called
nodesand E, a set of edges. Each edge has either one or two vertices
associated with it, called its endpoints.

By definition we can say:
e A graph G consists of two things:

() A st V =V (G) whose elements are called vertices, points, or
nodes of G.

(i) A set E = E(G) of unordered pairs of distinct vertices called
edges of G.

e Verticesu and v are said to be adjacent or neighbors if there is an
edgee={u, v}.

* Inthiscase, uand v are caled the endpoints of e, and e is
said to connect u and v.

» Also, the edge e is said to be incident on each of its
endpointsu and v.

e Symbolically, each vertex v in V is represented by a dot (or small
circle), and each edge e = {Vv1, v2} isrepresented by a curve which
connectsits endpoints vl and v2

e For example, following Figure 1 represents the graph G(V,E)
where:

D

€y

Figurel
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(i) V consists of verticesA, B, C, D.
(i) E consists of edges as follows:
el ={A,B},e2={B,C},e3={C,D},e4={A,C}, e&5={B,D}.

Thedefinition A directed graph (or digraph):

A directed graph (or digraph):

A directed graph (or aso caled as digraph) (V, E) consists of a nhonempty set of
vertices V and a set of directed edges (or arcs) E.

Each directed edge is associated with an ordered pair of vertices.

The directed edge associated with the ordered pair (u, v) is said to start at vertex u
and end at vertexv.

\"

0 0

Figure2

For example graph given in figure 2 isa digraph. Thereis adirected edge
from vertex O to vertex 1, but no directed edge from vertex 1 to vertex O

Graph Theory common ter minology :

(¢]

Anarcisadirected line (apair of ordered vertices).
Anedgeislinejoining apair of nodes.

Incident edges are edges which share a vertex. A edge and vertex are
incident if the edge connects the vertex to another.

A loop isan edge or arc that joins avertex to itself.
Adjacent vertices are vertices which are connected by an edge.

The degree of avertex is simply the number of edges that connect to
that vertexor isthe number of edgeswith v as an end vertex.
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o Thedegree of the vertex v,is denoted as d(v).

o By convention, we count a loop twice and parallel edges
contribute separately.
A pendant vertex is avertex whose degreeis 1.
Anisolated vertex is avertex whose degree is 0.

A predecessor isthe node (vertex) before a given vertex on a path.

A successor isthe node (vertex) following a given vertex on a path.

A walk isaseries of vertices and edges.

A circuit isaclosed walk with every edge distinct.

A closed walk is a walk from a vertex back to itself; a series of
vertices and edges which begins and ends at the same place.

A cycleis aclosed walk with no repeated vertices (except that the first
and last vertices are the same).

A path is a wak where no repeated vertices. A u-v path is a path
beginning at u and ending at v.

A u-v walk would be awalk beginning at u and ending at v.

Types of Graphs | Definition

Undirected An undirected graph is one in which edges have

Graph no orientation.

Simple Graph A graph is simple if it has no parallel edges or
loops.
The given graph is not simple.

Empty Graph A graph with no edges (i.e. E is empty) is empty.

Null Graph A graph with no vertices (i.e. V and E are empty)
isanull graph.

Trivial Graph A graph with only one vertex istrivial.

Complete Graph

A simple graph is called a complete graph if each
pair of distinct verticesisjoined by an edge

Weighted Graph

A graph is a weighted graph if a number (weight)
Is assigned to each edge.

Such weights might represent,

for example, costs, lengths or capacities, etc.
depending on the problem at hand .

These graph are also called as a network
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I somor phic
Graph

Two graphs are said to be isomorphic if there is
one to one correspondence between their vertices
and their edges such that incidences are preserved
Properties preserved by isomorphism of graphs.

» must have the same number of vertices

» must have the same number of edges

e must have the same number of vertices with
degree k

« for every proper subgraph g of one graph, there
must be a proper subgraph of the other graph that
isisomorphic of g

Parallel Edges

In a graph, if a pair of vertices is connected by
more than one edge, then those edges are called
paralldl edges.

Multi Graph

A graph having parald edges is known as a
Multigraph.

Connected
Graph

A graph G is said to be connected if there exists a
path between every pair of vertices.

There should be at least one edge for every vertex
in the graph.

So that we can say that it is connected to some
other vertex at the other side of the edge.

Disconnected
Graph

A graph G is disconnected, if it does not contain at
least two connected vertices.

7.2 ADJACENCY MATRIX

One way to represent a graph without multiple edges is to list dl
the edges of this graph. Another way to represent a graph with no multiple
edges is to use adjacency lists, which specify the vertices that are adjacent
to each vertex of the graph.

Use adjacency lists to describe the ssmple graph given in Figure 3:

h

Figure3
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An Adjacency List for a Smple Graph.

Vertex Adjacent Vertices
a b,c e

b A

Cc ade

d c e

e acd

Represent the directed graph shown below Figure 4 by listing al
the vertices that are the terminal vertices of edges starting at each vertex of
the graph.

Figure 4
An Adjacency List for a Directed Graph.
Initial Vertex Terminal Vertices
a b,cde
b b,d
C ac e
d .
e b, c, d

To simplify computation, graphs can be represented using
matrices.

An adjacency matrix is away of representing a graph as a matrix
of booleans (O'sand 1's).

A finite graph can be represented in the form of a square matrix on
a computer, where the boolean value of the matrix indicates if there is a
direct path between two vertices.
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Definition:

Suppose that G = (V , E) is a simple graph with n verticesi.e [V | = n.
Suppose that the vertices of G are listed arbitrarily as v1, v2,..., vn. The
adjacency matrix A (or AG) of G, with respect to this listing of the
vertices, is the n X n zero—one matrix with 1 asiits (i, j )th entry when vi
and vj are adjacent, and O asits (i, | )th entry when they are not adjacent.

In other words, if its adjacency matrix isA = [a; ], then

L if {w, vi) 15 an edge of G,
fj; = _
0 otherwise.

For example, we have a graph below, Use an adjacency matrix to
represent the graph .

II ¥

Figure5

Solution:

Thingsto remember:

e The adjacency matrix of a simple graph is symmetric, that is;a; =
&, because both of these entries are 1 when vi and vj are adjacent, and
both are O otherwise. Furthermore, because a simple graph has no
loops, each entry aii, i =1, 2, 3,...,n, isO.

e Adjacency matrices can also be used to represent undirected
graphs with loops and with multiple edges. A loop at the vertex vi is
represented by a 1 at the (i, i)th position of the adjacency matrix.
When multiple edges connecting the same pair of verticesvi and vj , or
multiple loops at the same vertex, are present, the adjacency matrix is
no longer a zero—one matrix, because the (i, j )th entry of this matrix
equals the number of edges that are associated to {vi, vj }.

e All undirected graphs, including multigraphs and pseudographs, have
symmetric adjacency matrices.
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Example: Adjacency matrix for given graphis:

—

Fod = p—
=

Figure6

Pros of Adjacency Matrix

The basic operations like adding an edge, removing an edge, and
checking whether there is an edge from vertex i to vertex | are
extremely time efficient, constant time operations.

If the graph is dense and the number of edges is large, an adjacency
matrix should be the first choice. Even if the graph and the adjacency
matrix is sparse, we can represent it using data structures for sparse
matrices.

The biggest advantage, however, comes from the use of matrices. The
recent advances in hardware enable us to perform even expensive
matrix operations on the GPU.

By performing operations on the adjacent matrix, we can get important
insights into the nature of the graph and the relationship between its
vertices.

Consof Adjacency Matrix

The VXV space requirement of the adjacency matrix makes it to
occupy lot of memory space. Graphs out in the wild usually don't have
too many connections and this is the major reason why adjacency lists
are the better choice for most tasks.

While basic operations are easy, operations like in Edges and out
Edges are expensive when using the adjacency matrix representation.

7/.3PATH MATRIX

First we will seethe definition:

Definition:

Let G be a graph with m edges, and u and v be any two verticesin G. The
path matrix for vertices u and v denoted by P(u, v) = [pij]g«m , Whereq is
the number of different paths between u and v.



In other word,
{ 1, if jih edge liex in the ith path,
Pij

0, ot herwise .

Clearly, a path matrix is defined for a particular pair of vertices, the rows
in P(u, v) correspond to different paths between u and v, and the columns
correspond to different edgesin G.

For example, consider the graph in following Figure:

\ 1

L ey L) -] 4

& .g‘: = 1
'
'

11 J——

[ =]

The different paths between the verticesv3 and v4 are
pl = {e8, e5},
p2 ={e8, e7, €3} and
p3 ={e€8, €6, e4, e3}.
The path matrix for v3, v4 is given by
£ & 81 B4 €% £ 87 Eg

00001001
Plvi, y)=|0 0 1 000 11
o011 0101

Thingsto remember about the path matrix.

1. A column of all zeros corresponds to an edge that does not lie in any
path between u and v. 2. A column of al ones corresponds to an edge
that liesin every path between uand v.

3. Thereisno row with all zeros.

4. The ring sum of any two rows in P(u, v) corresponds to a cycle or an
edge-digoint union of cycles

7.4 REPRESENTING RELATIONS USING DIAGRAPHS

e In this section we will give a brief explanation of procedures for
graphing arelation (donein UNIT ).

e A graph is nothing more than an illustration that gives us, at a glance, a
clearer idea of the situation under consideration.

e A road map indicates where we have been and how to proceed to reach
our destination.

e A flow chart helps us to zero in on the procedures to be followed to
code a problem and/or organi ze the flow of information.
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e Example:
Let A={0,1,2,3} and let relation R be defineon A as:
R={(0,0),(0.3),(1,2),(2,1),(3,2),(2,0)}

The elements of A are called the vertices of the graph and are
represented by labelled points or occasionally by small circles.

Connect vertex ato vertex b with an arrow, called an edge of the
graph, going from vertex ato vertex b if and only if aR b.

Thistype of graph of arelation r is called a directed graph or digraph.

Theresult is:

Figure?7

Relations arerepresented using ordered pairs, matrix and digraphs:

Ordered Pairs—

e Inthisset of ordered pairs of x and y are used to represent relation.
In this corresponding values of x and y are represented using
parenthesis.

e Example: {(1, 1), (2, 4), (3,9), (4, 16), (5, 25)}

Representing using Matrix —

e In this zero-one is used to represent the relationship that exists
between two sets.

e Inthisif aeement is present then it is represented by 1 else it is
represented by 0.

e In this method it is easy to judge if a relation is reflexive,
symmetric or transitive just by looking at the matrix.
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e Example
Lt P={1,23,4,Q0={ab,cd}
and R={(1,a,(1,Db),(10),(2Db),(20c),(2d}.
The matrix of relation R is shown asfig:
a b ¢ d

s ~

M= 1 [ 1 1 1 0
20 1 1 1

4 >

310 0 0 O

410 0 0 0_

Digraph —

e A digraph is known was directed graph. It consists of set ‘V’ of
vertices and with the edges ‘'E’.

e HereEisrepresented by ordered pair of Vertices.

e Intheedge(a b), aistheinitia vertex and b isthefinal vertex.
e If edgeis(a a) thenthisisregarded asloop.

e Example: Suppose we have relation forming

R={(12),(L3),(L4),(273),(24), (3 4}
Thisrelation is represented using digraph as:

()

Figure8

75WARSHALL'SALGORITHM- SHORTEST PATH

e The Floyd Warshall Algorithm is for solving the All Pairs Shortest
Path problem.

e The problem is to find shortest distances between every pair of
verticesin a given edge weighted directed Graph.
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We initialize the solution matrix same as the input graph matrix as a
first step.

Then we update the solution matrix by considering al vertices as an
intermedi ate vertex.

The idea is to one by one pick all vertices and updates all shortest
paths which include the picked vertex as an intermediate vertex in the
shortest path.

When we pick vertex number k as an intermediate vertex, we aready
have considered vertices {0, 1, 2, .. k-1} asintermediate vertices.

For every pair (i, j) of the source and destination vertices respectively,
there are two possible cases.

1) kisnot anintermediate vertex in shortest path fromi to .
We keep the value of dist[i][j] asitis.
2) kisanintermediate vertex in shortest path fromi toj.
We update the value of
dist[i][j] asdist[i][k] + dist[K][j] if dist[i][j] > dist[i][K] + dist[K][]]

Floyd-Warshall Algorithm

n = no of vertices
A = matrix of dimension n*n
for k=1 ton

for i =1 ton

for j=1ton
AS[L, 31 = min (AL, J1, AL, K]+ ARTTK, D)
return A

Floyd War shall Algorithm Complexity

e Time Complexity

There are three loops. Each loop has constant complexities. So, the
time complexity of the Floyd-Warshall algorithm is O(n®).

e Space Complexity
The space complexity of the Floyd-Warshall algorithm is O(n?).

Floyd Warshall Algorithm Applications

e Tofind the shortest path is a directed graph

e Tofind thetransitive closure of directed graphs

e Tofind the Inversion of real matrices

e For testing whether an undirected graph is bipartite
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Example:

Let the given graph be:
5
2 3 2
4
1
Figure 9
Solution:

Follow the steps below to find the shortest path between all the
pairs of vertices.

1. Create a matrix A° of dimension n*n=n? where n is the number of
vertices.

The row and the column are indexed asi and j respectively. i and j
are the vertices of the graph.

Each cedl A[i][j] is filled with the distance from the ith vertex to the jth
vertex.

If there is no path from i™ vertex to | vertex, the cell is|eft asinfinity.

3w 5
0 = 4
1 0 =
o o 2 0

M c. -

A=

2. Now, create a matrix A1l using matrix AO. The elements in the first
column and the first row are left as they are. The remaining cells are
filled in the following way.

Let k be the intermediate vertex in the shortest path from source to
destination. In this step, k isthe first vertex. A[i][j] isfilled with (A[i][k] +

ALKILD) if (ALITLT > ALITK] + ALKI[D)-

That is, if the direct distance from the source to the destination is
greater than the path through the vertex k, then the cdl is filled with
Ali][K] + ALK][]]-

In this step, k is vertex 1. We calculate the distance from source
vertex to destination vertex through this vertex k.
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2|2 O
A' =

i oo 0

o 0

For example: For A1[2, 4], the direct distance from vertex 2to 4 is 4
and the sum of the distance from vertex 2 to 4 through vertex (ie. from
vertex 2 to 1 and from vertex 1to 4) is 7. Since 4 < 7, AQ[2, 4] isfilled

with 4.

3. Similarly, A? s created using A’. The elements in the second column
and the second row are left asthey are.

In this step, k is the second vertex (i.e. vertex 2). The remaining

steps are the same asin step 2.

N O=

A* =

» O wWw
© ©

4 (-] U
4. Similarly, A3 and A4 is also created.

110 w
avm’| 979
e 1 0 8
2 0
1 3 4
10 5
A4=2 0 4
3 0 5
. i S

sl

=]

X
nn W N O

Lad

el

W N o=

%] c.-.-

N © v Www

5

O Ww

W = O W = O Ww

O Wk

3

N © W B w

N ©O YW Ww

5. A4 givesthe shortest path between each pair of vertices.
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7.6 LINKED REPRESENTATION OF A GRAPH:

In the linked representation, an adjacency list is used to store the
Graph into the computer's memory.

Consider the undirected graph shown in the following figure and
check the adjacency list representation.

[AF—{B] F—{D[X]
(a) B c) (Br—{AT F+—>{b[ F—{cTX]
\ //" / [} (Bl F-{EIX]
\ / / (D F—{AT B F-{EIX]
i 2 [E} B F-{cIX]
Undirected Graph Adjacency List

An adjacency list is maintained for each node present in the graph
which stores the node value and a pointer to the next adjacent node to the
respective node.

If al the adjacent nodes are traversed then store the NULL in the
pointer field of last node of thelist.

The sum of the lengths of adjacency lists is equal to twice of the
number of edges present in an undirected graph.

Consider the directed graph shown in the following figure and
check the adjacency list representation of the graph.

LA +F—{B [X]
[BF—{Cc[ F—{DI[X]

- - [cF{ETX]
(D} ATX]
[E}+—[DX]

|DH—|E|

1’
UJ
¥
0 |

Directed Graph Adjacency List

In a directed graph, the sum of lengths of al the adjacency listsis
equal to the number of edges present in the graph.

In the case of weighted directed graph, each node contains an extra

field that is called the weght of the node. The adjacency list
representation of a directed graph is shown in the following figure.
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[A}—{B[5[X]

(A3 B2 »(c) [BF—{c[2] F—{p[8[X]
/ [CF—{ETaTX]
7 8 4
[DF—{A]7[X]
— 10 P
(pY—— (€ [E—{D[10[X]
Weighted Directed Graph Adjacency List

7.7 OPERATIONS ON GRAPH WITH ALGORITHMS -

The ideais to represent the graph as alist of linked lists where the
head of the linked list is the vertex and all the connected linked lists are
the vertices to which it is connected.

Adding aVertex in the Graph:

To add a vertex in the graph, the adjacency list can be iterated to
the place where the insertion is required and the new node can be created
using linked list implementation.

For example,

if 5 needs to be added between vertex 2 and vertex 3 such that vertex 3
points to vertex 5 and vertex 5 points to vertex 2,

then a new edge is created between vertex 5 and vertex 3 and a new edge
is created from vertex 5 and vertex 2.

After adding the vertex, the adjacency list changes to:
0| 4| P3| Pf1]X

KN EIEY

Removing a Vertex in the Graph:
To delete a vertex in the graph, iterate through the list of each
vertex if an edgeis present or not.

62



If the edge is present, then delete the vertex in the same way as
deleteis performed in alinked list.

For example, the adjacency list trandates to the below list if vertex
4 is deleted from the list:

ol blal |—-\3 L 1 [x

1| 2 X|

..2 x..

7.8 TRAVERSING A GRAPH:

In this section we discuss two important graph agorithms which
systematically examine the vertices and edges of a graph G.

One is called a depth-first search (DFS) and the other is called a
breadth-first search (BFS). Any particular graph agorithm may depend on
the way G is maintained in memory. Here we assume G is maintained in
memory by its adjacency structure.

Our test graph G with its adjacency structure appears in given Fig.
where we assume the vertices are ordered alphabetically.

A Vertex Adjacency list
A B,C,D
B A
(— D B (—1 Al' K
(D] ALK L
® 1 L, M
K L ! K C,D,L
L D1 K
M M J
(a) (b)
Figure 10
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During the execution of our algorithms, each vertex (node) N of G
will be in one of three states, called the status of N, as follows:

STATUS = 1: (Ready state) Theinitial state of the vertex N.

STATUS = 2: (Waiting state) The vertex N is on a (waiting) list,

waiting to be processed.

STATUS = 3: (Processed state) The vertex N has been processed.

The waiting list for the depth-first search (DFS) will be a
(modified) STACK (which we write horizontally with the top of STACK
on the left), whereas the waiting list for the breadth-first search (BFS) will
be a QUEUE.

Depth-first Search:

e The genera idea behind a depth-first search beginning at a starting
vertex A is as follows. First we process the starting vertex A. Then we
process each vertex N aong a path P which begins a A; that is, we
process a neighbor of A, then aneighbor of A, and so on.

e After coming to a“dead end,” that is to a vertex with no unprocessed
neighbor, we backtrack on the path P until we can continue aong
another path P.

e Andsoon.

e The backtracking is accomplished by using a STACK to hold the
initial vertices of future possible paths.

e We also need afield STATUS which tells us the current status of any
vertex so that no vertex is processed more than once.

e Thedepth-first search (DFS) algorithm appearsin Fig. 8-31.

e The agorithm will process only those vertices which are connected to
the starting vertex A, that is, the connected component including A.

e Suppose one wants to process al the vertices in the graph G. Then the
algorithm must be modified so that it begins again with another vertex
(which we call B) that is still in the ready state (STATE = 1).

e Thisvertex B can be obtained by traversing through the list of vertices.

e Depth first search (DFS) agorithm starts with the initial node of the
graph G, and then goes to deeper and deeper until we find the goal
node or the node which has no children.

e The algorithm, then backtracks from the dead end towards the most
recent node that is yet to be completely unexplored.

e Thedatastructure which isbeing used in DFSis stack.
e Theprocessissimilar to BFS algorithm.

e In DFS, the edges that leads to an unvisited node are called discovery
edges while the edges that leads to an already visited node are called
block edges.
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Algorithm
Step 1: SET STATUS = 1 (ready state) for each nodein G

Step 2: Push the starting node A on the stack and set its STATUS = 2
(waiting state)

Step 3: Repeat Steps 4 and 5 until STACK is empty

Step 4: Pop the top node N. Process it and set its STATUS = 3 (processed
state)

Step 5: Push on the stack all the neighbours of N that are in the ready state
(whose STATUS = 1) and set their
STATUS = 2 (waliting state)
[END OF LOOP]
Step 6: EXIT
Example:
Consider the graph G along with its adjacency list, given in the

figure below. Calculate the order to print al the nodes of the graph starting
from node H, by using depth first search (DFS) algorithm.

\ Adjacency Lists
\ N\

/;'.
//

A:B,D
\ i B:C,F
# \ \J;\ C:E,G,H
AK > B > c *”/f/:/’;.G G:E/H
i \\ ! e E:B,F
\ s -
/NS \ /- -
D o F Je C / HiA
Figure1l
Solution :
Push H onto the stack
STACK : H

POP the top element of the stack i.e. H, print it and push all the neighbours
of H onto the stack that are is ready state.

Print H

STACK : A

Pop the top element of the stack i.e. A, print it and push all the neighbours
of A onto the stack that are in ready state.

Print A

Stack : B, D

Pop the top element of the stack i.e. D, print it and push all the neighbours
of D onto the stack that are in ready state.
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Print D

Stack : B, F

Pop the top element of the stack i.e. F, print it and push al the neighbours
of F onto the stack that are in ready state.

Print F
Stack : B
Pop the top of the stack i.e. B and push all the neighbours

Print B
Stack : C
Pop the top of the stack i.e. C and push all the neighbours.

Print C
Stack : E, G
Pop the top of the stack i.e. G and push al its neighbours.

Print G
Stack : E
Pop the top of the stack i.e. E and push all its neighbours.

Print E

Stack :

Hence, the stack now becomes empty and all the nodes of the graph have
been traversed.

The printing sequence of the graph will be:
H>A>D->F->B->C->G->E

Breadth-Fir st search:

e The genera idea behind a breadth-first search beginning at a starting
vertex A isasfollows. First we process the starting vertex A.

e Then we process all the neighbors of A.
e Then we process all the neighbors of neighbors of A. And so on.

e Naturally we need to keep track of the neighbors of a vertex, and we
need to guarantee that

e no vertex is processed twice.

e This is accomplished by using a QUEUE to hold vertices that are
waiting to be processed, and by a field STATUS which tells us the
current status of a vertex.

e The breadth-first search (BFS) agorithm appears in Fig. 8-33, Again
the algorithm will process only those vertices which are connected to
the starting vertex A, that is, the connected component including A.
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Suppose one wants to process al the vertices in the graph G. Then the
algorithm must be modified so that it begins again with another vertex
(which we call B) that is still in the ready state (STATUS = 1).

This vertex B can be obtained by traversing through the list of vertices.

Breadth first search is a graph traversal algorithm that starts traversing
the graph from root node and explores al the neighbouring nodes.

Then, it selects the nearest node and explore al the unexplored nodes.

The algorithm follows the same process for each of the nearest node
until it finds the goal.

The agorithm of breadth first search is given below.

The agorithm starts with examining the node A and al of its
neighbours.

In the next step, the neighbours of the nearest node of A are explored
and process continuesin the further steps.

The agorithm explores all neighbours of al the nodes and ensures that
each node is visited exactly once and no nodeis visited twice.

Algorithm
Step 1: SET STATUS = 1 (ready state)
for each nodein G

Step 2: Enqueue the starting node A
and set its STATUS =2
(waiting state)

Step 3: Repeat Steps 4 and 5 until
QUEUE isempty

Step 4: Dequeue anode N. Processit
and set its STATUS =3
(processed state).

Step 5: Enqueue al the neighbours of
N that arein the ready state
(Whose STATUS =1) and set
their STATUS =2
(waiting stete)

[END OF LOOP]

Step 6: EXIT

Example

Consider the graph G shown in the following image, calculate the
minimum path p from node A to node E. Given that each edge has alength

of 1.
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Adjacency Lists

A:B,D
AVAVESNE
/ \/ /ﬁf,ﬂf'“"s F;A‘
> I 0:F

Solution:

Minimum Path P can be found by applying breadth first search
algorithm that will begin at node A and will end at E. the algorithm uses
two queues, namely QUEUE1 and QUEUE2. QUEUEL holds al the
nodes that are to be processed while QUEUEZ holds al the nodes that are
processed and deleted from QUEUEL.

Lets start examining the graph from Node A.
1. Add A to QUEUE1 and NULL to QUEUE2.

QUEUE1 ={A}

QUEUE2 = {NULL}

2. Delete the Node A from QUEUEL and insert all its neighbours. Insert
Node A into QUEUE2

QUEUEL1 ={B, D}

QUEUE2 = {A}

3. Delete the node B from QUEUEL and insert al its neighbours. Insert
node B into QUEUEZ2.

QUEUE1={D,C, F}

QUEUE2 ={A, B}

4. Delete the node D from QUEUEL1 and insert all its neighbours. Since F
is the only neighbour of it which has been inserted, we will not insert it
again. Insert node D into QUEUEZ2.

QUEUE1={C, F}
QUEUE2={ A, B, D}

5. Delete the node C from QUEUEL and insert al its neighbours. Add
node C to QUEUE2.

QUEUEL ={F, E, G}

QUEUE2={A,B, D, C}

6. Remove F from QUEUEL and add all its neighbours. Since al of its
neighbours has already been added, we will not add them again. Add node
F to QUEUE2.

QUEUEL ={E, G}
QUEUE2={A,B,D,C, F}
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7. Remove E from QUEUEL, al of E's neighbours has already been added
to QUEUEL therefore we will not add them again. All the nodes are
visited and the target node i.e. E is encountered into QUEUE2.

QUEUE1 ={G}
QUEUE2={A,B,D,C,F, E}
Now, backtrack from E to A, using the nodes available in QUEUE2.

The minimum path willbe A>B > C > E.

7.9 EXERCISE

Solve the following:

1. Represent the given graph using an adjacency matrix

2. draw an undirected graph represented by the given adjacency matrix
and find the degree of each of its vertex.
1 2 0 1
2 0 3 0
p 3 1 4
1 0 1 0

3. Solveusing BFS and DFS both on given graph:

M

4. Defineincidence, adjacent and degree
5. Define Isolated and pendent vertex , null graph with help of example.

o300 S0 %
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TREES

Unit Structure

8.0 Objective

8.1 Definition

8.2 Ordered rooted tree

8.3 Binary trees

8.4 Complete and extended binary trees

8.5 Representing binary trees in memory

8.6 Traversing binary trees

8.7 Binary search tree
8.7.1 Algorithms for searching and inserting in binary search trees
8.7.2 Algorithms for deleting in a binary search tree

8.8 Exercise

8.00BJECTIVE

In this chapter we are going to learn about:

e the definitions of the following terms: tree, rooted tree; m-ary (and
binary) tree; full m-ary tree.

e Determine its root, if it has one; Given a node in the tree,
determine its parent and al of its children, siblings, and
descendants, and determine whether the node is a leaf or an
internal vertex; and state whether the tree is m-ary or full m-ary for
some integer m.

e Given a binary tree and a node, find the left and right children of
that node and the left and right subtrees at those children.

e Usetreesto model various kinds of networks.

e Use the formulas in the "Properties of Trees' subsection to draw
conclusions about the edges and nodesin atree.

e Construct a binary search tree for an ordered set of objects and
then use Algorithm 1 to find and add items into the binary search
tree.

e TreeTraversa

e Perform preorder, postorder, and inorder traversals of an ordered
rooted tree.
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8.1 DEFINITION

Tree is a discrete structure that represents hierarchical
relationships between individual elements or nodes.

A tree in which a parent has no more than two children is called a
binary tree.

Definition of a Tree.
A treeisaconnected graph containing no cycles.

Alternately, a Treeis aso called as connected acyclic graph.

A forest is a graph containing no cycles. Note that this means that a
connected forest is atree.

Tree—-terminologies
Node - an object containing a data value and links to other nodes
Edge - directed link, representing relationships between nodes

Root - The start of the tree. The top-most node in the tree Node without
parentsisroot node. In figure 1 blue nodeistree.

\4

Figurel

Parent (ancestor) - any node with at least one child. The blue nodes in
given figure 2

Figure2
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Child (descendant) - any node with a parent , The blue nodes in given
figure 3

Figure3

Siblings - all nodes on the same level, The blue nodes in given figure 4

Figure4

Internal node - a node with at least one children (except root) All the
orange nodes as shown in figure 5

@ O |

© 00 00
® @
Figure5

External node - a node without children All the orange nodes as shown in

figure 6

e 0 4]

A

© 0000 O
®© ©
Figure6
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General Trees

A tree or general trees is defined as a non-empty finite set of elements
called vertices or nodes having the property that each node can have
minimum degree 1 and maximum degree n.

It can be partitioned into n+1 digoint subsets such that the first subset
contains the root of the tree and remaining n subsets includes the elements
of the n subtree.

Example:

Figure?7

Ordered Trees:
If in atree at each level, an ordering is defined, then such atreeis
called an ordered tree.

Example:

Figure8

Propertiesof Trees
In this section we will discuss about properties of trees, what makes
them specia and how they can be used.

e A treeisaconnected graph with no cycles.

e Thereisonly one path between each pair of vertices of atree.

e If a graph G there is one and only one path between each pair of
verticesG isatree.
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e A tree T with nvertices has n-1 edges.
e A graphisatreeif and only if it aminimal connected.

8.2 ORDERED ROOTED TREE

e A rooted tree G is a connected acyclic graph with a specia node that is
caled the root of the tree and every edge directly or indirectly
originates from the root.

e An ordered rooted tree is a rooted tree where the children of each
internal vertex are ordered.

o If every interna vertex of arooted tree has not more than m children,
itiscalled an m-ary tree.

e If every internal vertex of arooted tree has exactly m children, it is
called afull m-ary tree.

e If m=2, therooted treeis called abinary tree.

e An ordered tree is a rooted tree in which the children of each
vertex are assigned a fixed ordering.

Definition:

If a directed tree has exactly one node or vertex called root whose
incoming degree is 0 and all other vertices have incoming degree one,
then thetreeiscalled arooted tree.

Note: 1. A treewith no nodesisarooted tree (the empty tree)

2. A singlenode with no children isarooted tree.
Root Node

Internal
Node

Internal
Node

Leaf Leaf Leaf Leaf Leaf Leaf
Node Node Node Node Node Node
Figure9

e Dataisoften structured like atree.

e For example, a book has a tree structure: draw a vertex for the
book itself.

Then draw vertices for each chapter, connected to the book vertex.

Under each chapter, draw a vertex for each section, connecting it
to the chapter it belongs to.
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The graph will not have any cycles; it will be atree.

But a tree with clear hierarchy which is not present if we don't
identify the book vertex asthe “top”.

As soon as one vertex of atreeis designated as the root, then every
other vertex on the tree can be characterized by its position relative
to the root.

This works because there is a unique path between any two
verticesin atree.

So from any vertex, we can travel back to the root in exactly one
way.

This aso alows us to describe how distinct vertices in a rooted
tree are related.

If two vertices are adjacent, then we say one of them is the parent
of the other, which is called the child of the parent.

Of the two, the parent is the vertex that is closer to the root.

Thus the root of atreeis a parent, but is not the child of any vertex
(and is unique in this respect: all non-root vertices have exactly
one parent).

The child of a child of a vertex is called the grandchild of the
vertex (and it is the grandparent).

More in general, we say that avertex v is a descendent of a vertex
u provided u is a vertex on the path from v to the root.

Then we would call u an ancestor of v.

For most trees (in fact, all except paths with one end the root),
there will be pairs of vertices neither of which is a descendant of
the other.

We might call these cousins or siblings.

In fact, vertices u and v are called siblings provided they have the
same parent.

In arooted tree, the depth or level of avertex v isits distance from
theroot, i.e., the length of the unique path from the root to v. Thus,
the root has depth 0.

The height of arooted tree is the length of alongest path from the
root (or the greatest depth in the tree).

A leaf in arooted tree is any vertex having no children.
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Example:

For given tree:

Figure 10

We can say,

The height of thistreeis 3. Also,

r,a b, c, and d arethe internal vertices,
verticese, f, g, h, i, and j are the leaves,
vertices g, h, and i are siblings,

vertex ais an ancestor of j; and

J isadescendant of a

oukrwbdpE

8.3 BINARY TREES

If the out degree of every node is less than or equa to 2, in a
directed tree than the treeis called a binary tree.

A tree consisting of the nodes (empty tree) is also a binary tree. A binary
treeisshown in figure 11

Basic Terminology:
e Root: A binary tree has a unique node called the root of the tree.
e Left Child: The node to the left of the root is called its | eft child.
e Right Child: The node to the right of the root is called its right
child.

Definition:

A binary tree is an ordered 2-ary tree in which each child is designated
either aleft-child or aright-child.
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Example:

Figure 11

The left / right subtree of avertex v in abinary tree is the binary
subtree spanning the left / right -child of v and all of its descendants.

84 COMPLETE AND EXTENDED BINARY TREES

A complete binary tree is a binary tree in which all the levels are
completely filled except possibly the lowest one, which is filled from the
| eft.

A complete binary tree is just like a full binary tree, but with two
major differences. All the leaf elements must |ean towards the left.

Complete Binary Tree:

Complete binary treeisabinary treeif it isal levels, except possibly the
last, have the maximum number of possible nodes as for |eft as possible.
The depth of the complete binary tree having n nodesislog, n+1.

Example: The tree shown in figure 12 is a complete binary tree.

KA

Figure 12

e A complete binary tree is just like a full binary tree, but with two
major differences:
o All theleaf elements must |ean towards the | eft.
o Thelast leaf element might not have aright sibling i.e. a complete
binary tree doesn't have to be afull binary tree.
Creation of Complete Binary Tree:
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Suppose we have an array of 6 elements shown as below:

clelelelele

Full Binary Tree vs. Complete Binary Tree
The above array contains 6 elements, i.e, 1, 2, 3, 4, 5, 6. The following
are the steps to be used to create a complete binary tree:

Step 1: First, we will select the first element of the array, i.e., 1, and make
aroot node of the tree. The number of elements available in the first level
isl.

Step 2: Now, we will select the second and third elements of the array.
Keep the second element and third element of the array as the left and
right child of the root node respectively shown as below:

As we can observe above, the number of elements available in the second
level is 2.

Step 3: Now, we will select the next two elements from the array, i.e., 4
and 5. Keep these two elements on the left and right of node 2 shown as
below:

As we can observe above that nodes 4 and 5 are the left and right child of
node 2 respectively.

Step 4: Now, we will select the last element of the array, i.e., 6, and keep it

as left child of the node 3 as we know that in a complete binary tree, the
nodes are filled from the left side shown as below:
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Aswe can observe that the second level contains 3 elements.

8.5 REPRESENTING BINARY TREESIN MEMORY

Before we start with representation , first let us understand the
following concept:

A binary search tree:

> A binary search tree is the most common of al the other types of
binary trees.

> |t is a specialized binary tree that comes with properties that are
different and more useful than any other form of abinary tree.

A binary search treeor BST:

> Just asits name suggests, abinary search tree is used to search data
in the tree.

> A BST comes with properties that alow it to facilitate efficient
searches.

> A BST isabinary tree that has the key of the node that is smaller
and greater than nodes in the right sub-tree and nodes in the left
sub-tree respectively.

Now let's start with Repr esentation of binary trees:

1. Linked representation

> Binary trees in linked representation are stored in the memory as
linked lists.

> These lists have nodes that aren’t stored at adjacent or neighboring
memory locations and are linked to each other through the parent-
child relationship associated with trees.

> |n this representation, each node has three different parts —
o pointer that points towards the right node,
o pointer that points towards the left node,
o dataelement.

> Thisisthe more common representation.
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>

>

>

All binary trees consist of aroot pointer that points in the direction
of the root node.

When you see a root node pointing towards null or O, you should
know that you are dealing with an empty binary tree.

The right and left pointers store the address of the right and left
children of the tree.

2. Sequential representation

>

>

>

Although it is simpler than linked representation, its inefficiency
makes it aless preferred binary tree representation of the two.

The inefficiency lies in the amount of space it requires for the
storage of different tree elements.

The sequentia representation uses an array for the storage of tree
elements.

The number of nodes a binary tree has defines the size of the array
being used.

The root node of the binary tree lies at the array’ s first index.

The index at which a particular node is stored will define the
indices at which the right and left children of the node will be
stored.

An empty tree has null or 0 asitsfirst index.

Types of binary trees:

Full binary trees:

Full binary trees are those binary trees whose nodes either have
two children or none. In other words, a binary tree becomes a fulll
binary tree when apart from leaves, all its other nodes have two
children.

Complete binary trees:

Complete binary trees are those that have al their different levels
completely filled. The only exception to this could be their last
level, whose keys are predominantly on the | eft.

A binary heap is often taken as an example of a complete binary
tree.

Perfect binary trees:

Perfect binary trees are binary trees whose |eaves are present at the
same level and whose internal nodes carry two children.

A common example of a perfect binary tree is an ancestral family
tree.

Pathological degenerate binary trees:

Degenerate trees are those binary trees whose internal nodes have
one child.
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Their performance levels are similar to linked lists. Learn more
about the types of binary tree.

Benefits of binary trees:

An ideal way to go with the hierarchical way of storing data
Reflect structural relationships that exist in the given data set
Make insertion and del etion faster than linked lists and arrays
A flexible way of holding and moving data

Are used to store as many nodes as possible

Are faster than linked lists and slower than arrays when comes to
accessing elements

8.6 TRAVERSING BINARY TREE

e Traversing meansto visit al the nodes of the tree.
e There are three standard methods to traverse the binary trees.
e Theseareasfollows:

o Preorder Traversa

o Postorder Traversa

o Inorder Traversal

1. Preorder Traversal:
e The preorder traversal of abinary treeisarecursive process.
e The preorder traversal of atreeis:
o Vidit theroot of the tree.
o Traversetheleft subtreein preorder.
o Traversetheright subtree in preorder.

2. Postorder Traversal:
e The postorder traversal of abinary treeis arecursive process.
e The postorder traversal of atreeis
o Traversetheleft subtree in postorder.
o Traversetheright subtree in postorder.
o Vidit theroot of the tree.

3. Inorder Traversal:
e Theinorder traversa of abinary treeis arecursive process.
e Theinorder traversa of atreeis
o Traverseininorder the left subtree.
o Visit theroot of the tree.
o Traverseininorder the right subtree.
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Example: Determine the preorder, postorder and inorder traversal of the
binary tree as shown in figure 13

Figure 13

Solution: The preorder, postorder and inorder traversa of the tree is as
follows:

Preorder 1 2 3 4 5 6 7 8 9 10 11
Postorder 3 5 4 2 7 10 9 11 8 6 1
Inorder 3 2 5 4 1 7 6 9 10 8 11

8.7 BINARY SEARCH TREES

Binary search trees have the property that the node to the left contains
a smaler value than the node pointing to it and the node to the right
contains alarger value than the node pointing to it.
e Itisnot necessary that a node in a'Binary Search Tree' point to the
nodes whose value immediately precede and follow it.

Example: The tree shown in figurel4 is abinary search tree.

{

Figure14

Algorithm for : Inserting into a Binary Search Tree:
Consider abinary tree T.

Suppose we have given an ITEM of informationto insertinT.
The ITEM isinserted as aleaf in thetree.
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The following steps explain a procedure to insert an ITEM in the binary
searchtreeT.

I.  Comparethe ITEM with the root node.

I1. If ITEM>ROOT NODE, proceed to the right child, and it becomes
aroot node for the right subtree.

1. If ITEM<ROOT NODE, proceed to the | eft child.

IV.  Repeat the above steps until we meet a node which has no left and
right subtree.

V. Now if the ITEM is greater than the node, then the ITEM is
inserted as the right child, and if the ITEM is less than the node,
then the ITEM isinserted as the | ft child.

Example: Show the binary search tree after inserting 3, 1,4,6,9,2,5,7 into
an initially empty binary search tree.

Solution: The insertion of the above nodes in the empty binary search tree
isshown in figure 15:

Insert 3 Insert 1 Insert 4 Insert 6 é)

i) ] (i) (iv)

Insert 9 Insert 2 Insert 5 Insert 7
{v) {vi) (wii) {wiil)

Figure 15

Algorithm for Deletion in a Binary Search Tree:
Consider abinary tree T. Suppose we want to delete a given ITEM
from binary search tree.

To delete an ITEM from a binary search tree we have three cases,
depending upon the number of children of the deleted node.
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1. Deleted Node has no children:

Deleting a node which has no children is very simple, as replace the
node with null.

2. Deleted Node has Only one child:
Replace the value of a deleted node with the only child.
3. Deletion node has only two children:

e In this case, replace the deleted node with the node that is
closest in the value to the deleted node.

e To find the nearest value, we move once to the left and then to
theright as far as possible.

e Thisnodeis called theimmediate predecessor.

e Now replace the value of the deleted node with the immediate
predecessor and then delete the replaced node by using casel
Or case2.

Example: Show that the binary tree shown in fig (viii) after deleting the
root node.

Solution:

To delete the root node, first replace the root node with the closest
elements of the root.

For this, first, move one step left and then to the right as far as possible to
the node.

Then delete the replaced node. The tree after deletion shown in figure 16

Figure 16
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8.8 EXERCISE:

Solve the following:

1. Build a binary search tree for the words banana, peach, apple, pear,
coconut, mango, and papaya using al phabetical order.

2. Build a binary search tree for the words oenology, phrenology,
campanology, ornithology, ichthyology, limnology, achemy, and
astrology using alphabetical order.

3. For thetreesin Q.1 and 2 give example of the following :
Leaves, internal vertex, siblings, root, ancestors , descendants
4. Traversethe given tree T in preorder , postorder and Inorder:
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