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[bookmark: _Toc133412079]Abstract
During my work on this project, the aim of my work was to build a 3D environment using Unity and C#, however not just any 3D environment. The entire purpose was to set up a n environment that will generate a random maze, on a grid and with pathfinding nodes. Using the nodes and the maze, the user could virtually program any kind of a search algorithm to find a path through every maze, then test it, and receive the performance statistics of the search. For example, how many nodes in the maze were traversable versus how many were not, how many nodes has the specified pathfinding algorithm searched, how long did the algorithm take to actually find a path, and more. This is essentially what my objectives were, so that I could achieve the final aim. In order to construct a well-structured and working piece of software I followed the spiral development methodology, while also using content analysis to conduct my research and to analyse the final results produced by my program. My overall findings at the end were just as I expected, where the A* algorithm was faster than Dijkstra, however it was very interesting to see some of the other data, for example how the complexity and density of the graph truly affected things like runtimes and the number of nodes that had to be searched.
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[bookmark: _Toc133412081]Introduction
Artificial Intelligence is still a very new piece of technology, at least in the grand scheme of things, especially when one realises how long computers have been around for. Some might argue that pathfinding can not exactly be considered a form of artificial intelligence, however I, just like many other authors of some of the sources I have researched, would disagree with that statement. This report will explain how I approached my attempt at reaching my aims and objectives as well. My aim was to design a dynamic testing environment which would provide a testing framework for any kind of pathfinding algorithm. In order to achieve the overarching aim, my objectives were:
· To design an environment that can be easily changed
· To research, review and implement three variations of the A*
· To evaluate the efficiency of each algorithm across multiple iterations of the software
This report also contains a literature review, which will outline a handful of the sources I researched. Furthermore, there are sections outlining the research and development methodologies I followed during this project, as well as an outline of my design and the implementation of my software, followed by an evaluation of the results that my software yielded, and a personal reflection.

[bookmark: _Toc133412082]Literature Review
In recent years, Artificial Intelligence has been something that has seen an incredible amount progress in the field. From things like language models, to technology that will help humanity in medical and scientific fields, like the AlphaFold. This project, as well as my research has revolved around search algorithms. Specifically, the A* algorithm, and the Dijkstra algorithm. Both are very similar to one another, however one key difference between the two, is that Dijkstra’s pathfinding algorithm does not utilise any heuristic functions, whereas the A* does. What this means is that the A* makes predictions or rather estimates between the start of a route and the goal. 
One piece of research material that stood out to me was an article by Patrick Lester, “A* Pathfinding for Beginners” [1]. The article itself is essentially just a guide and a general explanation of what the A* algorithm is and how to implement it. I believe it is quite a generic guide. I realise its entire purpose is to not be specific to any programming language or software, which I think it does a good job at doing. On the contrary, I think that it also perhaps defeats its own purpose to a degree. My personal belief is that people often learn the best from experience, by doing things they want to learn, as well as by having examples, and something to refer to, in order to see if the task they performed was done so correctly, or at least if it was close enough to the desired effect. The problem I have with Lester’s article is that because it is actually so generic, in order to keep it that way, he had to avoid using examples of code or the results. To me this slightly defeats the point of being directed at beginners, as I think that if I were a beginner, looking for a guide on how to write a pathfinding algorithm, I would definitely like to see some examples of how to structure my code, or at the very least, I’d like to see how the algorithm performs as well as some results. Especially in my case where I used a game engine like Unity, I’d definitely also like to see how I could possibly approach making the algorithm interact with a 3D (or in other cases 2D) environment. I think that integrating some basic code to work as intended with the environment in Unity can prove challenging at times depending on the intended outcome and the user’s level of expertise. Overall, I do think that for someone who isn’t a beginner to programming, or to using game engines, I do think that as a whole, the article was a decent guide with relatively clear explanations of how the A* algorithm works, and for someone who has at least a bit of experience in the field, it served as a good reference point.
When researching the Dijkstra algorithm, one of the obvious choices for a source to look at was the original paper in which Edsger Dijkstra first published his problem, “Numerische Mathematik” [2]. He published his problem and the associated findings in the first ever volume of the paper, back in 1959, when he was just 29 years old. In the paper he presents the reader with two problems as well as solutions to said problems, which are essentially the Dijkstra pathfinding algorithm as we know it today. I think it was very interesting to learn that even after almost 64 years, the principle behind the algorithm hasn’t really changed, and yet it is still widely used to this day, whether it be in its original form, or to be expanded upon. Which is exactly what the A* algorithm did. I can’t really say there is much I can criticise about the paper. I thought it was very well written, concise, and I also think I would be lying if I said that it was outdated, just because of how relevant the information contained within the paper is to this day. Perhaps by modern standards, the paper could have used some form of illustration to help someone who might not find the paper as clear and easy to understand, to better visualise the problems presented. However, in general I believe that it is a fantastic paper, especially because it is an original source that came from the original author and not someone who perhaps might have reinterpreted the content.
Another source I found to be quite useful was the Third Edition of “Artificial Intelligence: A Modern Approach”[3] written by Peter Norvig and Stuart Russell. A book that covered an astonishingly wide variety of topics, not to mention it also included tasks and exercises for the readers to try out, in order to aid them in grasping the concepts contained within the book. As I mentioned in a previous part of this literature review, I strongly believe that people learn best from experience, by actually performing the tasks that they are attempting to learn. The fact that Norvig and Russell give the readers an opportunity to apply the information contained in their book, is a fantastic part of the material. The book itself is written about a wide variety of artificial intelligence related topics, some of which include things like decision making, language processing, reinforcement learning, and most important of all for me as well as my project, search algorithms. The chapter of the book that addresses search algorithms can be both easy and difficult to criticise, depending on your point of view or what you as a reader are looking to get out of the book. The reason being that the book doesn’t specifically focus on one type of pathfinding but rather many. It had a section containing a list as well as the respective descriptions of uninformed search algorithms, and another section just like it, however this time dedicated to informed search algorithms. This means that although every method is explained relatively well, the authors didn’t quite write about every method in an incredibly large amount of depth. I think this book is very good if you would perhaps like to review your options, and maybe choose the algorithm that would suit your software the best. However, for the most part, once you make that decision, it would probably be best if you explore other sources that might provide a more in-depth set of information regarding the desired search algorithm.
Another source that caught my attention during my research was “Learning C# Programming with Unity 3D”[4] by Alex Okita. This book was a little different to the books I have written about in this review so far, as it wasn’t particularly useful in my search for information about pathfinding algorithms, but it proved to be very useful in teaching me more about C# and Unity as a whole. The book contains a lot of useful information about even the most basic concepts of the game engine and C#. Concepts like generics, namespaces, and singletons. The generics topic was something I found particularly useful as I haven’t really used them many times before, and the book really allowed me to make use of them in my project. In fact, without the utilisation of generics the entire grid, pathfinding, and level building systems just would not function. I do like to think that I’m not exactly a beginner in using C# or Unity, and so I think that although this book does seem like an incredibly useful source to read if you are still early in your process of learning about the game engine, I think that for someone who is more experienced, this book may not be suitable for them. Although I believe this to be true, I cannot really say that this would be a good criticism as this book does contain a very wide array of information, all of which are categorised to be suitable for different experience levels. I am also a strong believer in everyone being able to learn something new everyday, but I would be very surprised if somebody with perhaps decades of experience would find this book useful. However, the reason I cannot really criticise this source is because unfortunately running out of things to learn about a subject is something that comes with a lot of experience. Of course, that doesn’t necessarily mean this source would be useless, however there is only so much that can be learned from it.
Written by Mat Buckland, “Programming Game AI by Example” [5] is a little similar in content to Norvig and Russell’s book, as in it contains some information about a variety of things. It covers some uninformed search algorithms like breadth-first and depth-first searches, as well as informed algorithms like Dijkstra and A*, which was of course the main thing I looked for in a source. Aside from that however the author also wrote about ways to optimise search algorithms. One way for example was by implementing a hierarchical search. This means that I’d essentially have to split up the entire search area into parts, and then searching for a path from the start to the goal part by part, instead of the entire graph. This would in most cases allow the program to cut down on the number of nodes it has to search, and therefore, it would cut down on the computational time of the entire search. Although the next method of reducing CPU overhead wasn’t really an option for my project, another method that was covered in this source was using pre-calculated paths. This essentially means that certain environments could have hard coded paths, in order to cut down on the time it takes to search for a path. In certain instances of games and software, this is definitely a viable option. However, because of the design for my software, this was not an option that I could consider, because of how the environments are generated. The environments in that are used to search are mazes that are randomly generated, using .txt files. This means that because there is never a definite and predetermined way to solve the maze, it would be impossible for me to hard code a path for the program to follow.
Another source that caught my attention during my research was a report written by four Roskilde University students in 2018. Their names were Andreas O. Thomsen, Sebastian A. V. Jakobsen, Alex T. K. Wogelius, and Pelle Schlebaum. Their report on “Pathfinding Algorithms in a Unity 3D Environment” [6] had some examples in there that helped me understand the Dijkstra and the A* pathfinding algorithms a little better. It also gave me a few ideas on how I could begin to approach writing my own pathfinding. Aside from that however, I think that the report didn’t really have much that I personally found too helpful in terms of content. I think perhaps that at times, they would overcomplicate some things, where it was not needed. However, the students also described how they decided to use a heap function and a hash set for handling the open and closed nodes during the pathfinding, which I have to admit was an interesting idea.
The final source I’d like to mention in this literature review is a book by Micael DaGraça. “Practical Game AI Programming” [7] a material I found very informative. Aside from the sections that were useful and relevant to my project, the book also could generally be considered a very good guide for anyone learning how to implement any kind of artificial intelligence into their game. The book covers concepts like how the AI can interact with an in-game environment, search algorithms, possibility, and probability maps, as well as AI crowd interactions in open world games, where it makes comparisons to some of the biggest game titles in the modern era, like Grand Theft Auto and Assassin’s Creed. In terms of my main area of interest for this project however - the navigation and pathfinding, the book covers some interesting topics, including the disadvantages of using algorithms like the A*, which is something that I haven’t seen very often in my research. The majority of the sources I have come across, that cover search algorithms, tend to focus more on explaining how they work, why they work, and the general differences between them all. They usually do not touch upon why using a method like the A* could be a bad choice. For example, one reason that is mentioned by DaGraça is how it can be more straining on the GPU and the CPU to use the A* algorithm. This is actually quite important when considering things like the fact that mobile game developers need to be quite conscious about the load and the strain their games can put on mobile phone hardware, especially larger titles like Call of Duty: Mobile and Minecraft, partially to ensure smooth performance and partially to make sure that the hardware itself doesn’t get damaged due to overheating.
Overall, I believe that many of these sources have proven to be crucial to my project. I think that they have all provided me with a healthy variety of information. For example, where some of them seemed to be excellent sources about a specific algorithm like the A* and Dijkstra, others were very good at helping me research other aspects of the project. For instance, specific things about C# and Unity, such as generics and how to better utilise them. Furthermore, some were good as more general sources that could be used as more of a guide that could give me a much larger perspective and a larger array of topics to look into further and in more detail.

[bookmark: _Toc133412083]Development Methodology
When I approached figuring out which development methodology would be the most appropriate to use in this project, I immediately thought of the spiral model. One reason for this choice is that it’s actually the model that I tend to follow subconsciously whenever creating any kind of software. The spiral development methodology is essentially a cycle that allows me to keep a track of my code much easier and on the go, even when writing much larger and more sophisticated programs. 
When I would work on the software, the process would firstly consist of, figuring out what is the first/next step that I should be thinking about in the development process. Whether it would be designing a way to generate levels, or a way to test the results, the first step in the cycle would consist of me figuring out what it is that I should be thinking of next to program in order to get closer to the ideal, final version of my software.
The second step in the cycle, would involve me identifying the potential risks, issues, and errors that I may encounter during the stage where I actually begin coding. For example, when implementing the random level generation system, I realised that I will have to construct a separate grid, to the one that would be responsible for the pathfinding. Where one grid would hold pathfinding node data, the other would hold integer data, which it could then use to determine which grid space would be empty and walkable, and which space would hold maze objects like the walls, the path start marker, and the path goal marker. The path node grid is responsible holding position data about each node as well as whether the node is able to be walked on or not. During the point where the visual aspect of the maze building system was running, the path nodes would be assigned the appropriate boolean value of true or false on whether they can be walked on or not. There are slightly alternate way I could have approached this specific system , however I will cover it in my self reflection section of this report.
The third step in the cycle is the actual development and testing of the code. In this stage I would implement whatever it is that I decided was the appropriate next step to take. I would also conduct the testing of the piece of code and how it interacts with the already written systems in the program. For example, how the random maze pattern file generation would interact with the actual visual aspect of generating the random maze.
The fourth and final stage of the spiral development methodology is essentially the revision stage. At this point I would revise the current state at which my piece of software is at, in order to determine the next best course of action. For example, is the software working correctly? Is it finished? Does it have any bugs that need fixing? Does it need any quality-of-life improvements to make it more user friendly? The review process is what allows me to determine whether the software is ready to be finalised, whether I should focus on bug fixing or whether I can move on to programming the next function of the software. Once I review my options, unless the software can be finalised, the cycle will repeat, and start again from the first stage, where I determine what is next best course of action to get closer to finishing the overall program.
This methodology of course comes with it’s own set of challenges, positives and negatives. One positive is that this methodology comes with is its own risk management aspect. The spiral methodology puts a strong emphasis on risk management which means that with each cycle involving a risk assessment and analysis stage, it helps to identify potential problems early on and allows for them to be addressed before they become larger issues. Another great thing about it is the flexibility that it offers. This model is more flexible than some of the other methodologies like the waterfall model, as it allows for changes to be made throughout the development process based on feedback and new requirements, which becomes even more apparent when a developer team has a group of testers, where there will be a larger amount and possibly larger variety of feedback provided. Another good thing about the spiral model is its how iterative it is. The iterative approach of the spiral methodology allows for developers to refine the software through multiple iterations, leading to higher-quality end products. The more times the models steps are cycled through, the better functioning the software will be; at least in most cases. Finally, one more advantage of using the spiral model is the enhanced communication that using the model can offer. The spiral methodology encourages communication and collaboration between team members, leading to better alignment of goals and requirements.
On the other hand as mentioned above, using the spiral model can also come with its own set of disadvantages. One disadvantage of this methodology is its complexity. This model can be complex and time-consuming, as it requires multiple cycles of planning, prototyping, and testing. This means that the larger the project, the more time it can take to finish it. Although not very relevant in my case, another disadvantage of the spiral methodology is how resource intensive the development process can be. The spiral model can be resource intensive as each cycle requires a lot of effort and resources, leading to higher costs and longer development times for development teams and companies. However as I have mentioned previously, fortunately this doesn’t affect me as I don’t need to worry about things like trying to sustain a company or a workforce through monetary means. Yet another disadvantage of the spiral methodology is the increased risk of the scope creep. Because of how iterative of the spiral model is, it can lead to scope creep, where new features and requirements are always added throughout the development process, lead to longer development times, delays, and in the case of larger firms: increased cost of resources. Finally, the model’s dependence on risk analysis can be just as much of an advantage as a disadvantage. This methodology depends heavily on the accuracy and thoroughness of the risk analysis, which potentially makes it vulnerable to errors and incomplete assessments, if the risk analysis is done by someone less experienced.
Overall, I believe that the advantages of using the spiral methodology definitely outweigh the disadvantages. I also think that because the process that defines this methodology is the same process that I usually use when working on other projects, it allows me to have a slight advantage because I should rarely struggle to figure out what is it that needs to be done next.

[bookmark: _Toc133412084]Research Methodology
For the other most important part of my project – the research, I thought that the most effective way of gathering data using my software would be to measure certain aspects of the program, then write the data into a .CSV file, so that it could be analysed and visualised using things like graphs and charts. This means that the most relevant research methodology was the Content Analysis method using primary data, which consists of analysing files and documents to analyse things like patterns as well as any other characteristics, using data I can produce myself. To achieve this, I have recorded a wide variety of data, which will be covered in more detail in the next section of this report.
Just like the development methodology, the research method that I used also had its advantages and disadvantages. One advantage of using content analysis is that the method is very objective. The reason it is an objective research method is because it uses a systematic and replicable approach to analyse data, which helps to reduce the potential for researcher to influence the research outcome with a bias or subjectivity. This means for example, that I cannot simply state that the Dijkstra algorithm is better than A* simply because it might be easier to implement while completely disregarding some important aspects like the fact that it finds a path faster and more accurately. Another reason why content analysis was a great choice for this project was the fact that content analysis can be used to analyse large amounts of data all at once, including textual and visual data, which makes it a useful method for studying trends and patterns, and therefore it will be easier to produce charts and graphs using this research method. Another reason why I believe this research method to be the best choice for my project is because of how time-effective it is. Content analysis is a time-effective research method, as it typically involves only the time it takes to collect data and the time required for analysis. Normally, those two steps are also what makes up other research methods, for example surveys. However, in this case, the time it takes is far less than the time it would take to collect data from a viable sample of survey participants. This is mostly because the data does not involve a third party, and it is primary data, meaning I am free to collect the data at my own convenience and whenever I need it. Yet another advantage that comes with content analysis is how easy it is to replicate. This method is easy to replicate, as it involves a systematic and standardized approach to data analysis, which makes it possible to compare and replicate results across different studies. Furthermore, the fact that results are collected by a program, which can easily be ran by anyone else, and the code can also be copied by anyone who wishes to test it out themselves, makes replicating the entire experiment and its results much easier and more accessible.
On the contrary, one disadvantage of using content analysis is the limited scope. In most cases, this research method focuses on the content of the data, rather than the context or meaning of the data, which may limit the insights that can be gained from the analysis. Furthermore, this is also part of another disadvantage of the method, which is a lack of causal inference. In some cases, content analysis does not allow for it, as it focuses on identifying patterns and trends in the data, rather than explaining why those patterns or trends exist. However, because of the nature of the project, this doesn’t seem to be an issue because we know that A* is faster than then Dijkstra due to the heuristic function that A* utilises, which allows it to only attempt to search for a path in the rough direction of the goal, while Dijkstra looks for a path in all directions equally. This of course narrows down the number of nodes that A* has to search, making it faster and more efficient. Therefore, when looking at the data produced by the program, we know exactly why the values are the way they are. Another common disadvantage of content analysis is how it is limited to existing data. Often, this research method is limited to only using existing data, which may not always be available or may not be collected in a way that is suitable for content analysis. However, in this case, because the data is produced by a program which can be ran an infinite number of times, if the data sample isn’t large enough, or if there are any issues with the data itself, the program can be ran again to produce a new data set to work with, at my convenience, in order to produce data that would be more suitable to use for conducting research.
To conclude, although there may be other research methods out there, that may have also suited the nature of my project, however with all things considered, I strongly believe that content analysis was the best option, because although it has its disadvantages, they are essentially nullified because of the nature of this project. Furthermore, the general premise of this research methodology seemed to be the most appropriate and the most fitting for this project.

[bookmark: _Toc133412085]Design and Implementation
When designing my software, there were some requirements I had to create in order to achieve the final goal I was aiming to reach with my software. I think that before I go into detail of what it is I originally believed would be required of my software, it is important for me to disclose the actual system and software specification that I used during the programming of my software.
[bookmark: _Toc133412086]Hardware Specification
 In terms of computer hardware specifications, this is the hardware I used:
· CPU: AMD Ryzen 5 3600. This processor comes with 6 cores and 12 threads, as well as a 3.6 GHz clock speed
· GPU: Nvidia RTX 3060ti. This graphics card was manufactured by MSI, it has 8GB of VRAM, GDDR6 memory, its chip clock speed is at around 1830 MHz, however its memory clock speed is at around 14 Gbps. It also has three fans for cooling
· RAM: 16 GB of memory. The RAM consists of two 8 GB modules, each running at 3600 MHz.
· Storage: An SSD M.2 SATA drive, with 500 GB of storage
· Motherboard: MSI B450 Tomahawk
[bookmark: _Toc133412087]Software Specification
In terms of software, I essentially only used two programs to create my software, along with the operating system being Windows 11. The two pieces of software I used for programming were:
· Visual Studio 2019
· Unity 2022
[bookmark: _Toc133412088]Justification
There was no particular reason for my choice of hardware, the specification listed is just the kind of computer I happened to have access to work with for this project. The reason I decided to use Unity for this project was primarily for the visualisation of the software. There was always an option to just stick to using something like Visual Studio on its own, however using 3D graphics is far easier with Unity ad opposed to something more time consuming like using OpenGL. Another option was to just use command line outputs, however I felt as though using actual graphics to visualise things like the mazes, would add to the quality of the software. Furthermore, programming a software using C# was a good opportunity to put myself outside of my comfort zone, due to the fact that most of my time spent studying and programming was done using C++.
[bookmark: _Toc133412089]How Does the Software Work
Aside from the hardware and software requirements for me to program my software in the first place, I also had to set out a list of requirements to create a piece of software that accomplished the overarching goal I wanted to achieve.
These requirements were being created on the go during the development process, which is because of the development methodology I followed, which involved tackling one piece of software at a time. Each time I would finish working on one part, it was time to figure out what the next step would be, which is the point where a new requirement for the software would come along. At the end of the development process, the general things that the software was required to do were:
· Check if a maze .txt file exists
· If the file does not exist, create one
· If the file does exist, always reset all the values contained within before writing new ones. Then generate a random maze layout and write it to the file
[image: Text
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[bookmark: _Toc133396801]Image 1: Maze Layout in a .txt File
· Once the file with the maze layout is written, the software will then read it and apply each value to its respective space on the integer grid
· Once the grid has had all its values appended, the software will then iterate through each space on the grid and place the appropriate maze object on the respective space. Each integer generated had a corresponding object:
· 0 = An empty space
· 1 = A wall
· 2 = A path start marker
· 3 = A path finish marker
· While the maze gets built, every time a space on the integer grid is looked at, a second grid containing all the path node data is also appended, according to what object is placed at a space. If the space is a wall, the node will be marked as not traversable, otherwise the space will be marked as available to be walked on
· Now that the search algorithms have a way of telling If a space can be traversed or not, they care prompted to find a path
· Once they find a path, a wide array of data is recorded into a .csv file ready for analysis
The way the program collects data that can be reliably measured is by running through the algorithm many times, and every time it does, it records data like:
· The maze number
· If the program found a path
· How many mazes so far were solvable
· How many mazes so far were impossible to solve
· How many nodes in the graph were occupied by walkable spaces
· How many nodes were occupied by spaces that couldn’t be traversed
· How many nodes has the Dijkstra algorithm checked before finding the solution
· How many nodes has the A* algorithm checked before finding the solution
· How much time did the Dijkstra algorithm take to find a solution
· How much time did the A* algorithm take to find a solution
One thing worth mentioning is the way that the search algorithms find their way through the mazes. Firstly, the only real difference between the algorithms is that the Dijkstra algorithm can access the same set of variables and functions as the A*, however the difference is that when the A* is ran, it has a set heuristic cost with a value that can actually be used, whereas when the Dijkstra algorithm is ran, the heuristic variable is always set to 0. That way, the Dijkstra algorithm does not get affected by any heuristic values, meaning it performs exactly how it should. Secondly, when the algorithms look for a path, they do not look at the neighbouring nodes that aren’t adjacent to them, meaning they ignore the nodes that are diagonal to whatever the current node would be. This is because if a part of a maze happens to generate with walls around the current node, but the diagonal node from the current one is empty, the algorithm will be able to go through the walls, which is not the intended behaviour.
The image below shows how the pathfinding algorithm finds a way around the diagonal walls, as opposed to going onto grid space 4,4, then 5,5 (404 and 505 in the image).
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[bookmark: _Toc133396802]Image 2: Algorithm Finding a Path Around Diagonal Walls
The software itself doesn’t have any complex user interface. Originally the user would have an option to input the location of whatever .txt file they would like the user to use, although that was at a stage of the program where the level generation was not automated and dynamic. However as the development progressed forward, and level generation became something that was handled automatically by the software itself, because of the fact that the .txt files the software would generate would all be written to and read from the same location on the drive, and they would always write over themselves, having the user input a file location every time the software is ran became counter productive and completely redundant. This is why as soon as the .txt file generation was automatic, it made sense to make the file path finding and loading automatic as well. Because most of the functions of the software were handled automatically without the need of user input, the primary functions of the program were tied to just one button that the user has to press. The generate button handles the resetting and writing of new .txt files, the building of the maze, the song of the built mazes, and the test result recording to a .csv file. This makes the user interface much less clunky and much simpler to use. Aside from the button, the only other things that can be found on the user interface is a line of text which tells the user the exact file path that is being used, and an indicator whether the file was found and loaded successfully.

[bookmark: _Toc133412090]The ups and the downs in the Development Process
During the coding process, there were many points where I felt accomplished with the code I’d have just written, however I have also encountered a variety of issues and bugs that diverted my attention. 
One issue I encountered during the development process was implementing the initial A* pathfinding. The program seemed to try to look for a path between points that didn’t really exist. However this problem turned out to be nothing more than an issue with the engine itself, all because the grids that contained the nodes and other data were out of place, which meant that the program was looking for objects and grids at the wrong coordinates.
Another issue I encountered during the development process was figuring out a good way to generate a pseudo random maze. The issue wasn’t really writing to a .txt file or iterating through one but more so how to actually generate a sequence of numbers that would resemble a maze pattern. However, eventually I found the solution. The way I addressed the issue was by:
1. Creating a 15x15 chunk of text made of 0’s
2. Appending the chunk of 0’s by creating a border of 1’s
3. Running a nested ‘for’ loop. 
4. Randomly generating a number between 0 and 100
5. If the randomly generated number is between 0 and 60, place a 1 on the corresponding space in the chunk of 0’s
6. Every time the nested ‘for’ loop reaches the end, the outer ‘for’ loop increments by two
7. This nested for loop generates horizontal walls with random openings in them so that they can be passed
8. Next, the same process is repeated, however if the random number lands between 0 and 20, it will place a 1 on the corresponding space in the chunk of 0’s. Furthermore, the outer ‘for’ loop will only increment by one and not two
9. At the end of this nested ‘for’ loop, vertical walls will be placed randomly to form breaks, and a maze with winding paths and random openings will be generated
10. Once the base maze is generated, a start node is placed on a random position in the bottom row, and a end node is placed on a random position in the top row
11. Once the maze is generated, the A* attempts to find a path through the maze, followed by Dijkstra. During the pathfinding process for both algorithms, data gets recorded and then written to a .csv file so that it can be analysed
Aside from the two issues I mentioned above, fortunately I never encountered any other major problem that managed to put a big delay on the development time. There were definitely smaller issues and other bugs that I encountered, however most of the time they didn’t take longer than an hour solve.
One thing that definitely took much less time to program than anticipated was the grid system. The original version of the system didn’t use generics, however integrating them into what was already in place was not an issue at all.









[bookmark: _Toc133412091]Testing
In order to be able to tell the algorithms apart, the software was designed in such way where the A* would perform all its operations on the yellow grid, whereas Dijkstra’s algorithm would perform all its operations on the green grid.
	Test Name
	Test Description
	Does it Work as Intended?
	Image of the Results

	Text file generation
	The program should be able to generate a maze layout using the numbers 0, 1, 2, and 3, then write the layout to a .txt file
	✔
	[image: ]

	Maze Generation
	Using the generated text file, the software should generate a maze in line with the layout in the file, where 0 is an empty space, 1 is a wall, 2 is the start, and 3 is the finish
	✔
	[image: ]

	A* Path Found
	The A* algorithm should find a path through the maze. 

In the editor the path is indicated by a red line
	✔
	[image: ]

	A* Path Not Found
	The A* algorithm should not find a path through the maze. 

In the editor the path is indicated by a red line
	✔
	[image: ]

	Dijkstra Path Found
	The Dijkstra algorithm should find a path through the maze. 

In the editor the path is indicated by a red line
	✔
	[image: ]

	Dijkstra Path Not Found
	The Dijkstra algorithm should not find a path through the maze. 

In the editor the path is indicated by a red line
	✔
	[image: ]

	Results Recording
	The software will not only write the measured values to a .csv file, but it will also display them in the console
	✔
	[image: ]
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After finally finishing the software to an acceptable standard, where it was capable of performing its intended functions and recording data, I ran the program and generated dozens of mazes. While doing that, I was also collecting data about each parse, until I had collected 50 sets of data. There was no particular reason why I specifically chose 50, apart from that I believe it to be a decent enough sample size. However realistically, there was nothing stopping me from getting more or less samples. 
For the purpose of really testing how well my algorithms work, I have decided to allow for the software to produce and test mazes that are not necessarily solvable. That way, I was able to test whether the search algorithms were capable of both solving a maze and also recognising whether a layout of a level was impossible to solve, instead of for example doing something like throwing an error. Now, based on the results I managed to gather using my software, I can easily confirm that not only both algorithms work correctly but the results also support the fact that A* is a faster algorithm than Dijkstra. See Appendix 1 for the results. Although the software has produced some anomalies where the time taken by the Dijkstra algorithm to find a path would be either 0 milliseconds, or the number of milliseconds would be higher than the time taken by the A* algorithm. The data that shows Dijkstra taking 0 milliseconds taken is definitely a bug, however, unfortunately due to time constraints I was unable to identify whether the reason why in some cases the Dijkstra algorithm is faster than the A*. 
Apart from the very few anomalies, the rest of the results seemed to be in line with what we know about the Dijkstra and A* search algorithms. From the results, we can see that if a maze was impossible to solve, then both algorithms would have searched the same number of nodes before coming to the conclusion that there is no path. We can also see that in the cases where the anomalies didn’t happen, the A* was faster at finding the path, because it had to search a considerably smaller number of nodes before finding the solution.
Looking at the results one might think that ~50ms for a search algorithm to find a path through a 15x15 graph is a relatively long time. The reason why it takes so long is because the timing actually also takes into account the stage of instantiating all the objects in the scene, so it effectively measures the amount of time it takes for the program to read a .txt file, build the level based on the data it retrieved from the file, and then at the very end find a path through it. However, I don’t think this poses an issue because both algorithms use the same level layout every time a new one is generated, so the difference in the time it takes the algorithms to solve a maze is still very much valid. Furthermore, the .txt file generation is not included in the execution time, only the generation of the visual aspect of the maze, as well as the path node data are included.
[bookmark: _Toc133412094]Aims and Objectives
Initially the final aim of my project was to review the existing pathfinding methods, to test the different algorithms by implementing the different types of pathfinding algorithms into a Unity project. Furthermore, after collecting the results, the aim was also to evaluate each set of results. I believe that after successfully implementing every aspect I originally wanted to into my software, I can definitely say that I was able to achieve my aim for the project. I took the time to research different pathfinding methods, then I was able to implement two of the algorithms into my software, and finally I was able to test them and analyse the performance of the algorithms I implemented.
My first objective was to research different pathfinding methods, in order to learn exactly how they work, as well as what are the main differences between them. Although I did a little research on algorithms like breadth-first and depth-first search algorithms, my main focus remained A* and Dijkstra, and so after all my research I believe I definitely have a clear understanding of how the different search algorithms work, and what is it that makes them so different from one another.
My second objective was to develop different versions of the pathfinding algorithm, where each version will simply be a different pathfinding method. Originally when I first set my aims and objectives in my project proposal, the initial idea was to explore A*, Dijkstra, Depth-First Search, Breadth-First Search, and the Greedy Best-First Search algorithms. I definitely managed to accomplish implementing the A* and Dijkstra, which I’m very happy with.
My third objective was to critically evaluate the effectiveness of each pathfinding algorithm by measuring the algorithms code execution speed, the number of nodes it takes an algorithm to search in order to find a path through a dynamically changing environment, and the completion rate of the algorithm. I have definitely managed to achieve this target with my software.
My final objective was to analyse the results produced by the different search algorithms, to determine which pathfinding method is the most optimal in terms of its completion rate and speed. This objective is also something that I managed to achieve.
With the original aims and objectives out the way, it is also important for me to mention that by the time I delivered my interim viva, my aims and objectives have changed in order to better suit the kind of project I wanted to deliver. By then, my aim had been changed, and narrowed down to building a dynamically changing testing environment. This aim was a lot more specific and I think that because of how much more narrowed down it was, it allowed my project to address something specific rather than having a very broad set of smaller aims to make up an overarching aim. Either way, I have also managed to achieve my new aim with no issues at all.
My objectives have also undergone a change, to a set of objectives that were more of a breakdown of the aim, rather than their own separate goals. The new objectives where to design an environment that can be easily changed, to research, review and implement three variations of the A*, and to evaluate the efficiency of each algorithm across multiple iterations of the software. Even though I managed to achieve the original aims and objectives, I have also managed to achieve the updated, more recent aims and objectives just as well. I think that perhaps the only thing I did differently, which some might argue would mean I didn’t achieve one of my objectives, is that instead of implementing three different variations of the A* algorithm, I instead implemented just the base A* as well as Dijkstra’s algorithm. However, aside from that, I believe I managed to achieve everything else to a very good standard.
[bookmark: _Toc133412095]Overall Conclusion of Results
Overall I think that the results my software managed to produce were essentially just as I expected them to be, just because it is a known fact that A* is more efficient than the Dijkstra algorithm. I think if I were to do this project again, I would certainly do some things differently. Firstly I think I would implement more search algorithms to add an even larger variety in results. Secondly, I would attempt to merge the two grids I used in my program by maybe storing the data from the .txt file along with the node data, which I believe would make the program more optimal in terms of performance. Finally, I think another thing I would do differently is I would give the user the option to run the maze generation and pathfinding multiple times with one click, as opposed to how it works now where the user has to press the ‘Generate’ button multiple times to yield multiple results.

[bookmark: _Toc133412096]Conclusion and Recommendations
In summary, in order to achieve the aim I had set myself for this project, I completed a lot of research on a multitude of topics, including the A* and Dijkstra algorithms, Unity and C#. Furthermore when it came to designing and implementing my software, as well as producing any usable data, I decided to use the spiral model, along with a content analysis research methodology. This allowed me to create my software at a quite efficient rate, because I was able to stay on top of things like bugs much easier. Furthermore the content analysis is what seemed the most appropriate to use for this project, as it meant that I would be able to measure anything I’d like using my software, then use the data produced to create a spreadsheet that could be analysed, and visualised later on with graphs and charts. There were a small handful of issues I encountered during the entire development process, however overall, the creation of my program was relatively smooth. As for the results I can’t really be sure that my research or my software will contribute in any major way to the current set of sources that can be found out in the world, however it definitely had an impact on me as a student and a researcher. Furthermore, the results that I have managed to produce do seem to follow the theories and facts that we know of in the current age about search algorithms, which means that they are at least a small contribution to all the information and data out there.

[bookmark: _Toc133412097]Reflection
During my project have a learned a great deal about not only search algorithms but about C#, and Unity as a whole. One thing I learned was how to use generics, I used when adjusting the grid systems in my software. This allowed me to use the same grid system, while being able to create two different grids, where one would hold integer data, and the other would hold path node data. 
I think that if I were to do this project again, one thing I would do is I would integrate the two grids into one. Perhaps by making the path node data hold more information about the current grid position, so that one grid could be used to retrieve data about a grid position, whether a space can be traversed, and whether the space should be empty or filled with a specific grid object like a wall. I believe this would cut down on the time the program would take to instantiate everything.
Another thing I would perhaps do differently is I would give the user an option to run a custom amount of iterations of the algorithm, rather than having them press a button every time they want to yield a set of data. The reason I originally didn’t implement it is partially because I liked the idea of having more control and being able to look at one set of data at a time, and partially due to performance issues. If I simply tried to run the function of the button in a ‘for’ loop a certain amount of times, the entire software would freeze and crash. This was presumably because of the sheer amount of things it would have to try to do in a matter of a second. Therefore, if I were to do this project again, I would definitely find a way around the performance issue, in order to give the user more options.
The final thing that I think I would do differently if given the chance is, I would improve the overall measurement and file writing systems. For example, I wouldn’t start to measure the execution time along with the other value before the maze is generated, but rather after. I believe this would possibly solve the anomalies in numbers that have occurred, and it would also give much more accurate results. Furthermore, I would give the user the option to reset a .csv file entirely along with the other statistics that the program has generated since starting up. This way, the user would not be forced to restart the software every time they want to yield a fresh set of results.
Overall, I think this project has provided me with a great experience, and it has not only taught me a few technical skills, but it has also taught me a few soft skills as well. For example, during this project, I found new, faster and more efficient ways of searching for information, as well as the importance of using written sources over online sources like videos for explanations of certain concepts. Often when I work on personal projects, I find that using online tutorials in order to learn or understand something, the videos usually turn out to be too specific to things that are not relevant to whatever it is that I need to know. On the contrary, during this project, I realised that written sources are much more general because of the variety of concepts they tend to cover, but they are often still detailed enough in their explanation of said concepts, for me to find them useful.
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	Parse
	Path Found
	Solvable Mazes
	Unsolvable Mazes
	Walkable Nodes
	Unwalkable Nodes
	Nodes Checked with Dijkstra
	Nodes Checked with A*
	Time Taken by Dijkstra
	Time Taken by A*

	1
	TRUE
	1
	0
	114
	111
	193
	145
	59ms
	45ms

	2
	TRUE
	2
	0
	117
	108
	164
	87
	57ms
	47ms

	3
	FALSE
	2
	1
	118
	107
	11
	11
	50ms
	47ms

	4
	FALSE
	2
	2
	113
	112
	74
	74
	50ms
	49ms

	5
	TRUE
	3
	2
	108
	117
	112
	91
	51ms
	47ms

	6
	FALSE
	3
	3
	111
	114
	192
	192
	50ms
	47ms

	7
	TRUE
	4
	3
	112
	113
	183
	167
	50ms
	46ms

	8
	TRUE
	5
	3
	115
	110
	202
	143
	54ms
	51ms

	9
	TRUE
	6
	3
	120
	105
	208
	121
	52ms
	45ms

	10
	TRUE
	7
	3
	112
	113
	193
	129
	53ms
	49ms

	11
	TRUE
	8
	3
	110
	115
	114
	79
	50ms
	47ms

	12
	FALSE
	8
	4
	109
	116
	16
	16
	52ms
	54ms

	13
	TRUE
	9
	4
	107
	118
	168
	117
	61ms
	55ms

	14
	TRUE
	10
	4
	119
	106
	200
	104
	52ms
	46ms

	15
	TRUE
	11
	4
	113
	112
	164
	85
	55ms
	57ms

	16
	TRUE
	12
	4
	119
	106
	167
	115
	52ms
	45ms

	17
	TRUE
	13
	4
	116
	109
	158
	33
	50ms
	47ms

	18
	TRUE
	14
	4
	112
	113
	146
	67
	50ms
	48ms

	19
	TRUE
	15
	4
	116
	109
	178
	103
	49ms
	47ms

	20
	FALSE
	15
	5
	106
	119
	48
	48
	50ms
	47ms

	21
	TRUE
	16
	5
	109
	116
	129
	54
	52ms
	48ms

	22
	TRUE
	17
	5
	115
	110
	180
	103
	59ms
	51ms

	23
	TRUE
	18
	5
	122
	103
	188
	108
	49ms
	49ms

	24
	TRUE
	19
	5
	112
	113
	122
	58
	50ms
	47ms

	25
	FALSE
	19
	6
	116
	109
	46
	46
	49ms
	48ms

	26
	TRUE
	20
	6
	110
	115
	191
	134
	51ms
	48ms

	27
	TRUE
	21
	6
	110
	115
	134
	134
	0ms
	46ms

	28
	TRUE
	22
	6
	111
	114
	200
	161
	50ms
	47ms

	29
	TRUE
	23
	6
	123
	102
	154
	55
	58ms
	55ms

	30
	FALSE
	23
	7
	112
	113
	200
	200
	55ms
	46ms

	31
	TRUE
	24
	7
	119
	106
	204
	162
	52ms
	44ms

	32
	TRUE
	25
	7
	119
	106
	162
	162
	0ms
	47ms

	33
	TRUE
	26
	7
	110
	115
	172
	107
	50ms
	48ms

	34
	TRUE
	27
	7
	116
	109
	181
	95
	50ms
	44ms

	35
	TRUE
	28
	7
	114
	111
	171
	113
	50ms
	49ms

	36
	TRUE
	29
	7
	119
	106
	166
	105
	55ms
	49ms

	37
	FALSE
	29
	8
	106
	119
	5
	5
	54ms
	54ms

	38
	FALSE
	29
	9
	111
	114
	199
	199
	51ms
	46ms

	39
	FALSE
	29
	10
	106
	119
	171
	171
	53ms
	46ms

	40
	TRUE
	30
	10
	118
	107
	105
	28
	52ms
	44ms

	41
	TRUE
	31
	10
	118
	107
	28
	28
	0ms
	47ms

	42
	TRUE
	32
	10
	109
	116
	155
	46
	51ms
	45ms

	43
	TRUE
	33
	10
	109
	116
	46
	46
	0ms
	48ms

	44
	TRUE
	34
	10
	111
	114
	196
	154
	61ms
	56ms

	45
	TRUE
	35
	10
	115
	110
	179
	118
	52ms
	54ms

	46
	TRUE
	36
	10
	119
	106
	204
	116
	56ms
	46ms

	47
	FALSE
	36
	11
	114
	111
	194
	194
	52ms
	45ms

	48
	TRUE
	37
	11
	114
	111
	147
	70
	57ms
	46ms

	49
	TRUE
	38
	11
	110
	115
	145
	80
	53ms
	47ms

	50
	TRUE
	39
	11
	119
	106
	160
	71
	54ms
	45ms
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