
 © 2025 IJNRD | Volume 10, Issue 4 April 2025 | ISSN: 2456-4184 | IJNRD.ORG 

     

IJNRD2504188 International Journal Of Novel Research And Development (www.ijnrd.org) 
 

 

b581 

c58

Graph Theory in the Era of Modern Computer 

Science Applications: A Critical Review 

Mangal Pati1  Uma Shankar2 Prodip Karmakar3  Shambhu Charan Barman4 

1Assistant Professor, Monalisa B.Ed. Collage & Higher Education & Research Scholar, Asian International 

University, Imphal West, Manipur, India 
2Associate Professor, Asian International University, Imphal West, Manipur, India 

3Assistant Professor, Sponsored Teachers’ Training College, Purulia, West Bengal, India 
4Assistant Professor, Department of Mathematics, Shahid Matangini Hazra Government General College for 

Women, Nimtouri, West Bengal, India 

 

Abstract:Graph theory is rapidly growing in the epoch of computer science application and technology. Many 

applications of Graph theory, including coding theory, astronomy, circuit design, communication network 

addressing, database management, computer science (algorithms, data structures and computation), 

transportation (routing and traffic flow) and operations research (scheduling) are currently being used in the 

fields of biochemistry, chemistry, communication networks, mathematics and information technology. In 

addition to focused on computer science applications that make use of graph theoretical principles and effective 

algorithms, this study also critically explores the key applications of graph theory in a variety of domains. In 

computer science, graph theory has a wide range of applications, from modelling social networks to optimizing 

computer networks and algorithms.Various papers have beenstudied and critically analyzed through meta-

analysis based on various useful algorithms of graph theory incomputer scienceapplications to find some 

valuable insights. 

Keywords: Graph theory, network, application of graphs, graph algorithms, computer science applications 

1.INTRODUCTION 

 Today, graph theory plays asignificant role in various fields such as mathematics, computer science, 

biology, chemistry, bio-informatics, social sciences,engineering and technology. Graph theory is widely used to 

model relationships in social networks, the interactions between proteins in biological systems,modeling 

ecosystems,analyzing internet traffic patterns, optimize transportation routes, effective urban planning and even 

improve web search algorithms.In fact, the ability to represent and solve problems with graphs is one of the 

reasons why graph theory has become so valuable in the modern world.Graph theory is a branch of 

mathematics that deals with the study of graphs, which are structures made up of vertices (or nodes) connected 
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by edges. Graph theory helps us understand how things are connected and find efficient solutions to problems 

like routing, scheduling, and analyzing networks. Here are some of the ways in which graph theory is used in 

computer science.In this context, the main aim of this study is to explore the applications of graph theory in 

optimizing complex networks and finds such valuable insights in this regard. 

2. OBJECTIVES OF THE STUDY 

 The main objective of this study is to explore the key applications of graph theory in modern computer 

science applications. 

3. UNDERSTANDING THE BASIC GRAPH THEORY 

 To understand the basis graph theory, here we present two separate sections. (i)Definitions Some 

Important Terms on Graph Theoryand (ii) Some Common Algorithms on Graph Theory 

3.1 DEFINITIONS SOME IMPORTANT TERMS ON GRAPH THEORY 

 A graph G is a collection of two sets V & Ewhere V is the collection of vertices i.e., 

v0,v1,v2................vn-1 also called nodes and E isthecollection of edges e1, e2,...............en where anedge is an area 

which connects two nodes. This can be represented as – 

 G=(V,E) 

 V(G)=(v0,v1,......... vn-1)or set of vertices 

 E(G)=(e1,e2,..........en)or set of edge 

Path: A path is a simple graph whose vertices can be ordered so that two vertices are adjacent if and only if 

they are consecutive in the list.  

Undirected Graph: A graph in which each edge symbolizes an unordered, transitive relationship between two 

nodes. Such edges are rendered as plain lines or arcs.  

Directed Graph: A graph in which each edge symbolizes an ordered, non-transitive relationship between two 

nodes. Such edges are rendered with an arrowhead at one end of a line or arc. 

Loop: A loop is a special type of edge that connects a vertex to itself. Loops are not used much in street 

network graphs.  

Degree:  The number of edges which connect a node.  

In Degree: Number of edges pointing to a node.    

Out Degree: Number of edges going out of a node.  
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Un-weighted edge:  A graph in which all the relationships symbolized by edges are considered equivalent. 

Such edges are rendered as plain lines or arcs.  

Weighted edge: Weighted edges symbolize relationships between nodes which are considered to have some 

value, for instance, distance or lag time. Such edges are usually annotated by a number or letter placed beside 

the edge. If edges have weights, we can put the weights in the lists. Weight: W: E → R  

Tree: An undirected connected graph T is called tree if there are no cycles in it. There is exactly one simple 

path between any vertices u and v.  

Simple Path: Simple path is a path in which all the vertices are distinct.  

Spanning Tree: A sub graph T of a connected graph G, which contains all the vertices of G and T is called a 

spanning tree of graph G. It is called spanning tree because it spans over all vertices of graph G. 

Hamiltonian Graph: A graph that has a Hamiltonian cycle—a closed path that visits each vertex exactly once, 

except the starting and finishing vertices—is considered to be HamiltonianGraph. 

Bipartite Graph: If the vertices in V(G) can be separated intotwo non-overlapping subsets in such a way that 

every edge connectsa vertex from one subset to a vertex in the other, the graph G isclassified as a bipartite 

graph. 

Complete-bipartite Graph: A bipartite graph becomes completebipartite when each vertex in one subset is 

linked to every vertex inthe other subset. 

3.2SOME COMMON ALGORITHMS IN GRAPH THEORY 

 Graph theory is used for the study of algorithms in Computer Science application. Some of these 

essential algorithms in Graph Theory are presented herewith. 

3.2.1Shortest Path Algorithms 

 Shortest path algorithms help find the best routes in transportation networks, such as road systems, 

public transport, or logistics, to reduce traffic and improve flow. 

 (A) Dijkstras Algorithm: Finds the shortest route between two points in a network. It helps planners 

identify the fastest or most efficient routes in a city’s road network, taking into account factors like distance and 

traffic conditions. This algorithm finds the shortest paths from a starting node to all other nodes in a graph, 

using a formula that iteratively updates distances as follows:  

 Dist(v) = Min(Dist(v), Dist(u) + Weight(u,v)). 

where, Dist(v): Represents the current shortest distance from the source node to node v. 

 Dist(u): Represents the current shortest distance from the source node to node u. 
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 Weight(u, v): Represents the weight (or cost) of the edge connecting nodes u and v. 

 Min(Dist(v), Dist(u) + Weight(u, v)): It compares the current shortest distance to node v  (Dist(v)) 

 with a potential shorter path through node u (Dist(u) + Weight(u, v)) and keeps the smaller value. 

 (B) A* SearchAlgorithm:An improved version of Dijkstra’s that uses heuristics to guide the search, 

making it faster and more efficient for larger urban planning problems.A*Search algorithm is incorporated to 

enhance efficiency by introducing aheuristic function: 

 𝑓(𝑛) = r(𝑛) + e(𝑛) 

 Where,r(𝑛) is the cost to reach node 𝑛 from the start node, and e(𝑛) is the estimated cost  from node 𝑛to 

the goal. 

 (C) Floyd-Warshall’s Algorithm: It finds all-pair shortest path in weighted graph.It uses Adjacency 

matrix. This algorithm compares all possible paths through the graph between each pair of vertices. Negative 

weights are allowed but Negative cycle is not allowed. The time complexity of this algorithm is O(V^3) and it 

is slower. This algorithm enables optimized short pathcalculations between every pair of nodes in networked 

environments by establishing all-distances. 

 (D) Bellman-Ford Algorithm:It finds single-source shortest path in weighted graph and detects 

negative cycles. Its basic structure is very similar to Dijkstra’s algorithm, but instead of greedily selecting the 

minimum-weight node not yet processed to relax, it simply relaxes all the edges, and does this |V| − 1 times, 

where |V| is the number of vertices in the graph. The repetitions allow minimum distances to accurately 

propagatethroughout the graph, since, in the absence of negative cycles; the shortest path can only visit each 

node at most once. Bellman-Ford cannot find the shortest path that does not repeat any vertex in such a graph. 

The runtime: Bellman–Ford runs in O(V*E) time. 

3.2.2 Network Flow Algorithms 

 Network flow algorithms help determine the best way to distribute resources like electricity, water, and 

traffic across urban systems. 

 (A) Ford-Fulkerson Algorithm: Helps find the maximum flow in a network, such as optimizing the 

distribution of electricity or water from suppliers to consumers.In network flow optimization, this algorithm is 

used to determine the maximum flow 𝑓in a given network 

 𝑓max = ∑ 𝑓(𝑠, 𝑢)𝑢∈𝑉  

 where,𝑓(𝑠, 𝑢) represents the flow from the source node 𝑠 to other nodes in the network. The residual 

capacity of an edge (𝑢, 𝑣) is updated as follows: 

 𝑐’𝑢𝑣 = 𝑐𝑢𝑣 − 𝑓𝑢𝑣 
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 This ensures that flow conservation and capacity constraints are maintained. This algorithm Maximizing 

flow management needs during logistics operations requires the application of the Ford-Fulkerson method 

which solves maximum flow problems [1]. 

 (B) Edmonds-Karp Algorithm: An efficient version of Ford-Fulkerson using Breadth-First Search 

(BFS) to improve maximum flow problems in utility networks. 

3.2.3 Louvain algorithm  

 The most popular community detection algorithm in the space, the Louvain algorithm is based on the 

idea of graph (component) density i.e. something related to edges/connections frequency within a component 

compared to other components in the same graph. It can handle very large networks by enabling multi-level 

refinement and aggregation [2].A node is added to a community if it improves its density else not. We call this 

term closely related to density as Modularity. 

 It has a very complex formula 

 Q = 1/(2m) * Σᵢ([ Aᵢ - kᵢkj / (2m)] * δ(cᵢ, cj)) 

 The above formula signifies as follows - 

 Q= Modularity 

 m = Weights of all edges in the graph (if unweighted graph, the count of edges in the entire graph) 

 The summation has 3 terms 

 Aᵢ = weight of the edge between node ‘i’ & node ‘j’ if weighted graph else 1 if edge between node i & j 

 exists else 0 (in case of unweighted graph) 

 Kᵢ is the degree (total connections) of some node i. 

 δ(cᵢ, cj) = 1 if both node i & node j are in same community else 0. 

 So, the above summation term is 0 if i & j are from different communities. 

 Modularity (Q)measures the density of edges within communities comparedto random expectations. It is 

often maximized via heuristicmethods such as the Girvan–Newman algorithm or spectraloptimization [3]. 

3.2.4Kruskal’s Algorithm 

 Kruskal’s algorithm is also a greedy algorithm but takes a different approach. It begins with all the 

vertices and no edges, and it adds edges one by one in increasing order of weight, ensuring no cycles are 

formed until the MST is complete. 
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3.2.5Prim’s Algorithm 

 Prim’s algorithm is a greedy algorithm that builds the Minimum Spanning Tree(MST) incrementally. It 

starts with a single vertex and grows the MST one edge at a time, always choosing the smallest edge that 

connects a vertex in the MST to a vertex outside the MST. 

4. METHODOLOGY OF THE STUDY 

 This study is based on secondary sources of data such as articles, books, journals, research papers, 

websites and other sources. Also Meta analysis was done based on graph theoretical concepts and efficient 

algorithms. 

5. REVIEW OF ALLIED LITERATURE  

 In order to identify the different Key Applications of Graph Theory principles and effective algorithms 

in the field of computer science, the researcher has made an attempt to present the review ofallied literature. 

5.1 Network Analysis and Optimization 

 Networks including computer networks, social networks, and transportation networks are frequently 

modelled using graph theory. Researchers can explore these networks characteristics and enhance their 

functionality by expressing them as graphs. Graph theory, for instance, can be used to optimize the flow of 

traffic in transportation networks or to find inefficiencies and shortcomings in computer networks. The primary 

utilitarian component of graph theory, according to the researchers, is optimization, which looks for the 

optimum answer among limited possibilities. Several optimization problems, including network flow 

optimization challenges, minimum spanning tree problems, and shortest path problems, are represented 

graphically. [4]. 

5.2 Data Structures and Algorithms 

 Graphs can be used to model a variety of computer science data structures and algorithms. Since 

overwhelming network data structures exist simultaneously with social network applications in big data 

systems, managing these structures effectively required the use of strong computational algorithms [5]. The 

time complexity of data structures for the Dijkstra algorithm is O(|E|*log|V|), and for the Bellman-Ford 

algorithm, it is O(|V||E|). These findings have been reported in a different study on data structures and 

algorithms. 

5.3 Computer Graphics and Visualization 

 The creation of 3D models and visual representation of complex data sets are only two examples of the 

many applications of graph theory in computer graphics and visualisation. A winged edge representation [6] is 

far more prevalent in 3D modelling applications because it includes pointers to adjacent geometric primitives, 

which simplifies many kinds of adjacency queries. Graph algorithms can be used to modify and visualize data 

and objects by representing them as graphs. The Catmull-Clark subdivision algorithm [7], which recursively 
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creates smooth subdivision surfaces from a low-resolution mesh, is one of the most widely used algorithms in 

computer graphics.    

 On arbitrary networks, another technique developed by Doo and Sabin [8] performs comparably. Later, 

Loop [9] developed a more simplified algorithm that was meant to be effective to evaluate. Indeed, the 

approach was demonstrated to be effective to evaluate on programmable GPU tessellation units after 

programmable GPUs became widely available [10]. Graph algorithms, for instance, can be used to find patterns 

in big data sets or to determine the shortest path between two locations in a 3D model. 

5.4 Network Design 

 Networks are modelled using graph theory; in which nodes stand for indicating devices (such as 

computers or routers) and edges for connections.  Network routing is optimized and the shortest paths are found 

using algorithms like Bellman-Ford and Dijkstra’s. Numerous optimization problems pertaining to routing 

protocols and network monitoring were given by the researchers, who have conducted substantial study in 

relation to complex communication networks. They demonstrated that many of these optimization problems are 

either NP-Complete or NP-Hard.  Lastly, they described a few popular tools for creating graph-theoretic 

network topologies.[11]. 

5.5Social Network Analysis (SNA) 

 One of the most popular uses of graph theory is in social networks, which enable the modelling and 

examination of complicated user relationships. Social network analysis (SNA) is made possible by graph theory 

using metrics that assess connection, user influence, and network structure [12]. Link prediction algorithms, for 

instance, use patterns in the network to predict possible connections, recommending friends or followers [13]. 

These models facilitate applications in impact analysis, anomaly detection, and community discovery by 

capturing crucial social connections. 

 In a social network theory, entities or groups are called “nodes,” connected by one or more particular 

dependencies like friendship, resemblance, gender, etc., as explained by the researcherScott [14]. In the context 

of a graph, the links that connect these nodes are referred to as connections or edges. Social Network Analysis 

(SNA), which is popular in anthropology, economics, geography, and sociolinguistics, is closely related to 

social networks. SNA is essential to contemporary sociology. 

5.6AI and Machine Learning 

 For AI-based graph models to interact well with dynamic and changing network systems, scientists 

should focus on designing more swiftly computational processes [15].  Applications for Graph Neural 

Networks (GNNs) include molecular chemistry, recommendation systems, and social network analysis.  The 

potential of machine learning and artificial intelligence technologies to improve graph-based optimization 

techniques led to their further development.  The detection of subtle danger patterns that conventional rule-

based systems can overlook is made possible by recent developments in Graph Neural Networks (GNNs), 

which apply deep learning paradigms to irregular graph structures [16].  
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 Applications of Graph Neural Networks (GNNs) are widely used in fraud prevention systems, molecular 

structure analysis, and predictive modelling for the recommendation industry. Graph theory has become 

increasingly important in today’s environment, as evidenced by contemporary research and industrial activities 

[17–20].  

5.7Graph Database Systems 

 Popular graph database systems include Neo4j, Amazon Neptune, and ArangoDBare made to store 

and query data in graph form, they can handle complicated queries regarding connections and relationships that 

are more challenging to describe in relational databases.  As specialized systems created to manage data with 

complicated, linked relationships, graph databases have gained popularity. These databases are useful in 

domains like fraud detection, recommendation systems, and social networking because they facilitate advanced 

analytics, pathfinding, and pattern matching [21].  

 Neo4j leverages a labelled property graph model to organize data, allowing characteristics to be stored 

as key-value pairs for both nodes and edges. Neo4j can effectively execute graph traversals thanks to this 

architecture, which is an essential capability for applications such as recommendation engines, social network 

analysis, and fraud detection [22].  

 Amazon Neptune works especially well for applications that need to handle massive amounts of 

dynamic data quickly and efficiently. Its applications include knowledge graphs, fraud detection, and 

recommendation engines, where quick data retrieval and intricate relationship analysis are crucial [21]. 

 A distinctive graph database, ArangoDB supports document, key-value, and graph data models in a 

single database and has multi-model capabilities. For applications with intricate and varied data requirements, 

this flexibility helps users manage a variety of data kinds and formats. ArangoDB makes use of the Arango 

Query Language (AQL), a uniform query language that streamlines intricate queries involving many data kinds 

and is intended to function across various data structures [23]. 

5.8 Compiler Design 

 In compiler design, a Control-Flow Graph (CFG) simulates the control flow between a program’s 

fundamental components. A directed graph, G = (N, E), is called a CFG. A fundamental block is represented by 

each node n ∈ N. Every edge e = (ni, nj) ∈ E represents a potential control transfer from block ni to block nj. 

CFGs are used in compilers to depict the program’s control flow [28]. Using their Control Flow Graphs, 

Eskandari and Hashemi (2011) [24] offered a method for identifying metamorphic malware. They were 

employed for software execution, route comprehension and optimization. 

5.9Graph-Based Cryptography 

 Graph-theoretic ideas are used by some cryptographic algorithms to develop secure communication 

techniques; these algorithms frequently take use of the intricacy of graph problems to improve security. Interest 

in using graphs to suggest novel approaches in a variety of cryptographic fields has increased recently (Selim, 

2020) [25].In another study the researchers presented a unique coding and decryption algorithm using linked 

graphs (Ali et al., 2024a) [26]. A graph-based encryption technique was suggested by Yamuna and Elakkiya 
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(2015) [27], in which appropriate edge weights are used to choose essential circuits. They used a numeric table 

for alphabet representation and bipartite graphs to provide a novel data transport technique. 

6. DISCUSSION 

 Inthe field ofNetwork Analysis and Optimization, Several optimization problems in transportation 

networks traffic flow optimizationare extensively used to explore and analyze the network structure graphically 

by using the concept of Minimum Spanning Tree (MST)algorithms, Network Flow algorithms, Breadth-First 

Search (BFS) algorithm and Shortest Path Algorithms etc.  

 Incase ofData Structures and Algorithms,several algorithmssuch asDijkstra’s algorithm, Kruskal’s 

algorithm, Bellman-Ford algorithm, Floyd-Warshall algorithm areextensively usedto form and managing a 

model of variety of datastructuresin big data system. 

 Incase ofComputer Graphics and Visualization, Several Graph algorithms such as Catmull-Clark 

subdivision algorithm, Breadth-First Search (BFS) and Depth-First Search (DFS) algorithms, Prim’s algorithm, 

A* Search algorithm, Floyd-Warshall algorithm and Graph coloring are broadly used to explore, modify, 

manipulate, animate, optimize and visualize data for 3D modeling applications and visual representation of 

complex data set. 

 In case ofNetwork Design,basic graph theory concepts such as nodes, edges, paths and useful 

algorithms such as Bellman-Ford, Dijkstra’s, Network flow, Louvain algorithm,Prim’s and Kruskaal’s 

algorithm are broadly used for complex network modelling, optimizing, traversal, creating graph-theoretic 

network topologies, routing protocols and network monitoring. 

 In case ofSocial Network Analysis (SNA),basic graph theory concepts such as nodes, edges, centrality 

and useful algorithms such as community detection algorithms and Dijkstra’s algorithmare broadly used to 

understand, explores and measures of centrality, relationships and influential connections of social network 

structures. 

 Incase ofAI and Machine Learning,mostuseful algorithms such as Graph Neural Networks (GNNs), 

A* Search algorithm and Dijkstra’s algorithm are extensively used to leveraging, clustering in complex data 

set, the structure and relationships in various domains including recommendation system, knowledge graph 

representation, robotics, image and video processing etc. 

 Incase ofGraph Database Systems,mostuseful algorithms such as A* Search algorithm, Dijkstra’s 

algorithm, Prim’s and Kruskal’s algorithm, are heavily used to explore a property graph databases, minimum 

costing of connected components and linked complex relationships for efficient data traversal. 

 In case ofCompiler Design,basic graph theory concept like Control-Flow Graph (CFG) and mostuseful 

algorithms such as Breadth-First Search (BFS) and Depth-First Search (DFS) algorithms,Dijkstra’s algorithm 

and Floyd-Warshall’s Algorithm are used to a great deal in compiler design for tasks such as code optimization 

control flow analysis and register allocation. 
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 Incase ofGraph-Based Cryptography,basic graph theory concepts such as spanning trees, bipartite 

graphs and Hamiltonian graphs and also algorithms likeFloyd-Warshall’s algorithm,Dijkstra’sand Bellman-

Ford algorithm are extensively used for unique coding with encryption and decryption to secure 

communication. 

7. CONCLUSION 

 Based on the findings of numerous useful applications of graph theory in the era of modern computer 

science applications,it is reflected that graph theory offers so many essential tools and frameworks for 

modelling linkages and interactions in a variety of fields within the computer science application. Its uses range 

from theoretical underpinnings to real-world applications, impacting fields like machine learning, networking, 

data analysis, data management systems, and more. Computer scientists can effectively use graph-theoretic 

topologies in their work by being aware of these applications. Additionally, it made easy to solve real-world 

problems for data analysts, scientists, engineers, and researchers by using various useful algorithms and basic 

concepts of graphtheory. 
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