


Analysis and Comparison of Shortest Path Algorithms in Navigation Systems

Abstract
The shortest path problem is a fundamental component in the development of modern navigation systems and network optimization applications. This study presents a theoretical and empirical analysis of four widely used shortest path algorithms: A*, Greedy Best-First Search, Dijkstra, and Bellman–Ford. The evaluation is conducted on a graph model derived from the road network of North Macedonia, where cities are represented as vertices and roads as weighted edges based on distance.
[bookmark: _GoBack]The research aims to analyze and compare the effectiveness of these four algorithms when applied to navigation systems for finding the shortest route on a map. The analysis compares the algorithms in terms of solution optimality, execution time, number of explored nodes, and practical computational efficiency. The algorithms were implemented in C++ and evaluated under varying graph sizes and search requirements.
The results indicate that Dijkstra’s and Bellman–Ford algorithms guarantee optimal solutions, although Bellman–Ford incurs significantly higher computational costs. The A* algorithm demonstrates superior practical performance due to the use of an admissible heuristic, substantially reducing the search space without compromising optimality. In contrast, Greedy Best-First Search achieves faster execution in certain scenarios but does not guarantee optimal solutions.
The study concludes that A* provides the most balanced trade-off between efficiency and accuracy for road navigation systems. These findings contribute to a better understanding of shortest-path algorithm performance in real-world transportation network environments.
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I. INTRODUCTION 
The shortest path problem is related to finding a path on a weighted graph that connects two vertices (edges) such that the sum of the weights on the selected sides is the minimum weight. Generally, shortest path problem is represented using graph theory [18].
It should also be noted that graphs and algorithms that operate on them are an integral part of many modern navigation systems, helping to solve complex navigation and planning challenges in a way that is clear, efficient, and often in real time. Graph algorithms are essential in navigation systems for finding the shortest path between two points in a map. These algorithms are used to discover the optimal path from a starting point to a given destination by passing through a map of points or locations connected between them. They are important for applications such as web navigation applications, GPS systems, and autonomous technologies. So, finding the shortest path in a navigation system is a problem that is often discussed and has been widely applied in optimizing the running of a system process. There are several algorithms or methods that can be used in the process of finding a path with a minimum distance between the source to the destination location in map such as the Dijkstra, A*, Best First Searech Greedy Algorithm, Bellman-Ford algorithm and so on.  The selection of the most optimal algorithm is often a problem in finding the shortest path because each algorithm has advantages and disadvantages of each [1].  
Wang et al. in his research explained that a good path search algorithm is needed in navigating the path of travel, the A* algorithm is used to overcome low computation in map navigation and add a hierarchical mechanism to the path search problem [2]. The A* algorithm it is easy to implement and tends to generate accurate routes and for this reason is widely used [3]. A critical disadvantage of the A* approach is that it consumes a considerable amount of memory and computational power when the resolution of the map image is high [4]. A* is similar to the Dijkstra algorithm. However, one difference is that it assigns a heuristic estimate ℎ(𝑛)h(n), a rank value that estimates the best path through the vertex for each vertex x and defines an evaluation function for each vertex to find the optimal path from the starting vertex to the target vertex [5].
Permana et al. [7] compared three algorithms namely A*, Breadth First Search (BFS)and Dijkstra in order to find which algorithm is appropriate to apply in Maze Runner game. Maze Runner is a game that needs a path-finding algorithm with the shortest path to reach the target. Comparison approach of these algorithms was once performed by way of changing the game algorithm and by way of evaluating technique time, route size, and block numbers played in the current computing system. Their result showed that A* is the best pathfinding algorithm, particularly in the game/grids of Maze.
In this research was made comparative between Bellman-Ford and Dijkstra's and the results based on the number of nodes shows that very minimum quantity of nods, Bellman Ford algorithm is superior over Dijkstra's algorithm but Dijkstra is most effective for a massive variety of nodes [6]. Also other results research show that Dijkstra algorithm is the best algorithm to find the shortest distance and is used in many areas like google maps, telephone networks, and so on. It will always find the best solution and shortest path. Dijkstra’s algorithm is best because of its low complexity [7]. Bellman-Ford algorithm give efficient and optimal path, but Dijkstra’s is good for large mesh of networks [8].
Greedy Best-First Search is a search algorithm that attempts to find the most promising path from a given starting point to a goal. The algorithm works by evaluating the cost of each possible path and then expanding the path with the lowest cost. Greedy Best-First Search has several advantages, including being simple and easy to implement, fast and efficient, and having low memory requirements. In many problems, a greedy strategy does not usually produce an optimal solution but makes the best choice at every step and attempts to find the optimal solution to solve the whole problem [9]. 
Several research have shows that A*, Dijkstra, Bellman-Ford and Best first search Greedy algorithms can be applied in the process of finding the fastest or shortest path from source location to destination in a map or graph. Each of these algorithms has advantages and disadvantages in the process of finding the shortest path. The purpose of this research is to analyze and compare the effectiveness of A*, Dijkstra, Bellman-Ford and Best first search Greedy algorithms in findings shortest or fastest route on the map. 

II. RESEARCH METHOD
The problem statement in this research is to find the shortest path or fastest path in the map from one city to another city of North Macedonia. So, will be used route map between cities of  North Macedonia. Pathfinding and shortest path algorithms are a crucial component in a wide range of applications, in navigation, networking routing and optimization problems.  They enable to navigate efficiently through complex environments by finding the shortest or most efficient path between two points. Efficient shortest path algorithms are central to routing and navigation applications.  Shortest path algorithms are essential tools in graph theory, helping us find the most efficient routes between points. For example, if the vertices (nodes) of the graph represent cities and edge path costs represent driving distances between pairs of cities connected by a direct road, algorithms can be used to find the shortest path or fastest route between one city to other city. Understanding how these algorithms work, their processes, and complexities is crucial for solving real-world problems efficiently.  
In this research was used method of comparison of the search methods of pathfinding and shortest path algorithms. So, for this study will analyze and compare A*, Dijkstra, Bellman-Ford and Best first search Greedy algorithms in findings shortest or fastest route on the map of North Macedonia.

II.1	A* algorithm  
A* algorithm is the most popular choice for pathfinding known for its efficiency and accuracy and can be used in many contexts. It combines features of Dijkstra’s Algorithm (which focuses on finding the shortest path) and the Best-First-Search, making it highly effective in a variety of scenarios. A* algorithm has better time complexity than Dijkstras algorithm by using a heuristic function because of which it can guide the search to the desired solution and hence less time complexity. A* uses the heuristic methods finds an optimal path from start to destination with minimal cost. Heuristic methods estimates the best value closet to goal. By using heuristic, the algorithm searches only a limited number of fields. Usually A* algorithm is defined by two factors g(n) and h(n) and is resulting in finding least value of the cost function f(n) [12]. Cost function f(n) is a sum of two functions g(n) and h(n). g(n) is the actual cost from starting node to current node n, while h(n) is the heuristic function which is the estimated cost of the cheapest path from current node n to final goal node, as in equation below:
f(n) = g(n) + h(n), where :
g(n)  ‐  represents exact cost of route from starting point to any vertex n; 
h(n)  ‐  is a parameter specifying heuristic estimated cost of path from any vertex n to the goal. 
f(n) - estimated total cost of the path through n to the target

A*  Algorithm
Begin 
A* search (G , w , s ) { 
for( each u Є V )
{ 
d[u] = ∞ ; 
pred[u] = nil ; 
} 
d[s] = 0 ; 
f (V) = 0 ; 
Q = ( queue with all vertices ) 
While ( Non-Empty ( Q ) ) { 
u = Extract-Min ( Q ) 
for ( each v Є Adj[u] ) { 
if ( d[u] + w ( u ,v ) < d[v] ) { 
d[v] = d[u] + w ( u ,v ) ; 
Decrease-Key( Q ,v , d[v] ) ; 
pred[v] = u ; 
f (v) = d [v] + h (v,D) } } 
} } 
End;

II.2	 Dijkstra’s algorithm 
The Dijkstra's algorithm is used to find a single node as the source node and calculate the shortest paths from the source to all other nodes in the graph, increasing node by node to get a shortest path. It begins from starting point, then the algorithm visits the closest vertices which are not yet examined. It expands outwards until it reaches the goal. That means high computational complexity of this algorithm but the shortest route will always be found. Dijkstra’s algorithm has a time complexity of O((V + E) log V), where V represents the number of vertices and E represents the number of edges in the graph.   
Dijkstra's algorithm is often used in routing. Djikstra's algorithm tends to be fast in finding solutions but is unable to deal with negative weight values [10]. This algorithm claims to be the best approach in solving the simple shortest path problem[11]. Dijkstra's algorithm is probably the best-known and thus most implemented shortest path algorithm. 
DIJKSTRA algorithm. 
1) DIJKSTRA (Graph, source) 
2) create a set G 
3) for each vertex v in Graph: 
4) distance[v] INFINITY 
5) previous[v] UNDEFINED 
6) add v to G
7) distance[source]  0 

8) while G is filled do: 
9)	 U in G from min distance[u] 
10) 	remove u  from G 
11) 	for each neighbor vi of u: 
12) 	alt distance [u] + length(u, v) 
13) 	if alt< distance[v] 
14)		 distance[v]   alt 
15)		 previous[v]  u 
16) end while 
17) return distance[], previous[]
II.3. Best First Search Greedy Algorithm
Best First Search algorithm is similar to Dijkstra’s algorithm, the difference is in the use of heuristic. It provides estimated information about how far from a goal any vertex is. It chooses the closest point to the goal, instead of choosing vertex closest to the starting point. For example, if a goal is to the north of the starting point, algorithm will be leading the path to the north. Best First Searching works much quicker than Dijkstra’s algorithm but determined path doesn’t have to be the shortest one [15].
Greedy Algorithm is an algorithm that can solve problems by making the best choices in certain cases. Many optimization problems can be solved using this algorithm [10]. The Greedy algorithm can reduce the computational complexity with the persistence of high mesh quality, however, this algorithm generates additional time costs, resulting from the selection loop [11]. Greedy algorithm can be combined in finding sub-optimal solutions in a shorter time [12]. The Greedy Algorithm is a gradual inference process starting from the zero model and solving the problem heuristically [13]. 
The Greedy Algorithm solves the problem step by step, at every step:
 a. Take the best option available at that time. 
b. Hope that by selecting local-optimum at each step will achieve global-optimum. 
Greedy Best-First Search is an search algorithm that attempts to find the most promising path from a given starting point to a goal. It prioritizes paths that appear to be the most promising, regardless of whether or not they are actually the shortest path. The algorithm works by using a heuristic function to determine which path is the most promising. The heuristic function takes into account the cost of the current path and the estimated cost of the remaining paths. If the cost of the current path is lower than the estimated cost of the remaining paths, then the current path is chosen. This process is repeated until the goal is reached.
Greedy Best-First Search algorithm:
· Greedy Best-First Search works by evaluating the cost of each possible path and then expanding the path with the lowest cost. This process is repeated until the goal is reached. 
· The algorithm uses a heuristic function to determine which path is the most promising. 
· The heuristic function takes into account the cost of the current path and the estimated cost of the remaining paths. 
· If the cost of the current path is lower than the estimated cost of the remaining paths, then the current path is chosen. This process is repeated until the goal is reached.

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]II.4	Bellman-Ford algorithm
Bellman-Ford use concept of Dynamic Programming. In a weighted directed graph BF (Bellman Ford) compute the shortest efficient paths from one source to all of the other destinations [14]. It is more competent but not efficient than Dijkstra’s Algorithm since it can compute the shortest path of the graphs that have negative edge which makes it useful in the applications having negative edge graphs. Same like to many other Dynamic Programming Problems, Bellman-Ford algorithm find the shortest paths based on the bottom-up approach. It works on relaxation procedure by taking two nodes and connecting between these nodes. If the total distance of first node j from the source plus the edge length is less than that of target node, then the first node or source node is consider as the predecessor and the distance of target node k is recalculated by:  Dist(k) = Dist(j) + edge length 
Bellman-Ford algorithm: 
Step1: Initializing D[i]. D[i] represents the distance from the starting point V to the object point Vi. 
Step2: w (m,n) is the weight of the edge e (m,n), and e is the shortest path between (m,n). For each edge e (m,n). If D[m] + w(m, n) < D[n], D[n] = D[m] + w(u, v).
Step3: The loop performs up to i - 1 times, and i is the number of the vertices. If the operation above does not update the D[i], the shortest path has been searched, or some of the points cannot be reached. Otherwise, executing to the next cycle. 
Step4: Testing the diagram to find whether it has a negative loop (the sum of weight is less than 0). If D [u] + w (u, v) < Distant [v], there is a negative loop, which means the shortest path cannot be founded in the graph. Otherwise D[i] records the shortest path.
Bellman-Ford Algorithm
1: function bellmanFord(G,S)
2:	for each vertex V in G
3:		distance[v] INFINITY
4:		Previous[v]NULL
5:	distance[s] 0
6:	for each vertex V in G
7:		for each edge(u,v) in G
8:			alt  distance[u] + length(u,v)
9:			if alt<distance[v]
10:				distance[v] alt
11:				previous[v] u
12:
13:	for each edge (u,v) in G
14:		if distance[u] + length(u,v) < distance(v)
15:			Error: Negative Cycle Exists
16:`return distance[], previous[]


III. METHODOLOGY

Shortest path problem is the problem of finding a path (one-to-one) or more from the initial node to the end node based on the smallest weight [16]. The search for the shortest route (shortest path problem) in a graph as an optimization effort to get the route with the smallest weight. This effort is often found in a weighted-connected graph [17]. 
The purpose of this study is to analyze the Greedy, A-Star, Dijkstra and Bellman-Ford algorithms in the process of finding the shortest path and to compare the effectiveness of the four algorithms in the process of finding the shortest path in a path or graph. 
For the analysis of shortest path finding algorithms, the road network map of North Macedonia was used as a case study, where cities (such as Skopje, Tetovo, Gostivar, Bitola and Ohrid) are modeled as graph nodes (vertices), while the roads connecting them are represented as links (edges) with corresponding weights. The graph is considered undirected, assuming that the distance between two cities is symmetric. The weight of each link represents the distance in kilometers between the two cities.
The experiments were conducted by selecting several pairs of cities as the starting point and destination. For each pair, all four algorithms were executed on the same graph, under identical implementation conditions and within the same computing environment. The algorithms were implemented using the C++ programming language.
The analysis consists of testing the algorithms A*, Greedy Best-First Search, Dijkstra, and Bellman–Ford to find the shortest path by choosing several pairs of cities as the starting point (e.g., Skopje) and the destination (e.g., Ohrid).  For each algorithm, the following factors were compared: the length of the path found (optimality), execution time(microseconds) and number of explored nodes.
Through this analysis, the aim is to evaluate which algorithm provides better performance in a real navigation system, taking into account the structure of the road network of North Macedonia. Below is presented the map of cities in North Macedonia, illustrating the distances between them, accompanied by the corresponding adjacency matrix that represents neighboring cities and the respective distances.
[image: ]
Fig.1. Map of the cities of the Republic of North Macedonia and the distances between them.

IV. Results and Discussion
This section presents the analysis of the results obtained from the experiments conducted to compare the performance of shortest path algorithms: Greedy Best-First Search, A*, Dijkstra, and Bellman-Ford. The aim of the experiments was to evaluate the efficiency of these algorithms in terms of execution time, the number of nodes explored during the search for the optimal path between two cities, and the distance between them.
The experiments were organized into two main scenarios. In the first scenario, five different cases of pathfinding between a starting city and a destination city were analyzed. For each algorithm, the execution time and the number of nodes explored during the search process were measured. In the second scenario, the impact of graph size on the performance of the algorithms was analyzed by measuring the execution time for graphs with different numbers of nodes: 50, 100, 500, 1000, 10,000, and 20,000.

IV.1 Analysis of Results for Different City Cases
The results of the experiments for the five different cases show significant differences in how each algorithm explores the graph and finds the path to the destination. 



Table 1: Measuring execution time and number of nodes explored for 5 different cases (starting city → destination city

	
	
	
	Greedy Best-First Search
	Dijkstra
	A*
	Bellman-Ford

	N. of Case
	

Source-Destination
	Path nodes
	Distance(KM)
	execution time
(microseconds)
	explored nodes
	 
Distance(KM)
	execution time
(microseconds)
	explored nodes
	Distance(KM)
	execution time
(microseconds)
	explored nodes
	
Distance(KM)
	execution time
(microseconds)
	explored nodes

	1
	Tetovë-Bogdanci
	7
	220
	346
	7
	220
	624
	30
	220
	510
	12
	220
	3100
	55

	2
	Dibër - Pehçevë
	10
	336
	414
	12
	336
	618
	32
	336
	706
	27
	336
	3385
	55

	3
	Strugë- Strumicë
	9
	319
	390
	9
	288
	590
	28
	288
	575
	20
	288
	2770
	41

	4
	Kriva Pallankë-Ohër
	8
	288
	317
	8
	288
	650
	31
	288
	500
	12
	288
	2793
	43

	5
	Shkup-Kërçovë
	4
	111
	223
	4
	111
	454
	12
	111
	376
	4
	111
	2719
	42


The results show that Dijkstra, A*, and Bellman–Ford consistently produced identical shortest-path distances across all test cases. This confirms their correctness when applied to weighted graphs representing road networks. However, Greedy Best-First Search produced a longer path in Case 3 (Strugë–Strumicë) 319 km, while the other algorithms produced 288 km. This difference occurs because Greedy Best-First Search relies solely on heuristic estimates and does not consider the accumulated path cost. As a result, the algorithm may select a locally optimal path that is not globally optimal.
Table 2: Comparison of path lengths (km) for different algorithms in Case 3
	Case
	Greedy Best-First
	Dijkstra/ A* / Bellman-Ford

	3
	319 km
	288km



	Execution time is a critical metric for evaluating algorithm efficiency in real-time navigation systems. The experimental results indicate that Greedy Best-First Search demonstrated the fastest execution time, mainly due to its heuristic-driven approach and limited exploration of nodes. A* performed slightly faster than Dijkstra in most cases because it combines path cost with heuristic information, allowing it to focus the search toward the goal.
Bellman-Ford showed significantly higher execution times. This is expected since the algorithm repeatedly relaxes edges in the graph, leading to a higher computational complexity compared to the other algorithms. The table below shows the approximate average execution time of four algorithms.



Table 3: Approximate average execution time of four algorithms
	Algorithm
	Approx. Average Execution Time

	Greedy Best-First Search
	~ 338 µs

	Dijkstra
	~ 587 µs

	A*
	~ 533 µs

	Bellman – Ford
	~ 2953 µs



Another important indicator of algorithm performance is the number of nodes explored during the search process. The table below presents the typical number of explored nodes for four algorithms.
Table 4: Number of explored nodes for four algorithms.
	Algorithm
	Typical Explored Nodes

	Greedy Best-First Search
	4 - 12

	Dijkstra
	12 -32

	A*
	4 - 27

	Bellman – Ford
	41 - 55


	
	



	
	
	


Greedy Best-First Search explored the fewest nodes because it aggressively follows the heuristic toward the goal. However, this strategy may compromise optimality, as observed in Case 3. Dijkstra explored more nodes because it systematically evaluates all possible paths based on cumulative cost. A* generally explored fewer nodes than Dijkstra due to the use of heuristic guidance, which prioritizes promising paths and reduces unnecessary exploration. Bellman-Ford explored the highest number of nodes since it evaluates all edges multiple times to ensure correctness, making it less suitable for large-scale real-time routing problems.


IV.2 Analysis of Results by graph size
The second experiment aimed to analyze how the execution time of the algorithms changes as the number of nodes in the graph increases. The table below presents the execution times of algorithms for networks with different numbers of nodes.
Table 5: Execution times of algorithms for networks with different numbers of nodes.
	
	
	Execution average time(microseconds)

	N. of Case
	Number of nodes
	Greedy Best-First Search
	Dijkstra
	A*
	Bellman-Ford

	1
	50
	150
	133
	63
	1017

	2
	100
	362
	380
	186
	5516

	3
	500
	775
	840
	363
	88043

	4
	1000
	1585
	1671
	685
	348488



The results show that the Greedy Best-First Search algorithm maintains very good performance even as the number of nodes grows significantly. The execution time increases gradually because the algorithm typically explores only a portion of the graph and directs the search toward the destination.
The A* algorithm also demonstrates good scalability as the graph size increases. Although execution time rises with the number of nodes, the increase is relatively moderate due to the use of the heuristic, which reduces the search space. For this reason, A* is considered one of the most efficient algorithms for practical applications such as navigation systems and route planning.
In the case of Dijkstra, an increase in the number of nodes has a more pronounced impact on execution time. Since the algorithm must explore many more nodes to guarantee the minimum distance, processing time rises significantly in larger graphs. 
Meanwhile, Bellman-Ford shows the largest increase in execution time as graph size grows. Its theoretical complexity is proportional to the product of the number of nodes and edges in the graph, making this algorithm much less efficient for large graphs compared to the other tested algorithms.

V. Conclusion 
The shortest path problem is still one of the most explored topics in the research field. This paper discusses the basic principle of the four shortest path algorithms and compares them by analysing time complexity. Based on the experimental results, it can be concluded that the A* algorithm offers the best performance in most of the tested scenarios, combining high efficiency with the guarantee of finding the optimal path. The Greedy Best-First Search algorithm is the fastest, but it does not always guarantee an optimal solution. Meanwhile, Dijkstra and Bellman-Ford provide accurate solutions but at a higher computational cost, especially in graphs with a large number of nodes. The experimental evaluation demonstrates that A* provides the best overall performance for shortest-path computation in road networks. It maintains optimal path accuracy while reducing computational overhead compared to Dijkstra, making it particularly suitable for navigation and geographic information systems. 
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