

	






Realistic AI Pathfinding in Static Environments with Multiple Target Vertices
by
Tomasz Pindel

Supervisor: Gordon Dickers
Second Marker: Andrew Baker








Project submitted as part of the requirements for the award of BSc(Hons) Software Engineering

April 2017


DECLARATION 


 
I, Tomasz Piotr Pindel declare that I am the sole author of this Project; that all references cited have been consulted; that I have conducted all work of which this is a record, and that the finished work lies within the prescribed word limits. 
 
 
This work has not previously been accepted as part of any other degree submission. 
 
 

 
Signed : ............................................. 
 
 
Date : ............................................... 
 
 

FORM OF CONSENT 



I Tomasz Piotr Pindel  hereby consent that my Project, submitted in candidature for the B.Sc. Software Engineering degree, if successful, may be made available for inter-library loan o photocopying (subject to the law of copyright), and that the title and abstract may be made available to outside organisations. 



Signed : ............................................. 
 
Date : ............................................... 





[bookmark: _Toc480999577]Abstract
Realistic AI Pathfinding in a static environments with multiple target vertices will compare the behaviour of various pathfinding algorithms and present the results graphically and statistically. Dijkstra shortest path, A* algorithm with Manhattan heuristic and A* algorithm with Euclidian heuristic, are tested for finding single and multiple vertices in randomly generated grid maps with different amount of obstacles. Research should guide potential software developer to choose the suitable algorithm for a given environment.  
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1. [bookmark: _Toc480999580]Literature Review

1.1 [bookmark: _Toc480999581]Introduction
Pathfinding is a prevalent problem in the reality of world and virtual games. In the real world, pathfinding is used in satellite navigation systems where the routes are planned from an initial point to an end one, chosen by its user. However, this project will scrutinize pathfinding in a static environments where game stages could often request different amount of targets. Such an appeal is unusual for the road situation in a satellite navigation system. Pathfinding algorithms in games are used for guiding multiple agents around the globe.. In order to complete such tasks on various agents at the same time, it is imperative to choose an algorithm which acknowledges quick computation time and isn’t responsible for the consumption of large amounts of resources which have to be furtherly used for different aspects in the arena of computer games. This study’s main focus is to analyse and develop various stable pathfinding algorithms in the game context. This can be achieved by implementing random grid maps of various sizes with multiple obstacles places on each map. The above-mentioned can be done to randomize algorithm output and to determine which algorithm turns out to be a better choice for the games. 
[bookmark: _Toc480999582]1.2 Project Goal
The goal of the project is to implement and evaluate different pathfinding algorithms that can traverse on environments generated randomly in the form of grid maps. These grid maps are graphs stored as text documents and consequently converted to adjacency list, which is a collection of unordered list used to represent a finite graph. Such conversion to adjacency list can  prepare them for pathfinding algorithms.
00000000000000000000
00000000000101000000
00000000000000000000
00100000111010000000
00000000000000000000
00001100010001010011
00000000000000000000
00100100000110001100
00000000000000000000
00001000000000100000
00000000000000000000
00001000000000011001
00000000000000000000
00000010100011100100
00000000000000000000
00100010100000001100
00000000000000000000
00000010010000101000
00000000000000000000
00000000000000000000

[bookmark: _Toc480999534]Figure 1- Random generated grid map in form of a text file
Figure 1 shows a randomly generated text which holds 20 x 20 spaces on the grid map. Fields marked with 0 are traversable fields which can be converted into vertices, whereas the fields marked with 1 are non-traversable fields which will represent obstacles that the algorithms must avoid. The major advantage of storing a grid map in a text file is that any user can manually access the file and edit them without the need of any special software, knowledge or without the need to develop special map editors. The notion behind changing text files directly will allow the users to test the viability of a pathfinding algorithm behaviour in different situation. This cannot be achieved by the randomly generate process of creating the map.
This environment which is generated randomly is crucial for providing a large number of maps to be tested on for the pathfinding algorithms. This project can be furtherly researched to allow the testing of more algorithms in the future, and also provide a suitable way for them to be implemented to the current program structure as a new class. Algorithms will be timed using high resolution query performance counter which will calculate the time at which algorithms will be executed[1].
[bookmark: _Toc480999583]1.3 What is graph
A graph is a mathematical model which allows an accurate abstraction of real world examples, wherein interconnection between objects is of utmost importance, e.g. airline route maps or a computer network map[2, p. 415]. Pathfinding can only be devised on a graph as a graph is a pure mathematical abstraction of a real life problem. The graph consists of nodes or vertices which are connected in unison by the edges. The vertices used in graph abstraction are programmed as data structures, which contains information placed by a programmer [2]. Edges in a graph are programmed as pointers or separate objects containing pointers along with other information. Each edge is a part of the data placed inside vertex object or data structure. Edges contain information in regard to the whereabouts of the connection and how much duration it will take to traverse through the edge, which is also called an edge weight or cost[2, p. 423].  Pathfinding algorithms which are implements start from one of the vertices and travel through the edges to reach other vertices to reach to the goal.
The graphs are created to symbolise a real problem. A map that has to be traversed or a network which is made of vertices interconnected by links is called edges. Formal definition of  graph is a set of vertices “V” linked by the another set of edges “E” [3, p. 195]. The graph is described as a set or collection of V and E:
	G = {V, E}
Formula above could be simply read as: Graph is equal to collection of vertices and edges.
[image: ]
[bookmark: _Toc480999535]Figure 2 - Visual representation of unweighted and undirected graphs [2].
Figure 2 showcase two different type of graphs, namely, dense graph and sparse graph. In the dense graph the number of edges is near to maximum, whereas in the sparse graph number of edges are low in comparison. For this project’s research work, the graph that will be used for the representation of grid map is sparse graph. This choice is made as no matter how many vertices the graph has, one vertex will have a minimum of 1 and maximum of 4 edges going in four different directions permitting the needful traversal through the map.
[image: ]
[bookmark: _Toc480999536]Figure 3 – Two visual grid map representation next to grid in the form of text file.
In the real world there are many different types of graphs, for example: directed graphs, undirected graphs, mixed graphs, simple graphs, weighted graphs and further varied divisions. However, for this project only weighted graph each edge weight as equal to 1 and also undirected which would ensure that the map is traversed freely without any complications.
[bookmark: _Toc480999584]1.4 Graph representation in computer memory
As mentioned above, a graph is representation which is abstracted into the data type. This abstraction allows the programmer to load graph into the computer memory to apply specific algorithm. This ensures feasible solution of a problem than what lies under the capacity of any human being. There are different ways as per which graphs can be represented in the memory of the computer which has different access time, search time and space complexity.
1.3.1 [bookmark: _Toc480999585]Graph file formats
There are various standard file formats that help to store a graph in a file which can be used for the project in order to generalize it and make it more standardised. 
[image: ]
[bookmark: _Toc480999537]Figure 4 - Graph formats and supported features [4]
The above figure shows a wide number of choices for graph formats with a list of entailed features. However, in this project simple graphs are used along with the edges of the same weight. Therefore, text file has been exclusively to be used as the file format to handle the graph. Such particularity is ensured as user can easily adjust text with inbuilt text editors installed in every Windows PC, such as the Notepad. Different operating systems have comparable in-built software to edit text files, thus, graph portability is preserved across various systems.
[bookmark: _Toc480999586]1.4.1 Adjacency matrix
Adjacency matrix is an easily comprehensible method to represent a graph in computer memory. An apt process to transfer the graph into the adjacency matrix is to map the vertex names into numbers which can cover the range of vertices in the given graph. The number of the vertices in the graph can be used as the index of the square array inclusive of all the information about their edges.  For instance, if a graph has 10 nodes, then the adjacency matrix will have 100 places stored in 10 columns and 10 rows, and such a matrix can be represented as a square array [2, p. 419]. Adjacency matrix must store all the connections between vertices in a binary format which defines an existing connection between two nodes as “1” and an absence of such connection as “0”. Adding weight to the vertices could be achieved with ease by changing the “1” which represents the connection to the cost of the traversal, while “0” could be replaced which could be deciphered by the application as a lack of connection.  [5, p. 301].
Adjacency matrix graph representation checks any vertex at any place in a constant time. However, it will also require a lot of memory space as the array will always have the size of V * V. Thus, such a representation will not be an issue if the graph is dense, which means that every node will have corresponding edges whose amount will be close to the size of the array which is V². However, if the graph is sparse and its vertices do not have as many links to other nodes, then different representation of the graph abstract should be considered, particularly when there are large amount of vertices and low amount of edges. 
[image: ]
[bookmark: _Toc480999538]Figure 5- Adjacency Matrix for dense and sparse graphs
The above diagram showcase how adjacency matrix is stored in computer memory for a dense graph (left) and a sparse graph (right) and how both consume the same amount of memory. 

[bookmark: _Toc480999587]1.4.2 Adjacency list
Adjacency list can also represent graphs in  computer memory, and it uses linked lists to store the vertices. The vertices in the adjacency list have another linked list which contains information about edges in connections with other vertices. Traversing through linked list will take the same amount of time as traversing through adjacency matrix. However, if the element has to be searched in the adjacency list, a lot of time has to be invested as list have be partially crossed to find the needed vertex. One major advantage of the list is that the consumption of memory is directly related to the amount of edges each vertex has. Adjacency list consumes equal or lesser memory as the adjacency matrix. [5, p. 299]. The amount of memory adjacency list requires is: O( V + E) [6, p. 591][image: ]
[bookmark: _Toc480999539]Figure 6 - Adjacency List graph representation
[bookmark: _Toc480999588]1.5 Graph traversal
The most popular graph traversal algorithm which is used to investigate graph and its components is known as Depth-First Search. It will systemically visit and check every vertex and every edge in the graph and will aid to solve varied problems pertaining to graph. [2, p. 423]. 
However, when it comes to pathfinding and generating shortest path, Depth-First Search is not efficient and thus, it will be excluded from the list of implemented algorithms in this project.
[bookmark: _Toc480999589]1.6 Dijkstra’s shortest path algorithm
This research should begin from the start of the problem, which has been formulised in 1956 and published in the paper, “A note on two problems in connexion to graphs”,  by Edsger W. Dijkstra in 1959 [7]. The first issue discussed in this paper was to outline the problems of  weighted graph traversal to find all the nodes belonging to the traversed graph. The second issues focusses majorly on the question which is exclusively outlined in this research project.  Dijkstra in his publication found the solution to the shortest path problem in weighted graphs with no negative edges. Dijkstra’s algorithm allows the programmers to find the shortest path to all vertices in the graphs in a very sufficient and robust manner. Dijkstra’s algorithm is used in an event when there is no additional information provided about the graph, thus, all the vertices have to be considered to find the right path.  This algorithm makes use of the greedy approach to find the shortest path from the start to the end. Greedy algorithms split large problem into a set of small problems, where each iteration of the algorithm can apply the best solution on every step[6, p. 414]. 
Dijkstra’s algorithm, when initiated on its start vertex, will monitor every vertex within the graph. It will start scanning for the next move by finding the shortest edge connected to the start vertex. Once it decides to make progress along the edge, the start vertex will be  in an open list until the algorithm checks all its edges. After that, at each step, the algorithm will check the open list to find another vertex. To determine another applicable vertex, the algorithm will look for the following properties:
· Cost of current path – the sum of edges which will lead to the vertex.
· Shortest edge to the next vertex.
Dijkstra’s shortest path algorithm will always choose the vertex which has the smaller sum of current path cost and its shortest edge. Once the algorithm depletes all the edge choices from vertex, then the vertex will be moved from the open list to a closed list and will not be checked again. Following such a path, Dijkstra’s shortest path algorithm finds the shortest path from a single start vertex to any other vertex in the graph [7].
[image: ]
[bookmark: _Toc480999540]Figure 7 - Dijkstra shortest path vertex choice visualisation.
In Figure 7, Dijkstra’s shortest path algorithm is executed at the vertex “A” and is destined to vertex “E”. After reaching vertex “E”, the algorithm will terminate. Figure 7 presents the pattern of the algorithm movement until the destined vertex is reached. When Dijkstra’s shortest path algorithm have no destined target then it will explore the whole graph in one execution, finding the shortest path to all vertices until the entire graph is fully explored. 
Dijkstra’s Algorithm code listing [8, p. 266]: 


A. Tanenbaum has used Dijkstra’s algorithm in this form to find the shortest path to any router in the network. The code above explicitly explains the working of the algorithm. This implementation uses integer two-dimensional array to hold the graph in the memory. 
Adjacency matrix is a better alternative than any other type of graph implementation when it comes to accessing any vertex in the graph. The access time in adjacency matrix is constant O(1), however, to achieve this advantage the programmer has to pay a great price when it comes to memory space usage. [5, p. 301].
Before algorithm can be used, it is important that all the vertices are initialized. The distance of the source from the vertices should be the highest possible representation of integer in the computer memory. This ensures that when the path to this node is found, then it will be shorter than the previously initialized value. 
Dijkstra’s algorithm places all the vertices in the open list when exploring the network. However, this list just includes the vertices which have been discovered by the algorithm, the others in adjacent haven’t been processed yet. Once algorithm checks all the vertices adjacent to the one on open list, then they will be transferred to the closed list and won’t be checked again. A. Tanenbaum has cited open list as tentative and closed list as permanent in his book, “Computer Networks”[8, p. 266]. 
[bookmark: _Toc480999590]1.6.1 Dijkstra’s algorithm complexity and improvement.
Dijkstra’s algorithm operates with complexity O (V²), where V is the number of vertices in a graph. With every iteration algorithm, the entire array has to be searched to find an element with smaller value indicating path from the chosen vertex to the goal vertex. There is an option to improve the graph operation complexity by changing the normal array where vertices are stored into priority queue. Improvement is most noticeable in sparse graph, which will be used in this project. Implementing priority queue will prevent algorithm from searching the whole array as it ensures that next element is the one that has to be used by the algorithm. Dijkstra’s algorithm with priority queue will operate with complexity O(E log V).
[image: D:\GoogleDrive\Uni\Project\Images\Dijkstra searching approach.png]
[bookmark: _Toc480999541]Figure 8 - Dijkstra algorithm, step by step visualisation (Created in MS Excel for the purpose of the project)

[bookmark: _Toc480999591]1.6.2 A-Star algorithm
Dijkstra’s path finding algorithm is a very powerful tool when one wants to search through uniformed weighted graphs. However, when one is aware of the graph and can estimate the distance between the start and the goal point, other algorithms can be used.  A* is a pathfinding algorithm which is often used in informed graphs to efficiently find a path from point A to point B [9, p. 251].  A* algorithm was formulated by Peter E. Hart, Nils J. Nilsson and Bertram Raphael in their paper published in 1968 [10, p. 100]. A* algorithm is based on Dijkstra’s pathfinding algorithm with added heuristics to improve time efficiency. A* chooses the next node to traverse by checking the edge cost, similarly as Dijkstra’s algorithm. The algorithm keeps the substitute paths stored in the priority queue to change it when in the next step, the path won’t be shortest anymore. In such an event current route will be discarded and an alternative route will become the shortest one. This process will be repeated until the algorithm finds the target node [9, p. 251]. A* also uses a heuristic function which helps to evaluate the node that would be chosen next on the route plan. Heuristic function in A* algorithm allows it to search the path in the right direction instead of haphazard search for path as done by Dijkstra’s algorithm. This substantially increases the pathfinding process as fewer nodes are required to be searched. [11, p. 105].
An algorithm, as previously mentioned, keeps track of all the vertices included in the current shortest path. However, A* also calculates how far it is from the goal vertex by calculating the estimate distance from a currently occupied node to the goal.
Evaluation function is used by A* algorithm to calculate the estimate distance from start node s to goal node g [12].
f(n) = g(n) + h(n)
f(n) is the total estimated distance and is a sum of g(n) and h(n)
g(n) is the cost of the optimal path from the start vertex to the current vertex. This path has already been visited by the algorithm and is calculated perfectly where h(n) is an educated guess [11, p. 106].
h(n) is the function estimate of the cost of the optimal path from the node which is currently occupied by A* algorithm to the final target node [12]. This heuristic function can be calculated in different ways, e.g.
· Manhattan can be explained as, “The distance between two points measured along axes at right angles. In a plane with p1 at (x1, y1) and p2 at (x2, y2), it is |x1 - x2| + |y1 - y2|” [13].
· Euclidean can be explained as, “The straight line distance between two points. In a plane with p1 at (x1, y1) and p2 at (x2, y2), it is √((x1 - x2)² + (y1 - y2)²)” [14]. It’s very popular method for calculating distance heuristics which basically calculating the straight line between two points in the plane [3, p. 241]
The sum of g(n) and h(n) will form the function which will determine next step of A* algorithm. The algorithm needs to recalculate the function at every step to be able to proceed in the right direction and consequently, choose the optimal path to the final vertex. [12].
A* Algorithm is very flexible and behaves differently depending on how the heuristic function is calculated. If the estimated distance from the start vertex to the goal vertex is shorter than the actual distance, if the heuristic function has underestimated the cost of total path, then the A* will always produce the optimal distance path [15]. However, if the estimation function is always set to zero, then A* will act similarly to Dijkstra’s algorithm and search in every direction to find the right path. [15]. Therefore, choosing an admissible heuristic function is important to find the optimal shortest path. Euclidian heuristic is always admissible since it calculates a straight line distance to the goal. But Manhattan heuristic is only admissible when the graph is traversable exclusively along x or y axis, not both at the same time. This condition ensures that Manhattan heuristic function will establish a traversal cost which is equal to the shortest path, only if no obstacles are found on the pathway. 
Dijkstra’s algorithm searches the graph in a “circular” expansion method. It will gradually expand the visited vertices staring in the area of the first vertex. When A* heuristics is estimated to match the optimal path to the goal, then the search area will change from circular expansion to a search focused on vertices which leads towards the direction to the goal [16]. It’s safe to assume that A* algorithm with appropriate heuristics is able to find optimal path since all the vertices are chosen in the manner when f(n) is kept as the smallest function possible.
[image: D:\GoogleDrive\Uni\Project\Images\A-Star searching approach.png]
[bookmark: _Toc480999542]Figure 9 - A-Star algorithm, step by step visualisation (Created in MS Excel for the purpose of the project)
R. Dechter and J. Pearl has proven in their paper “Generalized Best-First Search Strategies and the Optimality of A*” that different optimal pathfinding algorithm of this type with identical heuristics estimation will not expand fewer nodes than A* algorithm [17]. 
Despite all those advantages, A* algorithm is not an answer to all the problems when it comes to pathfinding. Games are implementing many different agents that uses pathfinding to realistically move around the world. This could be applied to the player character but also too many different NPCs (non-player characters). Thus, pathfinding algorithms have to be memory efficient due to importance catered to memory in games. It’s used by various different aspects of the game and thus, has to be preserved carefully. [18]. Thus, due to this various groups of algorithms are used which use the same principle as that provided by A*, but consumes lesser memory space. Iterative deepening A* search (IDA*), is a graph search algorithm which follows the same principle as A* while finding the optimal path. However, it only stores the value of f(n) associated with previously visited node and the path to the current position as opposed to remembering all the path as done by A*. [16]. This allows much lower memory usage than A* algorithm, especially when it is used for larger graphs [16]. Main difference between A* and IDA* is that A* remembers all the previously visited nodes and detects the duplicates, thus they don’t have to be visited again. IDA* on the other hand remembers only the current path and generates duplicates which make it slower than A*, but more desirable in applications which use limited memory [19].
Another approach to pathfinding which preserves memory is Hierarchical pathfinding. A* resources requirements grow when the graph area increases which might lead to  performance problems when multiple agents are searching for the path on a large map or when a dynamic environment forcing the algorithm to recalculate the alternative route.  Hierarchical approach to pathfinding is able to reduce this problem. A. Botea, M. Muller and J Schaeffer in their paper “Near Optimal Hierarchical Path-Finding”, are able to show results which prove that HPA* algorithm is nearly 10 times faster than an optimized A* pathfinding algorithm [20]. However, HPA* produces the paths which are not optimal but are within the range of 1% of an optimal solution. When it comes to game industry, 1% loss of optimality stays within the limit allowed to achieve great performance boost. In order to apply HPA*, some pre-computations have to be made. Map where HPA* will be applied must be abstracted to inter-connected local clusters. Optimal distance to be traversed through the cluster is calculated in the pre-computation stage and stored in the memory. This idea uses HPA* to move the agent from one location to another, by calculating paths between the clusters as the optimal path within the clusters is already existing [20]. HPA* can be easily applied for static and dynamic environments. In changing environment, path can be blocked by another agent. HPA* will use much less computation time to find a different path leading it away from the cluster and continue on the previously calculated path through the rest of the clusters [20]. 
[image: ]
[bookmark: _Toc480999543]Figure 10- Graphical representation of abstraction levels within a map prepared to run HPA* [18].
 
A large map could be abstracted to different levels which enhances the time for pathfinding computation. Each section abstracted is a group of nodes which have a multiple entry points and exits. A group of sectors can also be abstracted, where some sectors will be marked as entry and exit points [21]. This allows the navigation through large maps which are used in games, such as Real Time Strategy, where multiple agents require realistic pathfinding algorithms.


[bookmark: _Toc480999592]2. Software Development Methodology
“Realistic AI Pathfinding in static environments with multiple target vertices”, requires a software that allows to test the behaviour of different pathfinding algorithms. Appropriate development methodology is essential when it comes to building the software, as the program needs to cover all the aspects of the research.
Feature-driven development (FDD) is a type of agile methodology which can adapt to the project and provide iterative approach. Agile type of methodology allows developer to be prepared for real life problems which can occur during the development of the project. In an old fashion approach, such as waterfall models, developer have to work stage by stage. The requirement are collated in the beginning which remain unchanged till the end of the project. Changes made at the later stage of development can cost a lot when time is considered, as recent requirements would involve changing the design, the coding and the eventual testing. Agile type of methodology allows the developer to change the requirements in continuity and design it, as it foresees the difficulties when it comes to agreeing with the client or other sudden changes in the project which are inevitable in real life.
[bookmark: _Toc480999593]	2.1 Feature-driven development
Feature-driven development was introduced by Jeff De Luca, after he took the management position on a project for bank in Singapore [22]. Previous attempts on the introduction of this system has failed and have left sceptical users, watchful management and dispirited IT team making the second attempt, which was a lot harder [22]. Project for the bank was also very complex and Jeff De Luca had to come out with an idea to prove that it can be completed. Along with the help by Peter Coad and Stephen R. Palmer, Jeff come out with new agile development process which was published in 1999 as, “Java Modelling in Color with UML” [22].
Feature-driven development consists of  different practices for agile methods and for its unification to one development process. FDD is focused on delivering the best features to the clients. Therefore, the development is able to identify the progress with ease and also provides instant feedback on any new functionality. The main idea is to hand over real and a fully functioning software at each iteration [23].
Feature-Driven Methodology has been chosen for this research project as it allows to add one feature at a time, from the beginning till the end. Project software can be easily separated to many different stages making the allocation of time possible. Since the object-oriented programming is used, the whole software is split into the classes which managing different functions. Each function, such as loading the graph, could be perceived as a software feature and can be shown to the client or the supervisor when it’s fully functioning. No future changes will be added to the class unless the requirement changes.
[image: ]
[bookmark: _Toc480999544]Figure 11 - Feature-driven development processes [19]
FDD could be divided into five distinguished processes (Figure 3). In the initial stage, overall model is built with help of an experienced object modeller [22]. After careful modelling, a feature list is built based on the results from the initial modelling. It is important to keep the feature list as comprehensive as possible at this stage [22]. “Plan By Feature” stage involves assigning the task to the team and plan the overall built of the system based on the allocated features. Designing and building the features is done by small teams in a certain order. After the first system is produced, the iteration will begin all over again after receiving feedback from the client.
The reason behind the choice of the FDD as a development methodology is the presence of a clear possibility to be able to split project software into different features which will be delivered in time to be presented to the supervisor. Instant feedback on the features will allow changes without risking the redevelopment of the whole system. Time management can also improve if the features are planned carefully in the first few stages of the development. While the risk of running out of time is possible, with FDD it can be anticipated early to prevent unforeseen costs.
As the project progressed, many different features were added, such as Main Menu, which is user friendly and allowed easy navigation through the application. This features was developed in the final stages of the project, when the core of the application had finished. FDD methodology allows such addition which makes it a very powerful tool for projects to be perceptible to  new ideas. 
FDD is a clean and a new agile approach for developing software. There are no disadvantages to this development for the current project. Other agile methodologies might provide better documentation and could be more helpful for bigger teams. However, for a one person project managed by single supervisor, FDD appears to be the perfect choice.


[bookmark: _Toc480999594]2.2 Software choice
All the software was carefully chosen for the project and was based on two criteria.
· Experience – previous experience with the software allowed to shorten the time which was needed to learn all the functions. Therefore, with more time more work was done on the project.
· Usability – The University provided the information about various type of software, which will be chosen based on the functionality needed for the project. 

[bookmark: _Toc480999595]2.2.1 Unified Modelling Language
Sparx Systems Enterprise Architect has provided the visual UML Design tools for the project. Enterprise Architect has been used in previous years with success in many different papers. Experience accumulated over the years using this enterprise architect has proven that it could be used for larger projects as well. It is provides a range of basic and advanced tools for UML 2.0. 
Sparx Systems Enterprise Architect 120-day extended trial has been provided by Mr Hans Bartmann, Sparx Systems Sales Manager, as a support in this project research and software designing process.
[bookmark: _Toc480999596]2.2.2 Integrated development environment
Microsoft Visual Studio 2015 has been used to write C++ code. It has been used for all C/C++/C# projects over the years. Extensive knowledge and experience using this integrated development environment can improve project quality and also save substantial amount of time. 
Free student version of Visual Studio 2015 has been provided by University of Wales Trinity Saint David free of charge for any work related to the studies at the University.
[bookmark: _Toc480999597]2.2.3 Documenting software
Microsoft Office 2013 package has provided multiple software tools for various parts of this research paper
· Microsoft Word 2013 is used for all the documentation and word processing. Different version of this software has been used for all the previous University papers.
· Microsoft PowerPoint 2013 is used for VIVA presentations to showcase main features of the project and outline research results.
· Microsoft Excel is used for generating graphs in order to visually display the data gathered during the research.


[bookmark: _Toc480999598]2.3 Hardware
Hardware used to carry out this research is a home PC with specification as mentioned in Figure 2.3.1
	Processor
	Intel i7 CPU 970 @ 3.20GHz

	RAM
	OCZ Gold 12GB (6 x 2GB) DDR3 1600MHz

	GPU
	NVIDIA GeForce GTX 680

	Storage
	2x SanDisk Extreme Pro Internal SSD - 240GB (Raid 0)

	OS
	Windows 7 64-bit Ultimate


[bookmark: _Toc480999502]Table 1 - Project hardware specification.
Machine used for this project is normal PC which wasn’t exclusively built for the purpose of this research. (Figure 2.3.1). It is also the machine which was available to be used at any given time. This PC proved its importance as it was crucial for the calculations of the timings of all algorithms which has to be performed in a  calibrated environment. In order to accumulate correct timing and measurements of each algorithm, the machine specification has to remain the same. Also, there should be absolute minimum number of system processes running in the background as they could impact the performance of the algorithm due to the limited CPU power which could be scheduled to other tasks. 


3. [bookmark: _Toc480999599]Implementation
The first stage of the implementation is the discovery of the requirements. Software is built for a reason as it needs to achieve specific goals. In order for the software to achieve this goal, it needs requirements which will be used during the implementation.
 “Realistic AI Pathfinding in static environments with multiple target vertices” is a project which has been accepted by the University Supervisor. Requirements has been discovered mainly during the literature review stage, post the thoughtful analysation of different research papers catering to the specified subject.
3.1 [bookmark: _Toc480999600]Specific requirements
This section provides the list for all the requirements which are supposed to be included in the system. Requirements specification states the precise information of the system.
3.1.1 [bookmark: _Toc480999601]External interface requirements
The software is developed to test and time different pathfinding algorithms. User working with the software needs to be provided with the ability of:
-Choosing the algorithm from the list of implemented algorithms.
 -Choosing the size of the stage which will be used to time the algorithm that includes                      blocked fields which won’t be a part of the graph. 
 -Choosing the amount of obstacles placed on the grid map. High number of obstacles   will decrease the size of the graph by blocking certain fields in the graph. Blocked fields will be excluded from the graph.
  -Choosing heuristic function as methods of heuristic calculation will affect execution time of algorithm.


The software will also provide multiple outputs which will allow the user to see the results of the tested algorithms. Those outputs are:
· Visual representation of the grid map in OpenGL 2.0.
· This stage will include open nodes marked in brown colour. Since they will be traversable, they will be a part of the graph.
· This stage will include blocked nodes marked in grey colour. They will not be a part of the graph as they are non-traversable in nature. 
· The green fields are those which will indicate vertices and are a part of the shortest path from start vertex into goal vertex. 
· The red fields will indicate vertices placed in the closed list.
· The light red fields will indicate vertices placed in the open list.
· Detailed timing description will be in the output.txt file. Description will include:
· Algorithm name
· Grid map size
· Obstacles on the grid map
· Number of vertices in the graph
· Time taken to execute and complete the algorithm which will be measured in milliseconds (ms).


3.1.2 [bookmark: _Toc480999602]User requirements
	ID:
	UR1

	TITILE:
	Grid map loading

	DESCRIPTION:
	Grid map should be loaded from text file into 2 dimensional bool array

	RATIONALE:
	In order to be converted into graph.

	DEPENDECY:
	UR3


[bookmark: _Toc480999503]Table 2 - Requirement Id: UR1 
	ID:
	UR2

	TITILE:
	Array to graph conversion

	DESCRIPTION:
	Array should be converted into graph where each node has:
· No more than  4 edges connecting to other nodes in:
· North
· South
· East
· West
· There are no edges to blocked nodes
· Array fields marked as ‘1’ are blocked fields which are not existing in the graph.
· Array fields marked as ‘0’ are open traversable nodes
· Each node has a travel cost equal to 1.

	RATIONALE:
	In order to allow pathfinding algorithms to perform correctly

	DEPENDECY:
	UR1


[bookmark: _Toc480999504]Table 3 - Requirement Id: UR2
	ID:
	UR3

	TITILE:
	Validating stage

	DESCRIPTION:
	Each stage should be of the same size in the terms of width and height. Validation is performed before stage loading as the stage needs to be placed in two-dimensional array.

	RATIONALE:
	In order to place the stage into the two-dimensional array.

	DEPENDECY:
	---


[bookmark: _Toc480999505]Table 4 - Requirement Id: UR3
	ID:
	UR4

	TITILE:
	Stage generation

	DESCRIPTION:
	Stage should be randomly generated. Stage generation should ensure that stage itself is traversable from the top north row to the bottom south row and vice-versa.

	RATIONALE:
	In order to provide randomness and ensure real results of the pathfinding algorithm outcome.

	DEPENDECY:
	---


[bookmark: _Toc480999506]Table 5 - Requirement Id: UR4
	ID:
	UR5

	TITILE:
	Dijkstra algorithm implementation

	DESCRIPTION:
	Algorithm should be able to explore the graph and maintain the path from start node to all other nodes within the graph.

	RATIONALE:
	In order to compare outcome with other algorithms

	DEPENDECY:
	UR2


[bookmark: _Toc480999507]Table 6 - Requirement Id: UR5
	ID:
	UR6

	TITILE:
	A* algorithm implementation

	DESCRIPTION:
	Algorithm should be able to produce shortest path from start node to goal node.

	RATIONALE:
	In order to compare outcome with other algorithms

	DEPENDECY:
	UR2


[bookmark: _Toc480999508]Table 7- Requirement Id: UR6
	ID:
	UR7

	TITILE:
	Pathfinding timing

	DESCRIPTION:
	Any algorithm should be timed accurately. This should be performed within the algorithm class itself to allow the most authentic outcome.

	RATIONALE:
	In order to compare timings.

	 DEPENDECY:
	UR5, UR6


[bookmark: _Toc480999509]Table 8 - Requirement Id: UR7


	ID:
	UR8

	TITILE:
	Graphic stage visualisation

	DESCRIPTION:
	Stage should be shown to user as a graphic representation where:
· Brown squares represents traversable 
· Grey squares represents non-traversable
· Red squares represents closed nodes
· Light red squares represents open nodes
· Green squares represents a part of the shortest path outcome

	RATIONALE:
	In order to provide user clear visual algorithm outcome.

	DEPENDECY:
	UR5, UR6


[bookmark: _Toc480999510]Table 9 - Requirement Id: UR8


3.1.3 [bookmark: _Timing_measurement_requirement][bookmark: _Toc480999603] Timing measurement requirement
Pathfinding algorithms vary in performance and the most accurate way to measure performance is to set stable quality environment and perform timing. In order to time the algorithm there is a need to acquire two high-resolution time stamps, one when the algorithm starts and one when it ends. Difference between these two time stamps will provide quality time data that would exhibit the time needed for the algorithm to perform the task.
Windows provides APIs (Application Programming Interface) that can be used to acquire high-resolution time stamps which measures time accurately. Query Performance Counter function is the API which used the CPU clock frequency in order to calculate time. 
Subtracting two Query Performance Counter, time stamps will give the result of number of processor the clock ticks which is stored in LARGE_INTEGER. In order to acquire the time in milliseconds, the clock ticks need to be divided by actual clock frequency which will give the desired result in microseconds. LARGE_INTEGER needs to be then converted to double in order to be displayed by std::cout [1].
In order to achieve valid results from Query Performance Counter function, CPU clock frequency has to be stable during the time measurement. Processors with various clock rates will provide with false readings which would deliver wrong timing results. Using Query Performance Counter over performance profiling tool was only a matter of personal choice. Both methods are equally valid for providing apt timing results. Query Performance Counter was implemented with the code and provides the required information on time when the program is executed. There is no need to run the profiler in the background as the time measurements are always displayed along with other important information, such as number of nodes or length of optimal path.

3.2 [bookmark: _Toc480999604]System models
The software has been designed using Unified Modelling Language (UML). UML provides standard diagrammatic notation features which allow object oriented modelling. 
Designing has been started by creating a context model which illustrates the operational context of the designed system. Context model diagram allows the visualisation of the boundaries of the system, what is a part of it and what is not. It is a high level logical diagram created with intention to enclose whole system as a single visual representation of its environment and the entities interacting with it. 


[bookmark: _Toc480999605]3.2.1	Use case models
[image: ]
[bookmark: _Toc480999545]Figure 12- Use case: Main Menu model



	
Use Case
	Main Menu

	Actor
	System user

	Precondition
	User runs the application first time on the main menu screen appear

	Post condition
	Main menu disappears 

	Main path
	1. User selects A* algorithm
2. System asks for heuristics
3. User decides Manhattan for heuristic
4. System starts processing pathfinding.

	Alternative path (A1)
	3a. User select Dijkstra
4a. System start processing

	Alternative path (B1)
	2b. User selects to generate a new graph
3b. System asks for grid map size
4b. User decides size by pressing number on keyboard
5b. System asks for grid map obstacles percentage.
6b. User decides percentage by pressing function key on keyboard.
7b. System asks for heuristics
8b. User decides Manhattan for heuristic
9b. System starts processing path finding.


[bookmark: _Toc480999511]Table 10 - Use case description - Main menu

[image: ]
[bookmark: _Toc480999546]Figure 13 - Use case: Graph generation
	Use Case
	Graph generation

	Actor
	System user

	Precondition
	User runs the application and choose to generate a new graph

	Post condition
	New graph is generated within the application 

	Main path
	1. User decides to generate new graph
2. User selects appropriate size
3. System looks up the size associated with pressed number
4. User selects appropriate grid map blocked path percentage
5. System randomly generates text file based on user output
6. Text file is validated whether size of line and columns matching
7. System is changing all the 0 in text file to nodes in the graph
8. System generates connection between the nodes within the graph
9. Graph is generated.


[bookmark: _Toc480999512]Table 11 - Use case description - Graph generation


[image: ]
[bookmark: _Toc480999547]Figure 14 - Use case: Pathfinding



	Use Case
	Pathfinding

	Actor
	System user

	Precondition
	User initializes pathfinding with predefined grid map in text file format

	Post condition
	Shortest path is displayed on screen 

	Main path
	1. Pathfinding search is initialized
2. System checks what algorithm is used
3. System checks whether text file is correct.
4. Graph is generated.
5. System loads starting point node.
6. System is starting pathfinding algorithm
7. System is drawing result on screen

	Alternative path
	2a. System checks heuristic choice if A* is used for pathfinding
5a. System is loading goal node if A* is used for pathfinding


[bookmark: _Toc480999513]Table 12 - Use case description: Pathfinding
[bookmark: _Toc480999606]3.2.2 Class diagram
[image: C:\Users\Tomek\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\Class Model-1.jpg]
[bookmark: _Toc480999548]Figure 15 - Class diagram model
[bookmark: _Toc480999607]3.2.3 Class diagram description
The tables below contain explanation of various functions which are a part of the classes. Some functions, such as all getters and setters for private attributes, will not be shown as function names as they are self-explanatory and no further description is required to understand their purpose.
	A* class

	Calculate Euclidian
	Calculates heuristic based on Euclidian distance equation.

	Calculate Heuristic
	Choosing heuristic function based on input passed from the main menu. 

	Calculate Manhattan
	Calculates heuristic based on the Manhattan distance equation.

	Construct Path
	Constructing shortest path as a vector of vertices.

	Pathfinder
	A* algorithm takes location of start vertex, goal vertex, graph and node

	Set Parents In Graph
	Setting Parent Vertex for each vertex visited.


[bookmark: _Toc480999514]Table 13 - A* class description.
	Dijkstra Priority

	Construct Path
	Constructing shortest path as a vector for vertices

	Explore Graph
	Function will run Dijkstra’s algorithm from single source to find shortest path to all nodes

	Path
	Function will run Dijkstra’s algorithm and terminate it when goal vertex is found


[bookmark: _Toc480999515]Table 14- Dijkstra Priority class description.
	Graph

	Add Edges To Neighbours
	Adds edges to vertices neighboured with the current vertex

	Insert
	Insert Vertex pointer to the graph.

	Intersection Count
	Function will retrieve number of all nodes with 3 or more neighbours.

	Print Graph
	Debug function: Created in early stage to check if the graph is created correctly.

	Find Vertex
	Few functions sharing similar names – provides different techniques which allow to find vertex on graph. 


[bookmark: _Toc480999516]Table 15 - Graph class description.
	GraphTxtGen

	Generate Array
	Generated random char vector in array of 1 and 0. 

	Write Vector To File
	Writes previously random vector into the text file.


[bookmark: _Toc480999517]Table 16 - GraphTxtGen class description.
	Load Text Grid

	Create Array
	Create array from previously loaded file.

	Convert To Graph
	Converts array into the Graph.

	Validate File
	Ensures that map has got same amount of lines as columns.


[bookmark: _Toc480999518]Table 17 – Load Text Grid class description.
	Draw

	Find Cube
	Finding cube object on drawn map.

	Init
	Initializing Glut.

	Add Grid Object
	Function adds cube on chosen position on map.


[bookmark: _Toc480999519]Table 18 - Draw class description.


4. [bookmark: _Toc480999608]Results
The software was developed for the purpose of this project to test different pathfinding algorithms. Algorithm’s performance will be measured in different environments called grid maps to find which algorithm will find an optimal shortest path from the start vertex to the goal vertex with shortest time in a given environment.
Implemented algorithms are:
· Dijkstra’s pathfinding algorithm.
· Tested for graph exploration where shortest path to all vertices is found.
· Tested for finding shortest path to single vertex, after which the algorithm is terminated.
· A* pathfinding using Manhattan distance heuristics.
· A* pathfinding using Euclidian distance heuristics.

The environment for pathfinding is implemented in the form of a grid map. Fundamentally, grid map is a graph in the computer memory where nodes are connected by edges with the equal cost of 1. Edges cost equally the same to simplify graph generation and allow better visualisation of results when algorithms use the map.
[image: ]
[bookmark: _Toc480999549]Figure 16 - Freshly generated map ready for algorithms to use as traversable environment
Grid map shown in Figure 16 is not yet used, ready for any algorithm to be executed or traversed through it. Size of the grid map is 50 by 50 and each of the brown field is a single traversable node connected with other brown nodes, where grey squares are obstacles which are visible on the map. These grey squares are not a part of the graph in the memory as there is no need to implement non-traversable vertex.
[image: ]
[bookmark: _Toc480999550]Figure 17 - Grid map magnified
In order to properly see the composition of the grid map, Figure 17 shows the magnified perspective.. Each brown square is traversable and have edges pointing to the adjacent neighbours. Square x = 1, y = 3 has edges visualised in the form of black lines. Edges allow algorithms to traverse along x or y axis during a single move. Moving along each axis at single time allows Manhattan heuristic to be admissible as explained previously in section 1.6.2 A-star algorithm.
Grid maps will be generated using special algorithm designed only for this purpose. The algorithm generates text file as series of numbers 0 and 1, where 0 is traversable and 1 is not. Grid making algorithm will always generate row 0 and the last row as traversable. Every other row will then have random amount of obstacles ensuring there is at least one traversable field in that row to for algorithm to move through the grid map
[image: ]
[bookmark: _Toc480999551]Figure 18 - Comparison of different obstacles settings. 10% (left) and 90% (right)
User is able to choose any obstacle level to see how timings will change when grid map size is adjusted and the obstacle settings are changed. It is easy to think that with high number of obstacles algorithm will find it harder to traverse, thus, increasing the time to execute. However, more obstacles also indicate there are less vertices to be traversed. Dijkstra’s algorithm should be able to obtain shortest path much quicker because there are less vertices to explore, but A* algorithm will probably take more time to execute since it is unidirectional and with obstacles blocking its path, A* will be forced to take another route. The amount of obstacles have not been mentioned as another factor that could alter the timing result, but only discovered during general algorithm implementation. However, furtherly it will be investigated on how the outcome could be changed in favour of a different algorithm.
 

[bookmark: _Toc480999609]4.1 The Idea
The main idea of the project is to compare different pathfinding algorithms. The effectiveness of the algorithm on a randomly generated grid map, and the effect on timings when they are executed from a single start vertex to a single goal vertex, have been studied in this project.
Another aspect of the project is to present the advantages of Dijkstra’s shortest path algorithm as this algorithm is able to find path to all explored vertices when executed from single starting point. Therefore, this is a valid point to be executed and furtherly compared with the effectiveness of using multiple instances of A* to find multiple goal vertices from single start point. It is safe to assume that in a static environment Dijkstra’s shortest path algorithm will eventually be more efficient. In the event of change in the given environment all the algorithms have to start the calculations from the beginning and none of them can process previously incurred data which can be used in another execution. Therefore, previously mentioned advantage of Dijkstra’s environment will not be so valid in the case of changing environment.
Lastly, another aspect has revealed itself during the development phase of the project. Grid map obstacles which when reduces the real number of vertices within a graph, is capable of improving timings results of Dijkstra’s shortest path algorithm and extend the time required by A* to find the target vertex. This condition has to be examined in order to show in the final results how algorithms behave in various environments.



[bookmark: _Toc480999610]4.2 Testing requirements
Figure 19 shows an example of a map sized 50 x 50, where both x and y axes have size 50, which gives maximum of 2500 vertices on the map.  This will help to visualise the amount of data and place it in the context of given environment
[image: ]LEGEND
· Brown – Traversable node, not visited
· Red – Node visited, placed in closed list
· Light red – node visited, placed in open list
· Green – shortest path
· Grey – blocked node

[bookmark: _Toc480999552]Figure 19- Example of a 50x50 map with A* pathfinding
Total amount of vertices which are on the map (Figure 15) is exactly 1900. All these 1900 vertices are traversable out of the total possibility of 2500 vertices. The remaining 600 nodes are blocked and filled with grey colour. Nodes are shown on a map but are not a part of the graph, since vertices are blocked and cannot be traversed there is no reason to include them in a graph.
The map contains 1434 vertices with 3 or 4 edges. The vertices with 3 or 4 edges are named in the Result Table as intersections (see table 19). These particular vertices force the algorithm to make a choice on their direction and consequently alter their direction. In theory, more intersections will extend timing results achieved by a given algorithm.
Shortest path is measured at each run. In the environment which have amount of the obstacles set to 50% shortest path will be always equal to sum of length both x and y axis minus 2 (this represents start and goal vertices not included in the length of actual path). In the example shown in figure 19 where map has size 50 x 50 shortest path is equal to 98. 
[bookmark: _Toc480999611]4.2.1 Result table explanation
All results are placed in tables before graphical visualisation on the graph or chart. Table 19 is shown in order to properly understand the meaning of each cell, row and column as explained below;
· Size - The size of the grid map is measured in the blocks of vertices which are either traversable or non-traversable in nature. 50 x 50 size will contain a total of 2500 squares. 
· Obstacles - Obstacles play a significant role in determining the number of traversable and non-traversable vertices when a graph is generated. The cell will contain this percentage.
· Measured in milliseconds - As previously mentioned, all the timings will be generated in milliseconds. 
· Run - The numbers below the run exhibit different instances of the grid map generated by using constant variables such as size and the percentage of the obstacles.
· Intersections - These are the vertices with 3 or 4 edges connected to their respective neighbours. The example for intersection is showcased in Figure 17.
· Vertices - The total amount of vertices and traversable squares are highlighted in brown colour on the map.
· Path length - The shortest path found by various algorithms should be equal. If there are various path length, it would suggest that there is fault in the results of one of the algorithms.
· Dijkstra’s single node - The timing result for Dijkstra’s shortest oath algorithm has been executed to traverse through the graph, and is terminated when it has reached its goal.
· A*Manhattan - The column contains timings for A* algorithm using Manhattan heuristics directing it to the goal vertex.
· A* Euclidian - The column contains timings for A* algorithm using Euclidian heuristics directing it to the goal vertex.
· Average - The last row will contain the average result generated from the table.


	
	Size
	Obstacles
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra - single node

	A* - Manhattan
	A* Euclidian

	1
	
	
	
	
	
	

	2
	
	
	
	
	
	

	3
	
	
	
	
	
	

	4
	
	
	
	
	
	

	5
	
	
	
	
	
	

	Average:
	
	
	
	
	
	


[bookmark: _Toc480999520]Table 19 - Result table template
[bookmark: _Toc480999612]4.3 Single run results 
The results placed in the tables below contain the data gathered from Dijkstra’s shortest path algorithm, A* algorithm using Manhattan heuristic and A* using Euclidian heuristic.
Every algorithm presented below is executed only once as per the given environment and terminated when the goal vertex has been found. Dijkstra’s shortest path algorithm has an ability to find the shortest path to every vertex within a graph if allowed to run without termination. However, this will be investigated in a different section.
The results derived from the execution of the algorithm are divided into tables. Each table contains 5 separate grid maps generated using the same variables. The run row contains the results from same grid map which acts as an arena for pathfinding algorithms.
In order to ensure that results are valid, 5 graphs have been randomly generated using same variable values such as:
· Graph size – This is overall length of X and Y set to 50 square objects as seen on Figure 15. These squares can act as a vertex and be traversable in nature, highlighted by brown colour, or can act as obstacles, highlighted by grey colour.
· Obstacle amount – This is the number of obstacles present at every other line on the map. For the need of this research, the variable for obstacle amount is set for 50% which means that around 50% squares of every other line will not be traversable in nature. This will cause the algorithms to looks for less conspicuous routes to reach the goal vertex.
· Every map generated is slightly different due to various random settings, therefore, the amount of traversable nodes vary slightly.
Mentioned in section 3.1.3 Query Performance Counter has been used to achieve time stamps and measure the timing for each algorithm run. 
Algorithms represented to gather data comparison in this section will only run from vertex located at x = 0, y = 0 and will terminate when they find the goal. The final vertex is placed in the other corner where x and y will always be equal to the maximum size of lines and columns which for this example will be x=49, y=49 (Figure 19).
As previously mentioned, the maps are randomly generated in order to randomize the environment for a given algorithm. Each generated map has various amount of obstacles blocking the path for the pathfinding algorithms. Obstacles within the map are placed at random which ensure the total amount of non-traversable vertices fluctuate around 25% of the total amount. Thus, each map is different as it ensures the working of the algorithm in varied environments providing different results.

	
	Size: 50 x 50
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra - single node

	A* - Manhattan
	A* Euclidian

	1
	1373
	1888
	98
	576.357
	244.918
	386.161

	2
	1437
	1910
	98
	536.306
	250.003
	334.19

	3
	1385
	1896
	98
	487.336
	190.195
	331.85

	4
	1451
	1918
	98
	532.638
	226.26
	326.951

	5
	1356
	1890
	98
	528.983
	217.62
	359.035

	Average:
	1400.4
	1900.4
	98
	532.324
	225.7992
	347.6374


[bookmark: _Toc480999521]Table 20 - Dijkstra (single node), A* comparison on map size 50x50 tiles.


	
	Size: 75 x 75
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra - single node
	A* - Manhattan
	A* Euclidian

	1
	3027
	4212
	148
	1089.11
	346.741
	728.665

	2
	3083
	4227
	148
	1177.48
	332.007
	788.984

	3
	3019
	4208
	148
	1211.36
	426.635
	810.78

	4
	2978
	4211
	148
	1187.07
	425.69
	802.83

	5
	3051
	4240
	148
	1220.8
	415.482
	798.582

	Average:
	3031.6
	4219.6
	148
	1177.164
	389.311
	785.9682


[bookmark: _Toc480999522]Table 21 - Dijkstra (single node), A* comparison on map size 75x75 tiles.



	
	Size: 
100 x 100
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra - single node
	A* - Manhattan
	A* Euclidian

	1
	5465
	7506
	198
	2315.26
	894.598
	1426.27

	2
	5547
	7510
	198
	2080.39
	882.006
	1314.63

	3
	5627
	7574
	198
	2165.39
	653.655
	1360.05

	4
	5627
	7555
	198
	2153.72
	931.639
	1328.96

	5
	5518
	7514
	198
	2135.34
	806.723
	1392.8

	Average:
	5556.8
	7531.8
	198
	2170.02
	833.7242
	1364.542


[bookmark: _Toc480999523]Table 22 - Dijkstra (single node), A* comparison on map size 100x100 tiles.

	
	Size: 150 x 150
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra - single node
	A* - Manhattan
	A* Euclidian

	1
	12476
	16866
	298
	4951.78
	1639.23
	3181.03

	2
	12919
	17030
	298
	5114.16
	1655.92
	3123.92

	3
	12919
	17087
	298
	4876.91
	1785.75
	3154.36

	4
	12791
	16998
	298
	4850.17
	1660.92
	3149.73

	5
	12552
	16875
	298
	4906.14
	2083.05
	3079.64

	Average:
	12731.4
	16971
	298
	4939.832
	1764.974
	3137.736


[bookmark: _Toc480999524]Table 23 - Dijkstra (single node), A* comparison on map size 150x150 tiles.



	
	Size: 200 x 200
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra - single node
	A* - Manhattan
	A* Euclidian

	1
	22388
	30010
	398
	8772.55
	5185.8
	6044.77

	2
	22661
	30148
	398
	9489.29
	3049.57
	6349.61

	3
	22552
	30098
	398
	8809.8
	3260.07
	6008.24

	4
	22193
	29979
	398
	8694.95
	5533.71
	6582.95

	5
	22517
	30109
	398
	8803.87
	4908.38
	6000.35

	Average:
	22462.2
	30069
	398
	8914.092
	4387.506
	6197.184


[bookmark: _Toc480999525]Table 24- Dijkstra (single node), A* comparison on map size 200x200 tiles.


[bookmark: _Toc480999553]Figure 20 - Combination of data from table 20 to table 24

[bookmark: _Toc480999613]4.3.1 Dijkstra’s performance
Tables 20 to 24 show the total of 25 separate executions of Dijkstra’s shortest path algorithm on various grid maps. The depiction confirms that each run of the algorithm achieve the worst timings results from all three algorithms tested in this paper. This outcome of Dijkstra’s pathfinding algorithm was anticipated by the way it works (shown in figure 7). Dijkstra has to discover, open and take into consideration more vertices than any other algorithm investigated in this project. Dijkstra has no information about the graph and the principle to find path from a single vertex will always perform worst. This is perceived as a disadvantage when Dijkstra’s shortest path is executed to find only one goal vertex. However, this could be constituted as an advantage if more than one shortest path is required for various vertices located in different parts of the grid map. This aspect will be investigated in the following part of the project.
Dijkstra has been implemented using priority queue, and its performance as seen in Figure 16, could be easily categorised in terms of Big(O) notation as O = E log V, where E is equal to number of edges within the graph and V is number of vertices. Figure 20 shows the performance of Dijkstra’s shortest path algorithm as expected. It also exhibits the increase in the time of execution, as it is rising with the amount of vertices present within the graph.
At first, prototype of development software Dijkstra’s shortest path algorithm was implemented using normal vector container. This was a slow approach as the algorithm has to manoeuvre through the entire vector to find the required vertex. Search has been performed at every step of the algorithm execution, thus, slowing down the process of pathfinding. New development software that uses priority queue implementation places the appropriate vertex ready of the top of the queue, which enables the algorithm to initiate it process from the vertex placed on the top of queue.

Comparisons between Dijkstra’s priority queue implementation and vector search implementation is shown in Figure 21. The figure also shows the importance of using the appropriate container.

[bookmark: _Toc480999554]Figure 21 - Dijkstra using priority queue compared to vector search implementation

[bookmark: _Toc480999614]4.3.2 A* pathfinding with Manhattan distance heuristic performance
The results presented from Table 20 to Table 24 clearly indicate that A* using Manhattan heuristic function achieve the shortest time measurements from all the three algorithms used in the test. A* is the best choice when algorithm has to find one goal vertex and then terminate its function. 
However, the results are different on each map even when it is generated with same size and number of obstacles.  
This difference in timing results occur due to the difference in the arrangement of the obstacles. Table 24 shows the results for the grid map of size 200 x 200 which potentially stores up to 40000 vertices. Two timing measurements in run number 1 and run number 2 are very different even when the total number of vertices are quite similar.


[image: ]
[bookmark: _Toc480999555]Figure 22 - Map generated by A*algorithm in 1st run (Table 24)
[image: ]
[bookmark: _Toc480999556]Figure 23 - Map generated by A* algorithm in 2ng run (Table 24)
Figure 22 shows how A* behaves on the map in order to achieve high time measurement as compared to Figure 23 where A* has performed better. The red fields represent the vertices placed in closed list and also showcase the amount of vertices which remain to be explored by A* before finding the right path. It is evident that due to the obstacle arrangement, A* has to explore a greater number of vertices in Figure 22. 
[bookmark: _Toc480999615]4.3.3 A* pathfinding with Euclidian distance heuristic performance
A* pathfinding using Euclidian heuristics is still faster than Dijkstra’s shortest path, as the heuristic function is able to provide apt information to the algorithm. However, it is slower that A* using Manhattan heuristic function. A* using Euclidian heuristic need to explore more vertices in order to find shortest path to the goal vertex. The above happens as Euclidian calculates differently as a straight line distance. It is not a feasible solution for the maps to move along just one axis at a given time. The map shown in Figure 24 is exactly of the same shape as Figure 23. The only difference is that Figure 24 employs A* pathfinding using Euclidian heuristics.
[image: ]
[bookmark: _Toc480999557]Figure 24 - Map traversed by A* pathfinding using Euclidian heuristics


[bookmark: _Toc480999616]4.4 Single Dijkstra algorithm execution compared to multiple A* execution.
As was expected and subsequently proved, A* pathfinding algorithm with heuristic function is superior as compared to Dijkstra’s shortest algorithm. Heuristic function gives the algorithm more advantage as it provides a direction which points towards the goal vertex. Different grip map size or the position of the obstacles have no impact on the outcome of the grid map size, vertices amount or the intersection count. However, A* is always concentrated on one single target vertex. Its goal is to explore smallest amount of vertices in order to reach the goal, which is practical and logical approach to the problem. Whereas, Dijkstra’s algorithm explore the whole graph in a single execution. It cannot be terminated once it reaches the goal vertex, it will continue to explore till every single vertex isn’t placed in the closed list. As per this method, Dijkstra’s shortest path algorithm is able to find a shortest path from single start vertex to all the explored vertices. 
At this point, the test was designed to run Dijkstra’s shortest path once in order to explore the graph and compare it with 5 instances of A* which have to find the shortest path into various places within a graph. For this purpose A* with Manhattan heuristic has been chosen as it provides better timing results than A* pathfinding using Euclidian heuristic in any given environment. Difference in time results of A* Manhattan heuristics with A* using Euclidian heuristics could be seen in Tables 20 to 24 and in Figure 20, the difference is visible at every run for both the algorithms, therefore the selected choice is self-evident. Single size map will be used for algorithms as an environment. Dijkstra’s shortest path algorithm will be instantiated only once, when A* will run 5 times in order to determine at which point Dijkstra’s shortest path algorithm is more efficient rather than multiple A* pathfinding executions. The outcome of results will be collated on the tables and one set of results will be graphically visualised for better understanding.  
[image: ]
[bookmark: _Toc480999558]Figure 25 - A* Multiple execution plan
Multiple A* execution follows a certain pattern to ensure that data gathered on maps with different sizes will be comparable with the others. Each instance of A* pathfinding will have the sources in the vertex with coordinates (0, 0), post which the goal vertex will change at each run. Circles in the Figure 25 shows the approximate location for each goal vertex. Tests will be executed on the maps with sizes: 
· 50x50
· 75x75
· 100x100
· 150x150
· 200x200
The grid map size will be randomly generated for the set of 5 separate instances of A* pathfinding using Manhattan heuristic and single instance of Dijkstra’s shortest path which will explore the whole graph.

	
	Size: 50x50
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra graph explore
	A* - Manhattan

	1
	1421
	1902
	69
	415.14
	83.1621

	2
	1421
	1902
	73
	
	149.574

	3
	1421
	1902
	98
	
	176.124

	4
	1421
	1902
	73
	
	100.132

	5
	1421
	1902
	53
	
	50.7015

	 
	 
	 
	Total time:
	415.14
	559.6936


[bookmark: _Toc480999526]Table 25 - Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 50 x 50)


[bookmark: _Toc480999559]Figure 26 - Chart showing Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 50 x 50)
 



	
	Size: 75x75
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra graph explore
	A* - Manhattan

	1
	3039
	4239
	106
	909.15
	109.217

	2
	3039
	4239
	113
	
	233.695

	3
	3039
	4239
	148
	
	307.536

	4
	3039
	4239
	106
	
	375.897

	5
	3039
	4239
	78
	
	54.8425

	 
	 
	 
	Total time:
	909.15
	1081.1875


[bookmark: _Toc480999527]Table 26 - Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 75 x 75)


[bookmark: _Toc480999560]Figure 27 - Chart showing Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size: 75 x 75)



	
	Size: 100x100
	Obstacles 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra graph explore
	A* - Manhattan

	1
	5575
	7530
	125
	1759.85
	170.235

	2
	5575
	7530
	150
	
	388.647

	3
	5575
	7530
	198
	
	760.64

	4
	5575
	7530
	147
	
	405.45

	5
	5575
	7530
	103
	
	73.38

	 
	 
	 
	Total time:
	1759.85
	1798.352


[bookmark: _Toc480999528]Table 27 - Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 100 x 100)
 
[bookmark: _Toc480999561]Figure 28 - Chart showing Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size: 100 x 100)



	
	Size: 150x150
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra graph explore
	A* - Manhattan

	1
	12737
	16986
	195
	4072.49
	477.679

	2
	12737
	16986
	225
	
	1288.82

	3
	12737
	16986
	298
	
	1649.73

	4
	12737
	16986
	223
	
	646.003

	5
	12737
	16986
	155
	
	169.155

	 
	 
	 
	Total time:
	4072.49
	4231.387


[bookmark: _Toc480999529]Table 28 - Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 150 x 150)
 

[bookmark: _Toc480999562]Figure 29 - Chart showing Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size: 150 x 150)



	
	Size: 200x200
	Obstacles: 50%
	Measured in milliseconds

	Run:
	Intersections
	Vertices
	Path Length
	Dijkstra graph explore
	A* - Manhattan

	1
	22734
	30166
	249
	7069.85
	582.048

	2
	22734
	30166
	298
	
	2157.24

	3
	22734
	30166
	398
	
	4875.63

	4
	22734
	30166
	299
	
	3164.76

	5
	22734
	30166
	205
	
	202.99

	 
	 
	 
	Total time:
	7069.85
	10982.668


[bookmark: _Toc480999530]Table 29 - Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 200 x 200)


[bookmark: _Toc480999563]Figure 30 - Chart showing Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size: 200 x 200)
[image: ]
[bookmark: _Toc480999564]Figure 31 - Visualisation of run: 1 in placed in table 27.
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[bookmark: _Toc480999565]Figure 32 - Visualisation of run: 2 in placed in table 27.
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[bookmark: _Toc480999566]Figure 33 - Visualisation of run: 3 placed in table 26.
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[bookmark: _Toc480999567]Figure 34 - Visualisation of run: 4 placed in table 26.
 [image: ]
[bookmark: _Toc480999568]Figure 35 - Visualisation of run: 5 placed in table 26.


[bookmark: _Toc480999617]4.5 Results Analysis from single Dijkstra’s algorithm execution compared to the multiple A* execution.
Previously formulated hypothesis stated that Dijkstra’s shortest path as compared to A* algorithm will always be better to acquire the shortest path for multiple target vertices within a graph in a static environment. Tests in section 4.4 were performed in order to outline time effectiveness of Dijkstra’s shortest path algorithm 
Dijkstra’s shortest path algorithm has proven in 5 different maps (Figures 26 to 29) that using this algorithm is a better alternative when the user is looking for 5 or more different goal vertices concurrently. Dijkstra’s algorithm has proven that on every occasion, it will explore the graph for the shortest path to every single vertex in 1 run and will take much lesser than 5 separate execution of the A* algorithm using Manhattan Heuristics.
 Figure 28 and 30 also show that the 4 searches of A* algorithm has consumed more time than a single instance of Dijkstra’s shortest path.  This is possibly caused due to the location of obstacles blocking the path of A*. The position of the obstacles on the map is randomised, thus, it is difficult to predict whether 4 or 5 runs of A* algorithm will take more time than Dijkstra’s shortest path.
Unlike the prediction of the A*, Dijkstra’s algorithm outcome can be easily judged with reasonable precision. The results from Tables 20 to 24 are culminated in one table and showcase the difference between various results from the separate executions of Dijkstra’s shortest path algorithm within a given environment.


	
	Sizes:
	
	
	
	

	Run:
	50 x 50
	75 x 75
	100 x 100
	150 x 150
	200 x 200

	1
	576.357
	1089.11
	2315.26
	4951.78
	8772.55

	2
	536.306
	1177.48
	2080.39
	5114.16
	9489.29

	3
	487.336
	1211.36
	2165.39
	4876.91
	8809.8

	4
	532.638
	1187.07
	2153.72
	4850.17
	8694.95

	5
	528.983
	1220.8
	2135.34
	4906.14
	8803.87

	Min: 
	487.336
	1089.11
	2080.39
	4850.17
	8694.95

	Max: 
	576.357
	1220.8
	2315.26
	5114.16
	9489.29

	Average:
	532.324
	1177.164
	2170.02
	4939.832
	8914.092

	Difference in %
	8.36%
	5.59%
	5.41%
	2.67%
	4.46%


[bookmark: _Toc480999531]Table 30 - Difference between the timings of Dijkstra’s shortest path executions.
The difference is calculated from the average value of 5 different executions of Dijkstra’s shortest path algorithm. Table 30 shows that for the grid map size of 200 x 200, the average Dijkstra’s execution is 8914ms. It could increase or decrease by 4.46% than the average calculated. Dijkstra’s shortest path execution time remain very similar closely related to the total vertices count within the graph as shown in data tables 20 to 24.


[bookmark: _Toc480999618]4.6 Obstacles amount and their influence on timing result of Dijkstra shortest and A* algorithm with Manhattan heuristics.
The predictability of Dijkstra’s shortest path algorithm can be easily calculated and forecasted. Similar amount of vertices will generate the similar result, also, the amount of obstacles and its location doesn’t influence on the timing result of Dijkstra’s shortest path. In the previous tests, when both the algorithms were compared, a revelation was discovered of A* which makes it unpredictable. The location of obstacles and changes in its amount can easily influence the timing results of A*. Undoubtedly, A* pathfinding using Manhattan heuristic will be faster than Dijkstra’s shortest path on the randomly generated environments, however, the difference between the timing results gets smaller with the amount of obstacles placed on the grid map. The smaller amount of vertices located on the same size map are an advantage for Dijkstra’s shortest path as the algorithm have smaller searching space. However, when obstacles are placed on the path of A* algorithm, it can be deemed as less helpful as the path is being blocked with constancy and the algorithm has to look for another way which is not exactly in the direction pointed by heuristic function.

[image: ]
[bookmark: _Toc480999569]Figure 36 - A* algorithm using Manhattan heuristics on size 150 x 150 grid map with obstacles set to 10%

[image: ]
[bookmark: _Toc480999570]Figure 37 - A* algorithm using Manhattan heuristics on size 150 x 150 grid map with obstacles set to 90%


	 
	Obstacles 10%
	Measured in milliseconds

	Size
	Total vertices
	Dijkstra shortest path
	A* Manhattan

	50 x 50
	2387
	1343
	629

	75 x 75
	5335
	4724
	1806

	100 x 100
	9523
	12950
	2856

	150 x 150 
	21369
	55984
	10810

	200 x 200
	38046
	168491
	65914


[bookmark: _Toc480999532]Table 31 - Comparison of Dijkstra shortest path and A* algorithm with different mount of obstacles (10%)
	 
	
	Obstacles 90%
	
Measured in milliseconds

	Size
	
	Total vertices
	Dijkstra shortest path
	A* Manhattan

	50 x 50
	
	1407
	520
	340

	75 x 75
	
	3146
	1752
	1205

	100 x 100
	
	5562
	4494
	3806

	150 x 150 
	
	12444
	19498
	16756

	200 x 200
	
	22198
	58240
	44518


[bookmark: _Toc480999533]Table 32 - Comparison of Dijkstra shortest path and A* algorithm with different mount of obstacles (90%)

Multiple tests on different maps with various sizes (Table 31 and 32) have shown the same results. A* algorithm loses its heuristic advantage with the increase in the amount of obstacles blocking the path to the target vertex. The timings of A* algorithm using Manhattan heuristics are in close proximity to those of Dijkstra’s shortest path. 


5. [bookmark: _Toc480999619]Evaluation
The comparison between Dijkstra’s shortest path algorithm and A* pathfinding has shown that it is difficult to find an appropriate algorithm for Realistic pathfinding, when it comes to finding multiple target vertices within a static environment. Unexpectedly, A* algorithm which is much faster when it needs to find only one target loses its’ advantage when multiple target vertices are to be found. Table 29 and Figure 50 shows that 5 executions of A* algorithm takes much more time to find 5 separate targets than the single execution of Dijkstra’s algorithm. However, section 4.6 shows the difference in timings caused by the amount of obstacles placed on a grid map.
Table 31 and Table 32 show different for A* on various maps with different obstacles, and also exhibit how obstacles can cause changes in the timings. It shows that the large amount of obstacles slows A* pathfinding and makes it unpredictable. Table 32 show that grid maps with 90% obstacles diminished the advantages of timings A* had over Dijkstra’s pathfinding. A* is not easy to predict which is shown by another set of data that exhibits that a certain execution of the algorithm can be a lot faster than others. This could be seen in Figure 35 which corresponds with run 5 at Table 26. A* found target vertex in 169ms which is tremendously faster than single execution of Dijkstra shortest path on grid map sized 150x150 and obstacle amount 50% (see Table. 26). Dijkstra’s algorithm found all vertices within 4072ms, which could be seen in Figure 35. A* is drawn almost as a straight line with a small amount obstacles on its way. This is another valid point to formulate that A* is a better option than Dijkstra shortest path. However the difference between these two algorithms is very distinguished and the choice between them should be based on the condition on where it will be executed, taking in account the environment size and obstacles. 
Dijkstra’s shortest path analysis show that the obstacles amount do not make any difference for the algorithm, which makes it predictable. Data gathered in Table 30 shows very minute differences between the multiple executions on the same sized grid maps.
Dijkstra’s shortest path algorithm with implemented priority queue runs in time O(|E| log |V|) [24]. This implementation makes the run time of the algorithm predictable by the programmer. In order to support this condition, development software has built in functions which are able to count total number of vertices and edges in a given graph.
A* running with Euclidian heuristic function has shown that it is not more efficient than Dijkstra’s shortest path algorithm due to the problem with the grid maps environment. Grid maps have been designed to have up to 4 edges as explained in Figure 17. Edges are pointed in the direction running across x and y axes. Euclidian heuristic function calculates the straight line distance but the algorithm is able to run only along x or y axis at any given time, where the straight line has no such limitation. Therefore, even when Euclidian heuristic is admissible, it forces the algorithm to explore more vertices than necessary which consequently impacts the timings. Also, there is another important factor which negatively affects the timings of A* pathfinding with Euclidian heuristic. The factor is time expensive square root computing time. The calculation for deciphering the cost for heuristic calculation wasn’t feasible for this research as A* using Manhattan heuristic was evidently faster. 


6. [bookmark: _Toc480999621]Conclusions and recommendations
Choosing an appropriate pathfinding algorithm is not an easy task. There are various performance issues which have to be kept in consideration while making the choice. Dijkstra’s shortest path, A* pathfinding using Manhattan heuristics and Euclidian heuristics all have been compared in randomly generated grid maps which varied in size and the amount of obstacles.
Pathfinding algorithms were developed for the project in order to understand the performance of every step to aid their analysis. Dijkstra was developed on the vector list in the first place, however, the poor performance of Dijkstra’s shortest path algorithm in the later stage has forced the change from vector list implementation to priority queue. Such a change had a positive impact on the algorithm timing results. Algorithms has been compared based upon:
· The performance when single vertex needs to be found: This comparison was clearly won by A* pathfinding using Manhattan heuristic function. A* with admissible heuristic found the shortest path fastest. Second place was taken by A* with Euclidian heuristic as there was small incompatibility of movement in environment due to the implementation of the graph. Dijkstra’s shortest path was the slowest of all, however its predictability in the timing result is an important factor.
· The performance when algorithm has to find multiple vertices in various placed around the grid map: In this case A* with Manhattan heuristics can be a better option when 3 or less vertices need to be found. The second option could be Dijkstra depending on the environment and the amount of obstacles blocking path. A* with Euclidian was not compared due to the poor results from previous test. 
· The performance on the basis of the varying amount of obstacles: Various tests show that A* algorithm with Manhattan heuristic is very unpredictable and produces various timing results on the map generated using the same variable data, such as obstacle amount and the size of the grid map. There was another comparison on the basis of the performance of A* on map with obstacles amount set to 10% and 90%. Results have shown that the obstacles play a very important role and also show that A* algorithm has no effect on Dijkstra’s, as it produces the similar performance results based on the amount of vertices within a grid map.
In conclusion, the environment where the algorithms are executed plays a very important role. Grid maps with little or no obstacles will benefit more with the implementation of A* algorithm using Manhattan heuristics, as large amount of obstacles will dramatically slow down A* pathfinding. However, even the largest amount of obstacles will not allow Dijkstra’s shortest path to produce better timing results, when it comes to finding single vertex. When more than one vertices are to found, Dijkstra’s shortest path is a favourable option.. This research should help other programmers realise the difference in the behaviour of pathfinding algorithms. It will also help them to understand various factors which needs to be considered before making the choice between algorithms. 


[bookmark: _Toc480999622]References
[1]	Microsoft, “Acquiring high-resolution time stamps,” Windows Dev Center, 2016. [Online]. Available: https://msdn.microsoft.com/en-us/library/windows/desktop/dn553408(v=vs.85).aspx.
[2]	R. Sedgewick, Algorithms in C. ADDISON·WESLEY PUBLISHING COMPANY.
[3]	M. Buckland, Programming Game AI by Example. Wordware Publishing, 2005.
[4]	R. C. Holt, A. Schürr, S. E. Sim, and A. Winter, “GXL: A graph-based standard exchange format for reengineering,” Sci. Comput. Program., vol. 60, no. 2, pp. 149–170, Apr. 2006.
[5]	M. T. Goodrich and R. Tamassia, Algorithm Design: Foundations, Analysis, and Internet Examples, 2nd Editio. John Wiley & Sons; I.S.ed edition (24 Oct. 2001), 2002.
[6]	T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein, “Introduction to Algorithms Third Edition,” 3rd ed., London, England: The MIT Press Cambridge, Massachusetts, 2009, pp. 414–428.
[7]	E. W. Dijkstra, “A note on two problems in connexion with graphs,” Numer. Math., vol. 1, no. 1, pp. 269–271, Dec. 1959.
[8]	A. S. Tanenbaum, Computer Networks (4th Edition). Prentice Hall Professional Technical Reference, 2002.
[9]	M. Nosrati, “Investigation of the * ( Star ) Search Algorithms : Characteristics , Methods and Approaches,” World Appl. Program., vol. 2, no. April, pp. 251–256, 2012.
[10]	P. Hart, N. Nilsson, and B. Raphael, “A Formal Basis for the Heuristic Determination of Minimum Cost Paths,” IEEE Trans. Syst. Sci. Cybern., vol. 4, no. 2, pp. 100–107, 1968.
[11]	S. Rabin, “AI game programming wisdom.” Charles River Media, 2002.
[12]	P. E. Hart and J. Nils, “A Formal Basis for the Heuristic Determination of Minimum Cost Path,” IEEE Trans. Syst. Sci. Cybern., vol. SSC-4, no. 2, pp. 100–107, 1968.
[13]	Paul E. Black, “Manhattan distance,” National Institute of Standards and Technology. [Online]. Available: http://xlinux.nist.gov/dads//HTML/manhattanDistance.html.
[14]	P. E. Black, “Euclidean distance,” National Institute of Standards and Technology, 2006. [Online]. Available: http://xlinux.nist.gov/dads//HTML/euclidndstnc.html.
[15]	M. Buckland, Programming Game AI by Example. Wordware Publishing, 2005.
[16]	S. J. Russell, P. Norvig, J. F. Canny, J. M. Malik, D. D. Edwards, and S. J. S. Jonathan, Artificial Intelligence A Modern Approach, vol. 13. Alan Apt, 1995.
[17]	R. Dechter and J. Pearl, “Generalized best-first search strategies and the optimality af A*,” J. ACM, vol. 32, no. 3, pp. 505–536, 1985.
[18]	N. Sturtevant, “Memory-Efficient Abstractions for Pathfinding.,” Aiide, pp. 31–36, 2007.
[19]	R. E. Korf, M. Reid, and S. Edelkamp, “Time complexity of iterative-deepening-A*,” Artif. Intell., vol. 129, pp. 199–218, 2001.
[20]	A. Botea, M. Müller, and J. Schaeffer, “Near optimal hierarchical path-finding,” J. game Dev., pp. 1–30, 2004.
[21]	N. Sturtevant and M. Buro, “Partial Pathfinding Using Map Abstraction and Refinement,” Aaai, pp. 1392–1397, 2004.
[22]	S. R. Palmer and M. Felsing, A Practical Guide to Feature Driven Development. 2002.
[23]	P. Coad, E. Lefebvre, J. De Luca, and J. de Luca, “Java Modeling In Color With UML,” in Java Modeling In Color With UML: Enterprise Components and Process, no. c, Prentice Hall PTR, 1999, pp. 1–12.
[24]	M. Barbehenn, “A note on the complexity of Dijkstra’s algorithm for graphs with weighted vertices,” IEEE Trans. Comput., vol. 47, no. 2, p. 263, 1998.



[bookmark: _Toc480999623]Appendix

[bookmark: _Toc480999624]Instructions to operate and run program

Program has been placed on DVD disc. In order to run it please click on “Project Start” shortcut which should run the release file. Program require to write new created graph txt file on disk, therefore it needs to be copied on HDD.
[image: ]
[bookmark: _Toc480999571]Figure 38 - Program main menu
Figure 38 showing main menu window. Keyboard arrows left and right are used to choose algorithm and up and down arrows are used to change whether new graph needs to be created (Button “ON”) or existing file should be used (Button “OFF). To confirm choice right shift button needs to be pushed. After this is confirmed few different scenarios are possible
· Dijkstra shortest path algorithm selection without option of new graph creation will inform program to carry on pathfinding and display results on screen.
· A* selection with no graph creation will ask user to choose heuristic function to use by A* algorithm and display results on screen
· New graph generation will show more option as seen on figure 39.

[image: E:\Drive\SDL_Tutorials\ProjectImplementation\gridMapChoice.png]
[bookmark: _Toc480999572]Figure 39 - Graph size choice in program main menu
In figure 39 user is asked to choose appropriate for new graph. Five choices corresponds to the sizes of grid maps which has been used to produce data for the research. Pressing function key F1 to F5 program user will move to next screen with more choices.
[image: E:\Drive\CD\deps\img\obstacleAmount - Copy.png]
[bookmark: _Toc480999573]Figure 40 - Graph obstacles selection
User is able to change the obstacles amount when screen from figure 40 will be displayed. Pressing number from 1 to 9 will corresponds to obstacles amount ranging from 10% to 90%. Obstacles will be applied to every other line of the grid map as explained in previous section of the report.
[image: E:\Drive\CD\deps\img\heuristicChoice.png]
[bookmark: _Toc480999574]Figure 41 - Heuristics function choice screen
Heuristic function can be selected for A* algorithm on the screen from figure 41. Pressing F1 or F2 will correspond to functions listed on the screen. This is the final screen before running the algorithm.

[image: ]
[bookmark: _Toc480999575]Figure 42 - A* algorithm visualisation

[image: ]
[bookmark: _Toc480999576]Figure 43 - Data displayed in console window
Finally after selection of all possible options algorithm will execute and perform visual representation on the screen (figure 42) and console window will display all the important results which are needed for analysing the algorithms.
Algorithms comparision in Different environments

Dijkstra shortest path	576.35699999999997	536.30600000000004	487.33600000000001	532.63800000000003	528.98299999999995	1089.1099999999999	1177.48	1211.3599999999999	1187.07	1220.8	2315.2600000000002	2080.39	2165.39	2153.7199999999998	2135.34	4951.78	5114.16	4876.91	4850.17	4906.1400000000003	8772.5499999999993	9489.2900000000009	8809.7999999999993	8694.9500000000007	8803.8700000000008	1888	1910	1896	1918	1890	4212	4227	4208	4211	4240	7506	7510	7574	7555	7514	16866	17030	17087	16998	16875	30010	30148	30098	29979	30109	A* - Manhattan	244.91800000000001	250.00299999999999	190.19499999999999	226.26	217.62	346.74099999999999	332.00700000000001	426.63499999999999	425.69	415.48200000000003	894.59799999999996	882.00599999999997	653.65499999999997	931.63900000000001	806.72299999999996	1639.23	1655.92	1785.75	1660.92	2083.0500000000002	5185.8	3049.57	3260.07	5533.71	4908.38	1888	1910	1896	1918	1890	4212	4227	4208	4211	4240	7506	7510	7574	7555	7514	16866	17030	17087	16998	16875	30010	30148	30098	29979	30109	A* - Euclidian	386.161	334.19	331.85	326.95100000000002	359.03500000000003	728.66499999999996	788.98400000000004	810.78	802.83	798.58199999999999	1426.27	1314.63	1360.05	1328.96	1392.8	3181.03	3123.92	3154.36	3149.73	3079.64	6044.77	6349.61	6008.24	6582.95	6000.35	1888	1910	1896	1918	1890	4212	4227	4208	4211	4240	7506	7510	7574	7555	7514	16866	17030	17087	16998	16875	30010	30148	30098	29979	30109	Time in milliseconds


Number of Vertices




Dijkstra - Priority queue and vector search comparision

Priority queue	576.35699999999997	536.30600000000004	487.33600000000001	532.63800000000003	528.98299999999995	1089.1099999999999	1177.48	1211.3599999999999	1187.07	1220.8	2315.2600000000002	2080.39	2165.39	2153.7199999999998	2135.34	4951.78	5114.16	4876.91	4850.17	4906.1400000000003	8772.5499999999993	9489.2900000000009	8809.7999999999993	8694.9500000000007	8803.8700000000008	1888	1910	1896	1918	1890	4212	4227	4208	4211	4240	7506	7510	7574	7555	7514	16866	17030	17087	16998	16875	30010	30148	30098	29979	30109	Vector search	1368.4179999999999	1388.9849999999999	1358.702	1352.2049999999999	1355.634	15930.062	16655.541000000001	15377.299000000001	15241.056	15581.257	214714.15299999999	208604.45600000001	216384.40900000001	221318.49100000001	215999.97899999999	1888	1910	1896	1918	1890	7506	7510	7574	7555	7514	30010	30148	30098	29979	30109	Time in millseconds


Number of Vertices




Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 50 x 50)

Dijkstra shortest path	1	2	3	4	5	415.14	415.14	415.14	415.14	415.14	A* Manhattan	1	2	3	4	5	83.162099999999995	232.73610000000002	408.86009999999999	508.99209999999999	559.69359999999995	Number of target verices


Time in milliseconds




Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 75 x 75)

Dijkstra shortest path	1	2	3	4	5	909.15	909.15	909.15	909.15	909.15	A* algorithm	1	2	3	4	5	109.217	342.91199999999998	650.44799999999998	1026.345	1081.1875	Number of target vertices


Time in milliseconds




Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 100 x 100)

Dijkstra shortest path	1	2	3	4	5	1759.85	1759.85	1759.85	1759.85	1759.85	A* algorithm	1	2	3	4	5	170.23500000000001	558.88200000000006	1319.5219999999999	1724.972	1798.3519999999999	Number of target vertices


Time in milliseconds




Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 150 x 150)

Dijkstra shortest path	1	2	3	4	5	4072.49	4072.49	4072.49	4072.49	4072.49	A* algorithm	1	2	3	4	5	477.67899999999997	1766.4989999999998	3416.2289999999998	4062.232	4231.3869999999997	Number of target vertices


Time in milliseconds




Dijkstra shortest path exploring graph compared to 5 separate A* pathfinding instances (Size 200 x 200)

Dijkstra shortest path	1	2	3	4	5	7069.85	7069.85	7069.85	7069.85	7069.85	A* algorithm	1	2	3	4	5	582.048	2739.2879999999996	7614.9179999999997	10779.678	10982.668	Number of target vertices


Time in milliseconds
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Fig. 1. Supported features in graph formats

Graph elements: Basic graph elements like nodes, directed and undirected edges and attributes must be supported.
For maximal flexibility, we permit both directed and undirected edges in the same graph.

Hyperedges: N-arv relationships (hyperedges) must be supported natively. Tools or formats that use hyperedges
need to be able to use the exchange format as well. Mapping n-ary relationships onto special nodes and binary
edges is an unsatisfactory work-around that does not provide equivalent structural characteristics.

First class elements: Nodes, edges, and hyperedges must be identifiable first-class elements, or objects, such that
they can have unique identifiers. Viewing edges as first class elements treats them as equal to nodes and enables
multiple edges between nodes.
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#define   MAX_NODES   1024     /* maximum number of nodes */   #define   INF INITY   1000000000   /*a number larger than every maximum path */   int   n, dist[ MAX_NODES ][ MAX_NODES ];  /* dist[i][j] is the distance from i to j */     void   shortesLpath( int   s ,  int   t ,  int   path [])   {     struct   state   {   /* the path being worked on */       int   predecessor;   /* previous node */       int   length;   /* length from source to this node */       enum   {  permanent ,  tentative   } label;  /* label state */     }state[ MAX_NODES ];       int   I, k, min;     struct   state   *p;       for   (p = &state[0]; p < &state[n]; p++)  /* initialize state */     {       p - >predecessor =  - 1;       p - >length =  INFINITY ;       p - >label = tentative;     }     state[ t ].length = 0; state[ t ].label = permanent;     k =  t ;   /* k is the initial working node */     do   {   /* Is there a better path from k? */       for   = i < n; i++){   /* this graph has n nodes */       if   (dist[k][i] != 0 && state[i].label == tentative) {         if   (state[k].length + dist[k][i] < state[i].length) {           state[i].predecessor = k;           state[i]length = state[k].length + dist[k][i];         }       }     }       /* Find the tentatively labeled node with the smallest label. */     k = 0; min =  INFINITY ;     for   (i = 0; I < n; i++)       if   (state[i].label == tentative && state[i].length < min)       {         min = state[i].length;         k = i;       }     state[k].label = permanent;     }  while   (k !=  s );       /* Copy the path into the output array. */     i = 0; k =  s ;     do   {  path [i++] = k; k = state[k].predecessor; }  while   (k >= 0);   }    
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