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Abstract
Efficient path planning is needed by robotics to be deployed in daily applications so as to move around safely and effectively. In this research, novel algorithms for map adaptation and path optimization of robot navigation between given points are examined. The first step in the study involves the use of the Voronoi algorithm to determine safe zones and identify barriers in an environment for a safe passage of robots. After that, Dijkstra’s algorithm is used to generate a graph from the above data that can determine the shortest path between meaningful locations on it. Where there are many possible directions, it prefers the shortest one allowing for safety criteria between any two points and obstacles along it. Also, augmented development of security enhanced paths helps expand out original trajectory to prevent obstructing objects from causing collisions half a radius beyond safety distance traveled by their carriers. This study therefore makes its main innovation in providing new maps having secure pathways that let algorithms be employed for optimization of path planning procedures enhancing navigational efficiency within unfamiliar terrains. As regards experiments, these new maps have been found to give accurate results especially when used in complex terrains like maze layouts.
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1. Introduction
In recent years attention has been given to the problem of path planning for mobile robots [1-5]. Path planning is the task of finding a physically possible trajectory between initial and goal positions for a robot within an environment while avoiding obstacles [6, 7, 8, 9]. Hence, among the most common measures employed to evaluate solution paths are the minimum distance from any obstacle, path length, as well as computation time spent on generating these solutions. Depending on whether information about the environment is available or not [10, 11, 12, 13, 14], type of obstacles may be either static or dynamic [15, 16, 17, 18]. Path planning for omnidirectional robots in known environments with static obstacles is the focus of our attention. In recent literature, sampling-based algorithms have been favored for path planning in known   environments containing fixed barriers such as walls and buildings [5, 10, 12, 13, 14,9 ,19 ,20 ,21 ,22]. A large number of these algorithms are based on probabilistic roadmaps (PRMs) or rapidly exploring random trees (RRT). On one side PRMs generate random samples nodes and establish connections between adjacent nodes in the obstacle-free region to find a solution path [10]. On the other hand, RRTs grow from start location to the goal location a tree in an obstacle free region [13]. Nevertheless, there are different forms of these algorithms. The PRM* and RRT* methods guarantee finding an optimal path [12] while FMT is a combination of PRM and RRT and it can be used to find shorter solutions paths compared to the two methods combined [14]. The Quick RRT* algorithm by Karaman et al. promises faster convergence to the optimal path than all existing versions [21] while SBR-RRT has been observed to exhibit similar performance as GB-RRT but at much faster speeds than GB-RRT [22]. To make sure that path safety is maintained, most approaches use the generalized Voronoi diagram (GVD) [23, 24, 25, 26] which partitions space into Voronoi regions around obstacle closest sites. The Voronoi boundary thus encloses these areas and ensures each point along it lies on a line of equidistance from the closest obstacles. The GVD is employed by techniques like those mentioned in [24, 26] for guiding searching along the GVD while using sampling-based methods through narrow passages [24] or satisfying differential constraints [26]. Another technique is discussed in [25], combining visibility graphs with GVDs and potential fields to produce shorter paths. However, even though they rely on GVDs these methods do not explicitly address the issue of path safety. On the other hand, a graph based on the GVD is first established in [23] after which Dijkstra’s algorithm [27] gives rise to shortest paths within this graph. Consequently, such an approach usually generates paths through points far away from obstacles but sometimes unnecessarily long. These issues are addressed by smoothing out excessive turns and shortening nodes along the shortest path within the GVD as suggested by [8]. Extensions of probabilistic roadmaps (PRMs) employing artificial bee colonies [28] and genetic algorithms [29] have been employed in addressing the path planning problem which generates a safe and smooth path. However, these methods are often time-consuming. Other attempts at combining Voronoi diagrams with Dijkstra's algorithm were also made in [30], resulting in paths that deviate significantly from obstacles but have sharp corners on the Voronoi diagram, thereby making them difficult to track. Another method is A* search with V-graphs [31] for narrowing down the search region and finding shorter paths within it, although this can lead to increased runtimes when expanding the search area. In [32], RRT* search based on rapidly exploring random trees (RRT) was used, leading to long runtimes without considering safety of the path first. Moreover, PRM with splines [33] as well as A*-search with genetic algorithms [34] were applied to make shorter paths although it takes longer times to complete them. Finally, biogeography-based optimization (BBO), particle swarm optimization (PSO) and approximate Voronoi boundary network (AVBN) were used to detect safe routes which could be long ones in terms of distance travelled in [35].
Conversely,[28] used fast marching method on expanded Voronoi boundaries. To reduce the computation time and increase the success rates, maps should be changed to create secure environments for producing shortest paths for mobile robots. In order to do this, First, it is suggested that a Voronoi boundary be computed, which will serve as an open space available for potential solution paths. After that, Dijkstra algorithms are employed to find the shortest path in those boundaries. Finally, the distance between the new path and obstacles is measured to fine-tune the evolving safe environment. Dynamic Inflated PRM (DIPRM) and dynamic Inflated RRT* (DIRRT*) are known as PRM* and RRT* based sampling-based algorithms, respectively. Extensive computational experiments are presented by us about different environments in order to show whether computed solution paths have good quality regarding safety and length of path compared to some state-of-art methods. 
It is important to note that our earlier work only presented one method underpinning on both Voronoi boundary and Dijkstra algorithm among all other sample-based existing works in the literature on this topic. Nonetheless, our previous research was limited; it provided just an insight on DIPRM* or DIRRT* without full investigation thereof. The subsequent sections of this article are structured as follows. Section II shows the method used, with examples of its application in a simple environment. In Section III, A comprehensive evaluation of the proposed algorithm is performed by us on different maps with varying properties. Finally, section V presents our findings as conclusions and provides directions for further research.

2. Methods
This portion outlines the necessary foundational details for the document.
A. Voronoi Diagram
Voronoi diagram is widely recognized data structure in software engineering and computational geometry [7]. The plane is divided into separate parts by means of some given set "seed" points; each one contains all points that are closer to one seed than any other seeds. In this paper, Generalized Voronoi diagrams are concentrated on, where seeds are represented using obstacle shapes like polygons or circles. Each subset consists of points which are closer than any other shape to a specific shape. The computation of generalized Voronoi diagrams and their approximations can be found in [36]. Bellow the pseudocode for Voronoi Diagram. The computed Voronoi diagram can be seen in the figure 1 bellow.
	function Voronoi Diagram(points):
1. Initialize an empty list of edges: edge List = []
2. Initialize an empty list of vertices: vertex List = []
3. Initialize an empty list of regions: region List = []
4. Create a priority queue PQ for events (points and circle events)
5. Insert all points into PQ as site events
6. Loop while PQ is not empty:
7. Get the next event from PQ
8. If it's a site event:
9. Create a new site with the event's coordinates
10. Insert the new site into a new region in region List
11.  If the site is the first in the list, continue to the next event
12. Process the site event by adding edges to edge List and updating regions
13. If it's a circle event:
14. Remove the circle event from PQ
15. Close the corresponding edge and remove it from edge List
16. Update regions affected by the removed edge
17.  Check for new circle events and insert them into PQ
18. Continue processing events until no more circle events are found 
19. Loop through all edges in edge List:
20.Clip edges to bounding box so as to ensure finite diagram.
21.Return Voronoi diagram as Edge List
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Figure 1. Evaluation of Voronoi diagram.
B. Dijkstra's algorithm
The Dijkstra algorithm is a classic technique for discovering the shortest path amid nodes in a graph. Picture yourself at a point, which will be referred to as the source node or starting point. In such an interconnected network of points, which are also termed vertices, assume you want to reach another specific point that is located at the destination position, while minimizing the total distance covered. Dijkstra's algorithm works like this:
· Initialization: You start by giving every node in the graph a tentative distance value. For the first one it is zero since you are already there. For all other nodes, an initial value of infinity is set to indicate that their shortest distances are not yet known.
· Exploration: You explore neighboring nodes from your current location (node). From those that have not been visited before, choose a node with smallest tentative distance and go to it to ensure that you always move closer to your destination.
· Update Distance: While moving towards any new node, update tentative distances of its neighbors. So, if the distance from current node to one of its neighs bours is shorter than its present tentative distance then replaces its tentative distance with this smaller value. This is important because it continually improves on shortest distance estimates.
· Do Again: Loop steps two and three until you have examined each node or found your way to the destination node. The reason for this process is to exhaust all possible routes while giving priority to the shortest ones at all times.
· Path Reconstruction: Upon reaching the destination or exhausting all possible paths, the nodes with the smallest tentative distances are traced back towards the starting node to reconstruct the shortest path up to the destination node.
· End of a Process: The moment that it reaches a point where every single one of its nodes have been visited, then the algorithm stops. This helps in finding out what is briefest way from start point to all other points on graph.
Many applications like routing in computer networks, GPS navigation systems and optimization problems in transportation and logistics use Dijkstra’s Algorithm. Its efficiency and reliability make it a cornerstone algorithm in graph theory and algorithm design [27]. Below the pseudocode for Dijkstra’s Algorithm.
	function Shortest Path (start, end, Voronoi Graph):
1. Initialize an empty priority queue PQ.
2. Create a dictionary distance to store the distance from the start node to each node in the Voronoi Graph. Initialize distances[start] = 0 and distances[node] = infinity for all other nodes.
3. Enqueue (start, 0) into PQ.
4. Create a dictionary previous to store the previous node in the shortest path for each node. Initialize previous[node] = null for all nodes.
5. While PQ is not empty:
6. Dequeue a node curr_node and its distance curr_distance from PQ.
7. If curr_node is the end node, reconstruct the shortest path using the previous dictionary and return it.
8. For each neighbor_node of curr_node in the Voronoi Graph:
9. Calculate the distance to neighbor_node through curr_node: new distance = curr_distance + distance (curr_node, neighbor_node).
10.If new distance is less than distances[neighbor_node]:
11. Update distances[neighbor_node] to new distance.
12. Enqueue (neighbor_node, new distance) into PQ.
13. Update previous[neighbor_node] to curr_node.
14. Return null if no path exists from start to end in the Voronoi Graph.




C. Inflated Map
One of the most important considerations is the safety distance between the generated path and the obstacles present on the maps. Safety path calculation is one of the most important conditions that must be met when generating a path for a mobile robot between two points. Therefore, obstacles have been inflated by half the robot's radius to take into account the safety path, knowing that this inflation depends on the size of the robot used. The image below shows the main map containing the obstacles, represented by black color, while the red color represents the generated safety distance, which is approximately half the robot's radius.
[image: ]
Figure 2. inflated map according to half-radius of robot.
Based on the provided information (Voronoi Diagram), Dijkstra's algorithm can be implemented to find the shortest path for the robot between the given start and end points on the map. A high-level pseudocode for implementing Dijkstra's algorithm with the provided information is given below.

	function Shortest PathIn Voronoi (start, end, Voronoi Diagram):
1. Generate Voronoi diagram from Voronoi Diagram function using the given points.
2. Convert the Voronoi diagram into a graph representation:
   - Each cell boundary becomes a node.
   - Each cell centroid becomes a vertex.
   - Assign weights to the edges based on the distances between neighboring nodes.
3. Implement Dijkstra's Algorithm on the Voronoi graph to find the shortest path:
   3.1 Initialize a priority queue PQ.
   3.2 Create a distances dictionary to store the distance from the start node to each node. Initialize distances[start] = 0 and distances[node] = infinity for all other nodes.
   3.3 Create a previous dictionary to store the previous node in the shortest path for each node. Initialize previous[node] = null for all nodes.
   3.4 Enqueue (start, 0) into PQ.
   3.5 While PQ is not empty:
       3.5.1 Dequeue a node curr_node and its distance curr_distance from PQ.
       3.5.2 If curr_node is the end node, reconstruct the shortest path using the previous dictionary and return it.
       3.5.3 For each neighbor_node of curr_node:
             3.5.3.1 Calculate the distance to neighbor_node through curr_node: new distance = curr_distance + distance (curr_node, neighbor_node).
             3.5.3.2 If new distance is less than distances[neighbor_node]:
                     3.5.3.2.1 Update distances[neighbor_node] to new distance.
                     3.5.3.2.2 Enqueue (neighbor_node, new distance) into PQ.
                     3.5.3.2.3 Update previous[neighbor_node] to curr_node.
   3.6 Return null if no path exists from start to end.



This pseudocode outlines the process of combining Dijkstra's algorithm with the Voronoi graph to find the shortest path between the given start and end points while considering the safety distance and obstacles as it’s clear in figure 3 bellow.

[image: ]
Figure 3. Shortest path using Voronoi graph.

After generating the Voronoi diagram, A dynamic inflate process will be performed for each point in the diagram. This process involves measuring the distance from each point to the nearest obstacle on the map and then adjusting the distances to ensure that the safety distance for the paths generated by the Voronoi diagram is maintained. 
Here's how can integrate dynamic inflate into the process:
· Generate the Voronoi diagram using the Voronoi graph generation algorithm provided earlier.
· For each point in the Voronoi diagram:
· Find the nearest obstacle on the map.
· Measure the distance from the point to the nearest obstacle.
· Adjust the distances of neighboring vertices in the Voronoi diagram to ensure that the safety distance is maintained. This adjustment may involve expanding the edges or adding additional vertices to maintain the required safety distance.
· Once the dynamic inflate process is completed for all points in the Voronoi diagram, the resulting graph will reflect the inflated Voronoi diagram with adjusted distances to ensure safety.
Below is the pseudocode to demonstrate this process.

	function Dynamic_Inflate (obstacles, Voronoi Diagram):
1. For each point in Voronoi Diagram:
2. Find the nearest obstacle on the map.
3. Measure the distance from the point to the nearest obstacle.
4. Adjust the distances of neighboring vertices in the Voronoi diagram:
5.        - If the distance is less than the safety distance:
6.             - Expand the edges or add additional vertices to maintain the required safety distance.
7. Return the adjusted Voronoi Diagram.
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Figure 4. Dynamic inflation Voronoi boundaries.

The above image illustrates how dynamic inflate was applied to each point in the Voronoi diagram, taking into consideration all obstacle points and the safety distance for the map. As the main contribution of this research is to implement dynamic inflate for the shortest generated path using Dijkstra's algorithm. All other paths will be disregarded, and focus will be solely placed on cutting the segment connecting the start and end points. This will reduce the available environment and generate a new map connecting the start and end points, which is safe according to the robot's diameter. Additionally, this inflate is dynamic in that it expands in large areas and contracts in small areas. Here's a pseudocode to illustrate this concept:

	function Dynamic Inflate Shortest Path(start, end, obstacles, robot diameter):
1. Generate a Voronoi diagram from the given obstacles.
2.The second step is about running Dijkstra’s algorithm on Voronoi graph to determine the shortest path between two points.
3.Cut away the smallest part of shortest path segment linking start-up and end points so that they are not threatened:
4.For every point on this piece of shortest Path segment;
5.Less than minimum distance (half diameter of a robot) to any obstacle:
6.Move this point around it to make sure.
7.Then, update changes made in relation to that segment of a road
8.Provide an alternative set of nodes for what should have been described here



This pseudocode outlines the process of implementing dynamic inflate for the shortest generated path using Dijkstra's algorithm. It ensures that the path remains safe by adjusting the positions of points along the path segment based on the proximity to obstacles and the robot's diameter. The safe and short path generated in the figure 5 bellow.

[image: ]
Figure 5. Dynamic inflation for shortest generated path.
3. Results

At this stage, the algorithm needs to be thoroughly tested to ensure its accuracy. The RRT* algorithm was chosen for implementation and testing on two types of maps, each containing various obstacle shapes. The first scenario involves testing the RRT* algorithm on the original maps, while the second scenario involves executing the RRT* algorithm on modified maps. Additionally, the possibility of optimizing the generated path to make it smoother will be explored.

A. Maze map

Figure 6 shown below represent maze map, RRT* algorithm was used be tested on these maps without any modification. 

[image: ]
Figure 6. Maze map without modification.

Figure 6 illustrates the operation of the RRT* algorithm. After defining the start and end points, the algorithm starts by creating random tree nodes and then draws lines in an attempt to find the shortest path between two points. However, the path is unsafe and very long, as it contains many unnecessary turns. Additionally, It is observed that almost the entire map is covered by the tree. Increasing the number of sample trees will result in the algorithm placing nodes in other unnecessary locations.

[image: ]
Figure 7. Maze map with modification.

Figure 7 illustrates the operation of the RRT* algorithm on the image after processing it. It is observed that all samples are in the correct locations along the path, and there are no unnecessary samples. This allows us to have a higher chance of finding an optimal path using fewer nodes compared to using the original map. Additionally, the algorithm's speed in finding the solution is faster and more accurate.

B. Obstacle Map

Second type of maps used as in figure 8 below.

[image: ]
Figure 8. Obstacle map without modification.
The algorithm was tested again on a different type of maps, Once more, it is observed that the algorithm's operation relies on distributing samples across various parts of the map, including unused areas that may contain samples in places that are not beneficial. Additionally, it is again noticed that the path is unsafe and needs to take into account the size of the robot that will follow this path.
[image: ]
Figure 9. Obstacle map with modification.

Figure 9 represents the final path generated by the RRT* algorithm. The path is safe, and all the samples are located in areas used by the map, with no samples in unused areas. Additionally, the algorithm's capability to find a route between two points using the modified map is higher than using the original map. The only consideration is that this path is somewhat long due to the nature of this algorithm, but it can certainly be shortened by applying some algorithms to it.

4. CONCLUSION

Finding a short, safe, and reliable path is crucial for robots used in a variety of daily applications. This study aims to explore and develop new algorithms for map reconfiguration and improve path planning operations for robots between specific points. The Voronoi algorithm was applied initially to identify safe zones and obstacles in the environment, thus providing a secure platform for robot movement. For that reason, the Dijkstra algorithm was then applied to figure out the shortest path between given points using the data produced from the Voronoi diagram. If there were alternative routes, safety distance between path points and obstacles was taken into account while selecting the shortest route. Another safe path has been created by expanding original one in such a way that it guarantees collision avoidance with obstacles by increasing safety distance more than half of robot radius. What makes this research paper significant is that it develops new maps designed for safe paths and helps algorithms to enhance path planning operations as well as improve efficiency of robot navigation in unfamiliar environments. These maze maps show how precise and effective these new maps can be especially in complex environments.
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