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INSTITUTIONAL VISION AND MISSION
Vision

Development of academically excellent, culturally vibrant, socially responsible and globally

competent human resources.

Mission

e To keep pace with advancements in knowledge and make the students competitive and
capable at the global level.
e To create an environment for the students to acquire the right physical, intellectual,

emotional and moral foundations and shine as torch bearers of tomorrow's society.

e Tostrive to attain ever-higher benchmarks of educational excellence.

DEPARTMENT VISION AND MISSION

Vision

To nurture competent and ethical cyber security professionals capable of contributing to secure

and resilient digital ecosystems.

Mission

M1: To impart strong foundational knowledge in cyber security through effective teaching—
learning practices and a continuously evolving curriculum that addresses emerging cyber
threats and technologies.

M2: To promote research, innovation, and industry collaboration in emerging areas of cyber
security to address real-world digital security challenges.

M3: To instill professional ethics, teamwork, leadership qualities, and a sense of social
responsibility in addressing real-world cyber challenges.

M4: To foster a culture of lifelong learning among students by encouraging higher studies,

professional development, and active engagement with the global cyber security community.

Dept. of CSE-CY, ATMECE



Program Educational Objectives

PEO1 —Excel as cyber security professionals or entrepreneurs by applying strong fundamentals
of cyber security engineering.

PEOQO2 — Pursue higher studies, research, and professional certifications while engaging in
lifelong learning to keep pace with evolving cyber technologies and threats.

PEO3 - Exhibit leadership, teamwork, professional ethics, and social responsibility while

addressing cyber security challenges in multidisciplinary environments.

Program Specific Outcomes

PSO1 - Apply principles of computer science, programming, algorithms, operating systems,
and computer networks to design and develop efficient and reliable computing solutions.
PSO2 — Identify, analyze, and mitigate cyber threats and vulnerabilities using techniques
related to network security, ethical hacking, penetration testing, and digital forensics.

PSO3 — Apply cyber security policies, cyber laws, risk management practices, and incident

response strategies to ensure the protection and resilience of digital systems.

Dept. of CSE-CY, ATMECE
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MODULE 04: TREE(CONTINUATION)

TREES(Cont..): Binary Search trees,

Selection Trees, Forests, Representation of

MODULE 04 Disjoint sets, Counting Binary Trees,
GRAPHS: The Graph Abstract Data Types,
Elementary Graph Operations
4.1 BINARY SEARCH TREES:

Definition: A binary search tree is a binary tree. It may be empty. If it is not empty, it satisfies

the following properties:

(1) Every element has a key, and no two elements have the same key, that is, the keys are

unique.

(2) The keys in a nonempty left subtree must be smaller than the key in the root of the subtree.

(3) The keys in a nonempty right subtree must be larger than the key in the root of the subtree.
(4) The left and right subtrees are also binary search trees,

4.1.1 Searching A Binary Search Tree

Suppose we wish to search for an element with a key. We begin at the root. If the root is NULL,

the search tree contains no elements and the search is unsuccessful. Otherwise, we compare

key with the key value in root. If key equals root's key value, then the search terminates

successfully. If key is less than roofs key value, then no element in the right subtree can have

a key value equal to key. Therefore, we search the left subtree of root. If key is larger than roofs

key value, we search the right subtree of root,

h ——

tree_pointer search(tree—pointer root,

|

int key)

/* return a pointer to the node that contains key. 1f

there is no such node., return NULL. */
1f (!root) return NULL:
lf (key == root->data) return root;

i1f (key < root->data)

return searchiroot->left_child, kevy):

return searchiroot->right—child, key);

)

Recursive search of a binary search tree
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We can easily replace the recursive search function with a comparable iterative one. The

function searches! accomplishes this by replacing the recursion with a while loop.

tree-pointer searchlitree-pointer tree, nt key)
{
/* return a pointer to the node that contains key. 11
there ia no such node, return NULL. */
while (tree) |
if (key == Ltree->data) return Lree;
if (key < trec->data)
tree = tree—>left-child;
elee
tree = Lree->yight-chi.ld;
)
return NULL:

[terative search of a binary search tree
4.1.2 Inserting into A Binary Search Tree:

To insert a new element, key, we must first verify that the key is different from those of existing
elements. To do this we search the tree. If the search is unsuccessful, then we insert the element
at the point the search terminated. For instance, to insert an element with key 80 into the tree,
we first search the tree for BO. This search terminates unsuccesstully, and the last node
examined has value 40. We insert the new element as the right child of this node. The resulting
search tree is shown in Figure 5.31(a). Figure 5.31(b) shows the result of inserting the key 35
into the search tree of Figure 5.31(a). This strategy is implemented by insert-node (Program
5.17). This uses the function modified -search which is a slightly modified version of function
search 2 (Program 5.16). This function searches the binary search tree *node for the key num.
If the tree is empty or if num is present, it returns NULL. Otherwise, it returns a pointer to the
last node of the tree that was encountered during the search. The new element is to be inserted

as a child of this node.

40

() (=

(a) Insert 80 (b) Insen 35

L]

Figure 5.31: Inserting into a binary search tree
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void insert.node(tree-pointer *node, int nunmj
/* 1f num is in the tree pointed at by node do nothing;
otherwise add a new node with data = num */
{
tree—pointer ptr, temp = modified-_search(*node, num);
il (temp Il !(*node)) |
/* num is not in the tree */
ptr = (tree—pointerimalloc(sizeof (node));
if (1SFULL(ptr)) |
fprincf (stderr, °*The memory is full\n®);
exicil);
)
ptr=>data = num;
ptr=>left.child « ptr->right—child = NULL;
if (*node) /* insert as child of temp */
if (num < temp=>data) temp=>left-child = ptr;
else temp—>right-chila = ptr;
else *node = ptr;

)

Program 5.17: Inserting an element into a binary search tree

4.1.3: Deletion from A Binary Search Tree:

Deletion of a leaf node is easy. For example, to delete 35 from the tree of Figure 5.31(b), we
set the left child field of its parent to NULL and free the node. This gives us the tree of Figure
5.31(a). The deletion of a nonleaf node that has only a single child is also easy. We erase the

node and then place the single child in the place of the erased node. For example, if we delete

40 from the tree of Figure 5.31 (a) we obtain the tree in Figure 5.32.

;Hnut;uﬂh[;;ﬂinlﬁunn:hhuwysmurhtn:

When we delete a nonleaf node with two children, we replace the node with either the largest
element in its left subtree or the smallest element in its right subtree. Then we proceed by
deleting this replacing element from the subtree from which it was taken. For instance, suppose
that we wish to delete 60 from the tree of Figure 5.33(a). We may replace 60 with either the

largest element (55) in its left subtree or the smallest element (70) in its right subtree. Suppose
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we opt to replace it with the largest element in the left subtree. We move the 55 into the root
of the subtree. We then make the left child of the node that previously contained the 55 the
right child of the node containing 50, and we free the old node containing 55. Figure 5.33(b)

shows the final result. One may verify that the largest and smallest elements in a subtree are

always in a node of degree zero or one.

*\@ ﬁ@@
@ @’%@;@

la) troe hefare delet lon of &0 ) Lree afler delet bon of WD

Figure 5.33: Deletion of a node with two chaldren
4.1.3 Joining and splitting Binary search tree:

In a binary search tree, the following additional operations are useful in certain applications.
(a) three Way Join (small, mid, big): This creates a binary search tree consisting of the pairs
initially in the binary search trees small and big, as well as the pair mid. It is assumed that each
key in small is smaller than mid, key and that each key in big s greater than mid. key. Following
the join, both small and big are empty.

(b) two Way Join (small, big): This joins the two binary search trees small and big to obtain a
single binary search tree that contains all the pairs originally in smalt and big. It is assumed
that all keys of small are smaller than all keys of big and that following the join both small and
big are empty.

(c) split (theTree |k, small, mid, big): The binary search tree the Tree is split into three parts:
small is a binary search tree that contains all pairs of the Tree that have key less than k; mid is
the pair (if any) in the Tree whose key is k, and big is a binary search tree that contains all pairs
of the Tree that have key larger than k. Following the split operation theTree is empty. When
the Tree has no pair whose key is k, mid.key is set to -1 (this assumes that-1 is not a valid key

for a dictionary pair).
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4.1.3 Height of a binary search tree:

Unless care is taken, the height of a binary search tree with n elements can become as large as
n. This is the case, for instance, when we use insert-node to insert the keys 1,2, 3. #*+ n, in
that order, into an initially empty binary search tree. However, when insertion and deletions
are made at random using the above functions, the height of the binary search tree is O(log2n),

on the average.

4.2 SELECTION TREE:
4.2.1 Introduction:

Suppose we have k ordered, called and is in merged into single ordered sequence. Each run
consists of some records and is in non-decreasing order of a designated field called the key.
Let n be the number of records in all k runs together task can be by the record with the smallest
key. The smallest has to be found from k possibilities, and it could be the leading record in any
of the k runs. The most direct way to merge k runs is to make k-1 to determine the next record
to output. For k > 2, we can achieve a reduction in the number of needed to find the next
smallest element by using the selection tree data structure. There are two Kinds of selection
trees: winner trees and loser trees.

4.2.1 Winner Tree:

A winner tree is a binary tree in which each node represents the smaller of its two children.
Thus, the root node the smallest node in the tree, Figure 5.32 illustrates a winner tree for the
case k = 8.

The of this winner tree may be compared to the playing of a tournament in which the winner
is the record with the smaller key. Then, each nonleaf node in the tree the winner of a, and the
root node the overall winner, or the smallest key. Each leaf node the first record in the
corresponding run. Since the records being merged are large, each node will contain only a
pointer to the record it represents. Thus, the root node contains a pointer to the first record in
run 4 A winner tree may be represented using the sequential allocation scheme for binary trees
that results from Lemma 5.4. The number above each node in Figure 5.32 is the address of the
node in this sequential. The record pointed to by the root has the smallest key and so may be

output. Now, the next record from run 4 enters the winner tree. It has a key value of 15. To the
tree, the tournament has to be replayed only along the path from node 11 to the root. Thus, the

winner from nodes 10 and 11 is again node 11 (15 <20) The winner from nodes 4 and 5 is node

49 <15) The winner from 2 and 3 is node 3 (8 < 9) The new tree is shown in Figure 5.33. The
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is played between sibling nodes and the result put in the parent node. Lemma 5.4 may be used
to compute the address of sibling and parent nodes efficiently. Each new take place at the next

higher level in the tree.

5.33: Winner tree of fig.5.32 after one record has been output and the tree restructured.

4.2.1 Loser Tree:

After the record with the smallest key value is output, the winner tree of Figure 5.32 is to be
restructured. Since the record with the smallest key value is in run 4this re- involves inserting
the next record from this run into the tree. The next record has key value 15. are played between
sibling nodes along the path from node 11 to the root. Since these sibling nodes represent the
losers of played earlier, we can simplify the process by placing in each nonleaf node a pointer
to the record that loses the rather than to the winner of the tournament. A selection tree in which
each nonleaf node retains a pointer to the loser is called a loser tree. Figure 5.34 shows the

loser tree that to the winner tree of Figure 5.32. For, each node the key value of a record rather
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than a pointer to the record represented. The leaf nodes the first record in each run. An

additional node, node Ohas been added to represent the overall winner of the tournament.

Following the output of the overall winner, the tree is by playing along the path from node 11

to node 1The records with which these tournaments are to be played are readily available from

the parent nodes. As a result, sibling nodes along the path from 11 to 1 are not accessed.

5.34: Loser tree corresponding to winner tree of fig.5.32

4.3: Forest
Definition: A forest is a set of n> 0 disjoint trees. When we remove the root of a

tree we obtain a forest. For example, removing the root of any binary tree produces a forest of
(WO [rees.

Three-tree forest
4.3.1: Transforming a forest into a binary tree

Definition: If Ty, . . ., Ta is a forest of trees, then the binary tree corresponding to this forest,
denoted by B (T, ..., Ta),

(1) is empty, ifn =10

(2) has root equal to root (T;); has left subtree equal to B(T;;,Ta. . . Tin), where T11, 40 55,1100
are the subtrees of root (T;); and has right subtree B(T5, . .. ,Ty)
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Binary tree representation of forest

4.3.2 Forest Traversal

Preorder Traversal:

The preorder traversal of T is equivalent to visiting the nodes of Fin tree preorder. We define

this as;

If F is empty, then return.

1
2. Visit the root of the first tree of F.

3. Traverse the subtrees of the first tree in tree preorder.
4

Traverse the remaining trees of F in preorder.

Inorder Traversal:

Inorder traversal of T is equivalent to visiting the nodes of F in tree inorder, which is defined

ds.

If F is empty, then return.
Traverse the subtrees of the first tree in tree inorder.

1
2
3. Visit the root of the first tree.
4

. Traverse the remaining trees in tree inorder.

Postorder Traversal:

There is no natural analog for the postorder traversal of the corresponding binary tree of a

forest. Nevertheless, we can define the postorder traversal of a forest, F, as:

1. If F is empty, then return.

2. Traverse the subtrees of the first tree of F in tree postorder.
3. Traverse the remaining trees of F in tree postorder.
4

Visit the root of the first tree of F.
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4.4 Representation of Disjoint Sets
4.4.1 Introduction

The use of trees in the representation of sets. assume that the elements of the sets are the
numbers 0, 1, 2,. . .n-1. In practice, these numbers might be indices into a symbol table that

stores the actual names of the elements.

For example, if we have 10 elements numbered 0 through 9, we may partition them into three
disjoint sets, 51 = {0, 6, 7, 8), 52 = {1, 4, 9}, and S3 = {2, 3, 5}.

Figure shows one possible representation for these sets.

. o e
S0 ©0 ©

Possible forest representation of sets

The minimal operations that we wish to perform on these sets are:
Disjoint set union and Find(i).
4.4.2 Union and Find operations:

to obtain the union of S; and S, Since we have linked the nodes from children to parent, we

simply make one of the trees a subtree of the other.
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To implement the set union operation, we simply set the parent field of one of the roots to the
other root. We can accomplish this easily if, with each set name, we keep a pointer to the root

of the tree representing that set.

.
——A— / ? 4 N
s.{ >~ ®) 7 @
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Data representation of 5, 5, and 5,

rather than using the set name S; we refer to this set as 0. The transition to set names is easy.

We assume that a table, name [ ], holds the set names. If i is an element in a tree with root 7,

and j has a pointer to entry k in the set name table, then the set name is just name[k].

int findl({int 1)

{
for(; parent|i] »>= 0; i = parent(i])
return 1}

void unionl(int i, int 3)

{
parent [i] = j;

eeeeeeeeeeeeeeeeeeee———

Initial attempt at union-find functions

Definition: Weighting rule for union(i, j). If the number of nodes in tree i is less than the number

in tree j then make j the parent of i; otherwise make i the parent of .

10
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void unionZ2iint i, ant j)

{
/* union the sets with roots i and 5. i 1= 3§, using

the weighting rule. parent{i] = —count|i] and
parent[]) = -count|[j] */
int temp = parent|[i] < parent(]);
if (parentii) > parentliil) |
parent(i) = §; /* make § the new root */
parent [}] = Cemp:
)
else |
parent (i) = i; /*make I the new root */
parent [1] = Cemp;
)

Unson function
Fig. Union function using weighting rule

Definition [collapsing rule] : If j is a node on the path from i to its root and parent[i] != root(i),

then set parent [j] to root(i).

int find2(int 1)

{
/* find the root of the tree containiag element i. Use the

collapsing rule to collapse all nodes from i to root */
int root, trail, lead;
for (root = i; parentiroot]) »= U; TroOot = parent [root))

-
L]

for (trail = i; trail != root; trail = leac) |
lead - parent|traill;
parent [trail] = root;

H
return root;

Fig: Collapsing rule

4.4.3 Application to equivalence classes

The equivalence classes to be generated may be regarded as set. These sets are disjoint
since no polygon can be in two equivalence classes. Initially, all n polygons are in an
equivalence class of their own; thus parent{i} = -1, 0 <=i <n. If an equivalence pair, i = j,
is to be processed, we must first determine the sets containing i and j. If they are different,
then we replace the two sets by their union. If the two sets are the same, then we do nothing
since the relation i = j is redundant: I and j are already in the same equivalence class. To

process each equivalence pair, we need to perform two finds and at most one union.

11
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4.5 Counting Binary trees
4.5.1: Distinct Binary tree

if n =0 or n = 1, there is only one binary tree. If n = 2, then there are two distinct trees and if n

) 4 3 S
- ,3'*3

= 3.

Distinct binary trees with o = 2
e
f:_hl -'| I:"-k-. ' i -"_'\I
- L i i ’
\ E I‘.'- 1\' ‘III"- '? r
A 5\
/ /
)—-\.I '_.:bl 1 II|.--li..I 'I:'— F {F ’.—l._}l
- & / \ | 1 |
‘; - L - il
\ 'r \ l,l}_r
' L i
& i |
® k1) IS &
- - L _.._.-1

Dastinct binary troes witha = 3

4.5.2 Stack permutations:

preorder sequence: ABCDEFGHI and the inorder sequence:
struct the binary tree from these sequences, We

Suppose we have the

BCAEDGHFI of the binary tree. To con

look at the first letter in the preorder sequence, A. This letter must be the root of the tree by

definition of the preorder traversal (VLR.}. We also know by definition of the inorder

traversal {LVR} that all nodes preceding A in the inorder sequence (B Q are in the left

subtree, while the remaining nodes {ED G
e. Moving right in the preorder sequence, we find

n the inorder sequence, B has an empty left

subtree, which means that C is in its right subtree. Figure 5.49(b) is the next approximation.
ry tree of Figure 5.49(c). By formalizing this

e can verify that every binary tree has a

HFI) are in the right subtree. Figure 5.49(a) is

our first approximation to the correct ire

B as the next root. Since no node precedes Bi
Continuing in this way, we arrive at the bina

argument (see the exercises for this section), W

unique pair of preorder inorder sequences.

12
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Comstrecting a binary tree from its inorder and preonder sequences
4.5.3 Matrix multiplication

Suppose that we wish to compute the product of n matrices: M;* Mz * = « = * M,,. Since matrix

multiplication is associative, we can perform these multiplications in any order. We would like

to know how many different ways we can perform these multiplications.

For example, if n = 3, there are two possibilities:

(M, *M3)*M,
M, *=(My*M,)

(Mo My)=My)o M,
(My*s(My* M) * M,
My *((My*M;)*My)
(My *(My=(My*M))
(M = My) e (My = M)

The number of distinct ways to obtain Mii and M1 « | are bi and ba.i, respectively. Therefore,

letting

bi1=1, we have

b,=Y bbb, .n>1

Then we see that by is the sum of all the possible binary trees formed in the following way: a

root and two subtrees with b; and by.i.1 nodes, for 0 <i < n. This explanation says that

13
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n-l
h. - z b, b._,_-| . nzl .IMhu ol |
1=0

Therefore, the number of binary trees with n nodes, the number of permutations of 1 to n

obtainable with a stack, and the number of ways to multiply n + 1 matrices are all equal.
4.5.4 Number of Distinct binary trees

To obtain the number of distinct binary trees with n nodes, we must solve the recurrence

m-|
by = 3 by by oy, m21 and by =~ |
=0

To begin we let:

Bix)=Y b x'
i1 20

which is the generating function for the number of binary trees. Next observe that by the

recurrence relation we get the identity:

WBix)y=Bix)~|

Using the formula to solve quadratics and the recurrence that B (0) = p= 1 we get:

| = ¥il=dx
2x

Bix)=

We can use the binomial theorem to expand (1 - 4x) "* to obtain:

Bix)= '1:

I - }: [lﬂ] 1—411"‘

3 o Nt e

we see that by which is the coefficient of x" in B(x), is:
I l ] { l]lr 2..- =1

14
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Some simplitication yields the more compact form

]
n+

b, = 2"I"I

which is approximately

by = X4"m*?)

LR 2 L R R R R R R R R R R R R R R R R R R R RN Y

5. GRAPHS

5.1 The graph Abstract Data Type

5.1.1 Introduction

In Koenigsberg, the Pregal river flows around the island of Kneiphof. There are four land areas,
labelled A through D in Figure 6.1, that have this river on their border. Seven bridges, labelled

a through g, connect the land areas. The Koenigsberg bridge problem is as follows: Starting at

some land area, is it possible to return to our starting location after walking across each of the

bridges exactly once?
A possible walk might be:

e start from land area B

o walk across bridge a to island A
o take bridge e to area D

e take bridge gto C

e lake bridgedto A

e take bridgebto B

e takebridgeftoD

This walk does not cross all bridges exactly once, nor does it return to the starting land area
B.

Euler solved the problem by using a graph (actually a multigraph) in which the land areas

are vertices and the bridges are edges. His solution is not only elegant, it applies to all

graphs.

15
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The bndges of Koemgsberg

Euler defined the degree of a vertex as the number of edges incident on it. He then showed
that there is a walk starting at any vertex, going through each edge exactly once, and
terminating at the starting vertex iff the degree of each vertex is even. We now call a walk

that does this an Eulerian walk. Since this first application, graphs have been used in a wide

variety of applications, including analysis of electrical circuits, finding shortest routes,
project planning, and the identification of chemical compounds. Indeed graphs may be the

most widely used of all mathematical structures.

5.1.2 Definitions

A graph, G, consists of two sets: a finite, nonempty set of vertices, and a finite, possibly empty

set of edges. V(G) and E(G) represent the sets of vertices and edges of G, respectively.

Alternately, we may write G = (V, E) to represent a graph.

An undirected graph is one in which the pair of vertices representing any edge is unordered.

For example, the pairs (vo, vi) and (vo, v1) represent the same edge.

A directed graph is one in which we represent each edge as a directed pair of vertices. For

example, the pair <vy, v|> represents an edge in which v; is the tail and v; is the head.

Therefore, <vo, vi> and <v 1, vo> represent two different edges in a directed graph.

16
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A complete graph 1s a graph that has the maximum number of edges. For an
undirected graph with n vertices, the maximum number of cdges is the number of dis-
tnct, unordered pairs, (v, v). i # /. This number is:

nin=1y2

A subgraph of G is a graph G such that V(G < V(G) and E(G) < E(G).

A path from verex v, 10 vertex v, in a graph, G, is a sequence of vertices, vy, v,
Vige "% o Vo Vg such that (v, vy ) (v v b o0 L (v, vy ) are edges in an undirected
graph. If G is a directed graph, then the path consists of <v,, ¥, >, <v, , v, >, “ - <y,
vg>. The length of a path is the number of edges on it

A ovcle is a simple path in which the first and the last vertices are the same. For
example, 0. 1,2, 04s acycle in Gy, and 0, 1, 015 acycle in Gy. For directed graphs, we
usually add the prefix “directed” 10 the terms cycle and path.

A connected component, or simply a component, of an undirected graph is a maxi-

mal connected subgraph. For example. G4 has two components, H | and H;. A tree 1s a
graph that is connected and acyclic (it has no cycles).

The degree of a vertex is the number of edges incident to that vertex.

17
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structure Graph is
nhjerl::nmmplysﬂufvmi:ﬁmdnuml‘und:im:lcdcdgﬁ.whcmmh:dgc s a

pair of vertices.
functions:
tor all graph € Graph, v, v,, and v € Vertices
Graph Create() = return an empty graph.
Graph InsentVenexigraph, v) = return a graph with v insened.
v has no incident edges.

Graph InsentEdge(graph, v, vs) = returna graph with a new edge
between vy and vy,

Graph DeleteVenexigraph, v) = return a graph in which v and all
edges incident to it are removed,

Graph DeleteEdge(graph, vy, vy) = return a graph in which the edge
(¥y.vz) s removed. Leave

the incident nodes in the graph.
Boolean IsEmpty(graph) = Wl (graph == empty graph) return
TRUE else return FALSE.
List Adjacent(graph, v) = return a list of all vertices that
are adjocent to v,

Fig: Abstract data type graph

5.1.3 Graph representations
Adjacency Matrix:

Let G = (V, E) be a graph with n vertices, n>= 1. The adjacency matrix of G is a two-
dimensional n x n array, say adj-mat. If the edge (Vi, Vj) (<Vi,V|>for a digraph) is in E(G),
adj-matfi](j] = 1. If there is no such edge in E(G), adj~mat[i][j] = 0. The adjacency matrices
for graphs Gi, G3, and G4 are shown in Figure. The adjacency matrix for an undirected graph
Is symmetric since the edge (v;, v;) is in E(G) iff the edge (v, Vj) is also in E(G). In contrast,
the adjacency matrix for a digraph need not be symmetric. (This is true of G3.) ) For undirected

graphs, we can save space by storing only the upper or lower triangle of the matrix.
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Adjacency matnces lor Gy, Gy, and G,

Adjacency Lists:

For any given list, i, the nodes in the list contain the vertices that are adjacent from vertex i.

Figure 6.8 shows the adjacency lists for G, G3, and Ga.

pdefine MAX-VERTICES 50 /*maximum number of vertices®/
typedef struct node *node-pointer;
typedef struct node |
int vertex:
ptruct node *link;
¥
node-pointer graph|[MAX-VERTICES);
int n = 0 /* vertices currently in use */

C declarations for the adjacency list representation

sequential representation for the graph G4 of Figure 6.5. We can determine the degree of any
vertex in an undirected graph by simply counting the number of nodes in its adjacency list.

This also gives us the number of edges incident on the vertex.
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Adjacency Multilists:

In the adjacency list representation of an undirected graph, we represent each edge, (vi, Vj), by
two entries. One entry is on the list for v, and the other is on the list for Vi

For each edge there is exactly one node, but this node is on the adjacency list for each of the
two vertices it is incident to the new node structure.

Lmnrl»;cd " vertex] | vertex2 | pathi ! path2

&

Node structure for adjacency multilists

typedef struct edge *edge-pointer;
typedef struct edge {
short int marked;
int vertexl;
int vertex2;
edge—pointer pathl;
edge—-pointer path2;
};
edge—pointer graph|[MAX-VERTICES);

C declaration for multilists
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Weighted Edges:

The edges of a graph are assigned weights. These weights may represent the distance from one
vertex to another or the cost of going from one vertex to an adjacent vertex. A graph with

weighted edges is called a network.

5.2 Elementary Graph Operations

Given an undirected graph, G = (V, E), and a vertex, v, in V(G) we wish to visit all vertices in
G that are reachable from v, that is, ail vertices that are connected to v. There are two ways of

doing this: depth first search and breadth first search.

5.2.1 Depth First Search

Depth first search is similar to a preorder tree traversal. We begin the search by visiting the
start vertex, v. visiting consists of printing the node's vertex field. Next. we select an unvisited

vertex. w, from v's adjacency list and carry out a depth first search on w. E ventually our search
reaches a vertex, M, that has no unvisited vertices on its adjacency list. At this point, we remove
a vertex from the stack and continue processing its adjacency list. Previously visited vertices
are discarded; unvisited vertices are visited and placed on the stack. The search terminates

when the stack is empty.

pdefine FALSE 0O
bdefine TRUE 1
short int visited|MAX_VERTICES]:

void dfs{int v)
{
/* depth [irst secarch of a graph beginning with vertex v.*,
node_pointer w;
visited|(v] = TRUE:
printf{*s5d4*,v);
for (w = graphi(vi: w; w = w=>link)
1f (ivisited|w->vertex))
gis(w=>verctex):

Depth first search

5.2.2 Breadth First Search

breadth first search resembles a level order tree traversal. Breadth first search starts at vertex v
and marks it as visited. It then visits each of the vertices on v's adjacency list. When we have

visited all the vertices on v's adjacency list, we visit all the unvisited vertices that are adjacent
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to the first vertex on v's adjacency list. To implement this scheme, as we visit each vertex, we

place the vertex in a queue. When we have exhausted an adjacency list, we remove a vertex

from the queue and proceed by examining each of the vertices on its adjacency list. Unvisited
vertices are visited and then placed on the queue; visited vertices are ignored. We have finished

the search when the queue is empty.

The queue definition and the function prototypes used by BFS are:

typedef struct gueue *gueue_pointer:
typedef struct queue {

Int vertex:

queue_pointer link:

} 3
void addq(queue_pointer *, queue_pointer *, int);
int deleteg(queue_pointer *):

e — —
void bfs(int v)

{

/* breadth first traversal of a graph, starting with node v
the global array visited is initialized to 0, the gueue
operations are similar to those described in
Chapter 4. */
node_pointer w;
queue_pointer front,rear:
front = rear = NULL; /* initialize gqueue */
printf(*%54*,v);
visited|[v] = TRUE;
addg(&front, &rear, v);
while (front) {
v = deleteq(&front);
for (w = graph(v]; w; w = w=»1ink)
if (!visited[w->vertex]) ({(
printf ("%¥5d", w=->vertex):
addg (&front,&rear,w->vertex):
visited |[w->vertex] = TRUE;

)

e —— —

Breadth first search of a graph
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5.2.3 Connected Components:

void connected(vo.d)

{
/* determine the connected components of a graph */
int i;

for (L = 0; 1 < n; 1++)
if(!visited|i])) |
dfs(i);
printf(°\n*);
)

Connected components

5.2.4 Spanning Trees

A spanning tree is any tree that consists solely of edges in G and that includes all the vertices
in G.

KU Yo ol

A complete graph and three of its spanning trees

we may use either dfs or bfs to create a spanning tree. When dfs is used, the resulting spanning
tree is known as a depth first spanning tree. When bfs is used, the resulting spanning tree is

called a breadth first spanning tree.

fabd dlniB) ypanming Lres k) el epe s ieg ees

dfy and bfs spanming trees lor graph of Figure 6.19
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A spanning tree is a minimal subgraph G' of G such that V (G) = V(G) and G’ is connected.
We define a minimal subgraph as one with the fewest number of edges. Any connected graph
with n vertices must have at least n - 1 edges, and all connected graphs with n - 1 edges are

trees. Therefore, we conclude that a spanning tree has n - 1 edges.

5.2.5 Biconnected Components

An articulation point is a vertex v of G such that the deletion of v, together with all edges
incident on v, produces a graph, G', that has at least two connected components. For example,

the connected graph of Figure has four articulation points, vertices 1, 3, 5, and 7.

A biconnected component of a connected undirected graph is a maximal biconnected subgraph,
H, of G. By maximal, we mean that G contains no other subgraph that is both biconnected and

properly contains H. F

We can find the biconnected components of a connected undirected graph, G, by using any

depth first spanning tree of G. F
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tdefine MINZ2I(x,y) ((x) < (y) ? {(x} : (y))
short int din[MAX-VERTICES);

short int low|MAX-VERTICES);

int num;

The global declaration
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void init(void)
|
int 1;
for (L « 07 { < n; fee) |
visited|l] = FALSE;:
dinfi] = low[i) = =1;
)
num = 0;
)

Initializaton of df and low

void dfnlow(int u, int v)
{
/* compute dfn and low while performing a dfs scarch
beginning at vertex u, v is the parent of u (if any) */
node-pointer ptr;
int w;
dfnfu)l = lowlu]l = numée+;
for (ptr = graph{u]; ptr; ptr = ptr==link) {
W s ptr-svertex;
Lif (dfniw] < 0) | /* w is an unvisited vertex */
dfnlowiw,u);
lowiu] = MIN2 (lowlu],low|w));
)
else il (w = v)
low[u) = MINZ (low[u] ,dfn(w]);

Determining dfn and fow

e 3fe e ofe ofe ofe 352 e s v dhe e e oo e o e ok
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