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[bookmark: _Toc160200018]1.0 Introduction
1.1 [bookmark: _Toc160200019]What is Pathfinding?
Pathfinding is a powerful strategy that can be applied to many fields, such as Network Traffic, Military Simulations, and AI movement for robots and within computer games (Yap, 2002). ‘The objective of pathfinding is to give the most efficient route for the autonomous entity to reach its destination’ (Sara Lutami Pardede, 2022).
1.2 [bookmark: _Toc160200020]Pathfinding in Games
In games, Pathfinding is mostly used for NPC (Non-Playable Character) movement (Sara Lutami Pardede, 2022). Having NPCs (that the player has no direct control of) that can move around and interact with the world, alongside the player, adds much more character to a game and enables deeper immersion by the player themselves. 
Within 2D games, a common way in which to apply pathfinding is to create a grid of tiles that is superimposed over the playable region (Yap, 2002). By doing this, you can treat each tile as a separate node and apply a chosen pathfinding algorithm using the tile (or node) that contains the target agent, and the intended destination node. 
[image: A yellow and white drawing

Description automatically generated with medium confidence]





[bookmark: _Toc160196346]Figure 1: Image of a Grid Graph (Granberg, n.d.).
[image: A map of a cross

Description automatically generated]However, a grid is far from the most efficient solution to creating nodes for pathfinding, especially when it comes to a 3D game. A Navmesh (Navigation Mesh) Graph ‘is often faster than a grid graph since it usually contains few nodes, and thus requires less searching’ (Granberg, n.d.).






[bookmark: _Toc160196347]Figure 2: Image of a Navmesh Graph (Granberg, n.d.).
Despite having fewer nodes, Navmeshes are not as effective as Grid Graphs when it comes to runtime changes (Granberg, n.d.), meaning that they are better when the playable world remains unchanged during gameplay, but can be worse if the player is able to modify the world (such as in RTS games or Tower defense games). 
[bookmark: _Toc160200021]2.0 Methodology
The goal of this investigation is to identify and evaluate various techniques that can be used to determine the shortest path between two points, in this case an agent and a destination. The findings will be considered by the author to determine which technique(s) they will use in an up-and-coming game. 
[bookmark: _Toc160200022]2.1 Requirements
When evaluating these methods, the author must consider the scenario in which they will be applied to determine the best choice. In the game, a primary mechanic will involve multiple AI agents moving around a grid-based world. To fulfil this; a technique that is fast, but also inexpensive to compute, will be necessary as the algorithm will have to run for each active agent without impacting the player’s experience. 

[bookmark: _Toc160200023]3.0 Exact Algorithms
‘Algorithms are generally a logical set of steps that, if applied correctly, should be accurate‘ (Walters, 2020). This means that, as algorithms follow a step-by-step logical process, the result should be reproducible and optimal. 
[bookmark: _Toc160200024]3.1 Breadth First Search
[bookmark: _Toc160200025]3.1.1 Introduction
‘The Breadth First Search (BFS) algorithm is a search that broadens the solution space systematically and explores all the possibilities that exist at each level’. BFS alone is not intended to be a pathfinding algorithm, it is just used to search for a node within a graph. However, it can be easily adapted to return a path rather than a single node. 
[bookmark: _Toc160200026]3.1.2 Method
BFS utilises two queues to manage nodes when determining the shortest path, these queues represent visited nodes and their unvisited neighbours. To start BFS, we must first look at the root node, in the example below it is 0, and let’s assume that the target is node 5. We first add our root node to the queue.
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[bookmark: _Toc160196348]Figure 3: Breadth First Search - Step One. Original Image (Bandyopadhyay, 2023).
We then dequeue the root node (the first node in the queue) and check for any unvisited neighbours of the root node. If there are neighbours, we first check if it is the target node. If it is then we return the node, if not we add it to the queue. 
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[bookmark: _Toc160196349]Figure 4: Breadth First Search - Step Two. Original Image (Bandyopadhyay, 2023).
The process in step 2 is repeated until a solution is found. In this example, the target node is 5, and therefore the algorithm will return node 5 instead of adding it to the queue (Jamro, 2018).
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[bookmark: _Toc160196350]Figure 5: Breadth First Search - Step Three. Original Image (Bandyopadhyay, 2023).
As mentioned in the introduction, BFS alone does not return the shortest path, but there are many ways to accommodate this goal. A simple solution would be to assign the root node as the parent of its neighbours, and then when the target node has been reached, we can backtrack using the parents to determine a path.
[bookmark: _Toc160200027]3.1.3 Evaluation
An advantage of BFS is that there is no deadlock, meaning that a solution will be found if there is a solution and if there are multiple solutions, then the minimum solution will be found. This is because it systematically explores nodes layer by layer (Tirsa Ninia Lina, 2021), meaning the algorithm checks every neighbour of a node before moving on. However, BFS may fail to find an optimal solution when applied to a weighted graph (unless all weights are the same), as the aim of BFS is to reduce the number of edges (or nodes) visited. It does not factor in the edge weights. 
Furthermore, because each node is systematically checked and stored using BFS, the algorithm requires a lot of memory. Due to the same reason, the algorithm also takes a considerable amount of time ‘because it will test n levels to get a solution at the (n + 1) level’ (Tirsa Ninia Lina, 2021). Meaning that you are sacrificing computation expense and time for completeness, which may or may not be ideal depending on the problem.
[bookmark: _Toc160200028]3.1.4 Summary
The BFS algorithm, while not directly applicable to pathfinding in its original state, can be easily adapted to perform such a task with great accuracy. If the sole task is to find the shortest path from point A to point B, the BFS algorithm is extremely capable and will find the minimum solution (the shortest path). However, finding the shortest path is not the sole task when developing a game. The author must also consider the efficiency of the algorithm, to minimise computation time, and the memory used, to reduce computation cost. As BFS systematically explores each node layer by layer (Tirsa Ninia Lina, 2021), time and memory are used in excess when running the algorithm. 

[bookmark: _Toc160200029]3.2 Dijkstra’s Algorithm
[bookmark: _Toc160200030]3.2.1 Introduction
[image: A diagram of a network with Silverstone Circuit in the background

Description automatically generated]Edsger Dijkstra was a decorated computer scientist who (in 1959) discovered Dijkstra’s Shortest Path Algorithm, which was a solution to finding the shortest point between two nodes of a network. To this day, his algorithm is still used in the routing of communication networks, and within the transport industry (Britannica, n.d.).








[bookmark: _Toc158938786][bookmark: _Toc160196351]Figure 6: Dijkstra's Algorithm (Abdul Rafiq, 2020).
[bookmark: _Toc160200031]3.2.2 Method
Using Figure 1 (above) as a reference, you will see that each path (or graph edge) has an assigned value, or ‘cost’. This is an example of a ‘weight graph’, in which Dijkstra’s Algorithm uses to determine the shortest path. To apply Dijkstra’s Algorithm, you will need to track the lowest cost path, keep a queue of all visited nodes, and a queue of each node in the graph. 
Say you want to traverse from node A to point E, we first add node A (the starting node) to the visited nodes queue, and then compare the path size to each adjacent node. In this example, the adjacent nodes are B (with a path size of 7 leading to it), and C (with a path size of 3). We know that the path to C is shortest as 3 < 7, so we add node C to the visited nodes queue and add the path size to the total cost. 








[bookmark: _Toc158938787][bookmark: _Toc160196352]Figure 7: Dijkstra's Algorithm Example Image one. Original Image (Abdul Rafiq, 2020).
Next, we must check the distances to unvisited nodes adjacent to the visited path (the green path), this includes B and C. From C, the path to both nodes is the same length (3 + 2), so the current shortest path is 5. This is shorter than the path from A -> B, which is 7, so we will now add B and D to the visited nodes queue and set the shortest path value to 5. 







[bookmark: _Toc158938788][bookmark: _Toc160196353]Figure 8: Dijkstra's Algorithm Example Image two. Original Image (Abdul Rafiq, 2020).
Repeating the same process, the final remaining unvisited node that is adjacent to the shortest path is E (the goal), so the final path values to compare are 9 (5 + 4) and 11 (5 + 6). Meaning that 9 is the shortest path, taking us through A -> C -> D -> E (GeeksforGeeks, n.d.).








[bookmark: _Toc158938789][bookmark: _Toc160196354]Figure 9: Dijkstra's Algorithm Example Image three. Original Image (Abdul Rafiq, 2020).
[bookmark: _Toc160200032]3.2.3 Evaluation
A strong case for using Dijkstra’s Algorithm is that is it relatively simple to implement, especially compared to other algorithms, due to its greedy method. The algorithm is only making basic mathematic comparisons when evaluating a path, so an implementation only needs to manage which nodes the lowest cost path leads to and ignore the rest. 
However, because Dijkstra’s Algorithm follows a greedy strategy, the algorithm may fail to find the true shortest path. This is because Dijkstra’s algorithm will not consider a negative value if the previously chosen nodes do not lead to it (GeeksForGeeks, n.d.). 
[image:  Dijkstra’s Algorithm fail on negative weights 3]Using Figure 5 seen on the right: assume that the goal is to travel from node A to node B; the algorithm will consider the path A -> B as the shortest (5 < 6) and will therefore mark node B as visited. As the path to C is the next shortest (and the path cost is known) it will also be considered as visited. Now that all nodes have been marked as visited, the algorithm will end and will give the shortest path of 5, where in fact the shortest path would be 3 if the path from C -> B was to be considered (GeeksForGeeks, n.d.).                                                                     
[bookmark: _Toc158938790][bookmark: _Toc160196355]                                                                                                                Figure 10: Dijkstra's Algorithm - Negative Value Example (GeeksForGeeks, n.d.)
Despite this flaw, (Domenico Cantone, 2014) points out that Dijkstra’s Algorithm is capable of handling negative values if visited nodes are reinserted into the queues to be checked again. But this has an exponential worst-case running time which makes the solution less effective than other methods.
Another advantage is the way in which the algorithm searches for the shortest path. The algorithm searches every path, in order, beginning from a starting point, meaning that the search expands concentrically (in a series of circles, all with the same centre point) (Masato Noto, 2000). Because of this, Dijkstra’s Algorithm excels when the intended destination is not known. This can be useful, using game development as an example, when needing to find the closest available resource of a certain type. We do not know where that is without running a series of checks, so Dijkstra’s Algorithm can be used to search around the target, until a resource is found (Abhishek Goyal, 2014). However, due to it searching concentrically; Dijkstra’s Algorithm has poor search efficiency, meaning that there will be a long search time when finding an optimal path across a larger distance (Masato Noto, 2000).

[bookmark: _Toc160200033]3.2.4 Summary
“Dijkstra's algorithm (named after its discoverer, E.W. Dijkstra) solves the problem of finding the shortest path from a point in a graph (the source) to a destination” (Javaid, 2013). Due to it being a greedy algorithm, Dijkstra’s Algorithm is fast at finding a solution compared to other non-heuristic techniques, making it useful for games. However, the additional efficiency comes with a lack of flexibility as the algorithm cannot effectively find an optimal solution when negative weights are used. Furthermore, the increase in efficiency only applies to more simple problems. Due to its concentric searching, the algorithm can take a long time to find a solution across greater distances, which can become a problem within a game setting.
[bookmark: _Toc160200034]3.3 Bellman-Ford Algorithm
[bookmark: _Toc160200035]3.3.1 Introduction
In 1958, Richard Bellman released the Bellman-Ford Algorithm. Like Dijkstra’s Algorithm, BFA (Bellman-Ford Algorithm) uses weighted graph edges to determine the shortest path, however; it neglects the greedy approach that Dijkstra’s Algorithm uses (Samah W.G. AbuSalim, 2020), allowing it to work even when negative weights are used.
[bookmark: _Toc160200036]3.3.2 Method
“The Bellman-Ford algorithm’s primary principle is that it starts with a single source and calculates the distance to each node. The distance is initially unknown and assumed to be infinite, but as time goes on, the algorithm relaxes those paths by identifying a few shorter paths. Hence it is said that Bellman-Ford is based on ‘Principle of Relaxation.’” (GeeksforGeeks, n.d.).
To apply BFA, we must first set the distance of the first (the source) node to 0, and the rest of the nodes to infinite. Then, we relax each node for ( times, where  is the number of nodes being considered.  Simply put, relaxing an edge means to check whether it is possible to shorten the path to the node being checked, and if so, replacing the current path with the shorter one. After each node has been relaxed for ( times, we then check if a path can be relaxed further during the th iteration. If this is the case, then a negative cycle is present and BFA fails (Samah W.G. AbuSalim, 2020).  A negative cycle means the sum of the path leading to a node are negative, so the algorithm could run indefinitely as each iteration will repeatedly reduce the path length, meaning there is no shortest path. If a negative cycle is not found, then repeating the process would only increase the path length, so we can assume that the resulting solution after ( iterations is the shortest.
[bookmark: _Toc160200037]3.3.3 Evaluation
A significant advantage of BFA is that it can find the shortest path, even when negative weighted edges are involved (Yefim Dinitz, 2017). This is because it is not a greedy algorithm, meaning it reconsiders already visited nodes, allowing more flexibility than greedy methods. Despite the benefit of flexibility, (Samah W.G. AbuSalim, 2020) points out that this non-greedy approach makes the algorithm run slower and at a higher cost than alternatives, such as Dijkstra’s Algorithm. 
The most significant disadvantage of BFA is that the algorithm fails when a negative cycle is found, and it returns no path (it only reveals that there is no shortest path) (Samah W.G. AbuSalim, 2020). Although suboptimal, Dijkstra’s Algorithm does in fact return a usable path even when negative values are used, it just isn’t guaranteed to return the shortest. 
[bookmark: _Toc160200038]3.3.4 Summary
To summarise, BFA is an algorithm that returns a boolean based on whether or not a negative cycle was found. As a negative cycle being found means there is no shortest path, and one not being found is a result of the shortest path being found, we can take the path leading from the source to the target (after ( iterations of relaxation) and assume that it is the shortest path (Saif, 2020). Although BFA is effective at finding the shortest path (if one exists), even when negative weights are considered, it sacrifices additional time to achieve this. When developing their game, the author wants to minimise the time and memory usage of any algorithms used to provide an optimised experience for the player. This means that BFA is not necessarily ideal, especially when negative values can be completely avoided when developing the game (making the main benefit of BFA redundant). 
[bookmark: _Toc160200039]4.0 Heuristic Techniques
Heuristic is used when wanting to solve a problem in a faster, more efficient way by optimal solution, accuracy and precision (Abdul Rafiq, 2020). Due to this, heuristic techniques are favoured when developing a game, as they sacrifice a guarantee of finding the most optimal solution for less computation time. 
[bookmark: _Toc160200040]4.1 A* Algorithm
[bookmark: _Toc160200041]4.1.1 Introduction
When it comes to pathfinding, A* is the most popular and widely used algorithm that was proposed by Hart, Nilsson and Raphael in the year 1967 (Mathew, 2015). However, as pathfinding problems within games, and other industries, continue to grow; A* begins to struggle to keep up and other methods are more capable of creating less overhead when finding the solution to larger problems (Daniel Foeada, 2021).  To manage this, researchers have focussed on improving the heuristic used by A*.
[bookmark: _Toc160200042]4.1.2 Method
The method that A* uses to determine which node (or path) to traverse is the same as Dijkstra’s Algorithm, it utilises two lists (a visited and unvisited list) and looks for the lowest cost path to an unvisited node. However, A* applies a Heuristic to plan and estimate the cost of the path from the current node to the goal, rather than concentrically searching for a path like Dijkstra’s Algorithm (Lester, 2005). 
To determine the estimated cost of the shortest path; the function  is used, where  is the total estimated cost of the path through node ,  is the cost so far to reach node , and  is the estimated cost from  to the goal (this is the heuristic part). If  = 0, then A* becomes Dijkstra’s Algorithm (Thaddeus Ably, n.d.). 
Two common Heuristic methods for estimating  are The Manhattan Distance Heuristic, and The Euclidean Distance Heuristic.
[bookmark: _Toc160200043]4.1.3 Evaluation
As A* is an extension of Dijkstra’s Algorithm that utilises a Heuristic, it no longer mindlessly searches for paths concentrically and instead the search is guided toward the target destination (Lester, 2005) Because of this, it is typically more efficient at finding a solution as less nodes are searched, requiring less computation time. 
However, (Lester, 2005) also points out that, because A* relies on a Heuristic function to be more effective than Dijkstra’s Algorithm (its predecessor), it also relies on the destination being known. If the destination is unknown, the heuristic becomes 0, meaning the algorithm becomes Dijkstra’s Algorithm (refer to section 4.1.2). Also, in a situation where there are multiple possible targets, and the problem is to find the closest, Dijkstra’s Algorithm is faster in most cases. This is because A* would have to individually calculate the path to each target and then compare the results, whereas Dijkstra’s Algorithm will concentrically search until one of the target nodes is found (the first found would be the closest). 
Also, because A* relies on Heuristics, which are approximations, the algorithm may not always produce the most optimal solution. Depending on the use-case, this could be a major disadvantage, or negligible. In the case of pathfinding in games, the inaccuracy is generally considered as admissible as the computation time, and lack of overhead of the algorithm, helps to make the development process easier. 
Finally, due to the dependency on Heuristics, applying A* to a program effectively necessitates the need for an effective Heuristic. The developer must consider the advantages and disadvantages of their chosen Heuristic, as well as the search algorithm itself. 
[bookmark: _Toc160200044]4.1.4 Summary
Overall, A* is usually consistent when dealing with pathfinding problems and has been used for a long time within the pathfinding research community (Daniel Foeada, 2021). Despite its dependency on Heuristics, A* is still applicable to a variety of search problems if the chosen Heuristic has minimal, or no impact on the effectiveness of the algorithm (Daniel Foeada, 2021). Due to its heuristic adaptation of the already successful Dijkstra’s Algorithm, A* has been a favourite for game developers for some time, and due to its success, the core algorithm has not been developed much since its creation. However, further due to its popularity, A* has received a significant amount of focus from researchers who have applied various methods to optimise the algorithm.
[bookmark: _Toc160200045]4.2 Hierarchical Pathfinding A*
[bookmark: _Toc160200046]4.2.1 Introduction
As good as the A* algorithm is, the computational effort and time it takes to find a path can be expensive, especially when pathfinding within a larger grid (Adi Botea, 2004). Hierarchical Pathfinding A* (HPA*) was developed to reduce the complexity of pathfinding on a grid-based map by breaking down a map into larger areas, in which the accessible entry and exit points are cached (Adi Botea, 2004). This means that, when performing the algorithm, these larger areas can be considered as nodes instead of individual grid cells, reducing the amount of data needed to be processed. 
[bookmark: _Toc160200047]4.2.2 Method
As HPA* is a derivative of A*, much of the logic is similar. The difference with HPA* is that it requires a few extra steps when setting up the map grid. Using an example of a 1000 x 1000 grid, it is obvious that pathfinding across a grid of such a size will be expensive, especially if multiple agents are pathfinding at the same time. We can reduce the cost by breaking the map down into 10 x 10 areas, making a new grid of 100 x 100. 
[image: Hierarchical Pathfinding and AI-Based Learning Approach in Strategy Game  Design]






[bookmark: _Toc160196356]Figure 11: Image showing the breakdown of a grid for HPA* (Le Minh Duc, 2008).
Now think of these new areas as cities, there are ways to enter and exit each city, and we decide which entrance and exit to use based on our desired destination without giving too much thought about the specific route to get there. With HPA*, we will figure out the possible entrances and exits of each city, use traditional A* to connect these locations and then store the path costs. 
Now, when an agent wants to move from one area to another: it must first travel from its current location to the border of the area it is within; it must then figure out the optimal path across the areas (using the 100 x 100 grid); and when it finds the area that contains the goal location, it can then use A* again to find the optimal path from the border of the area, to the goal node within (Adi Botea, 2004). 
This extension of A* essentially breaks down a large, complex pathfinding problem into multiple, much easier to solve, solutions. 
[bookmark: _Toc160200048]4.2.3 Evaluation
The biggest advantage of HPA* comes from its huge reduction in the number of processed nodes. “In terms of processed nodes, the HPA* method can deliver up to a more than 95% reduction when compared to the traditional, non-hierarchical approach” (Antikainen, 2013). But to achieve this reduction, we are grouping smaller nodes into larger ones, meaning that possible paths are being checked at a much lower detail. This reduces the accuracy as areas consisting of many nodes are being checked, rather than the individual nodes themselves. 
To add to this, (Adi Botea, 2004) points out that the creation of these larger nodes requires additional overhead. This additional overhead is negligible when considering the overall reduction when dealing with larger problems, but when dealing with smaller problems; the additional overhead does in fact mean HPA* performs worse than A*, although only slight. 
(Adi Botea, 2004) also mentions that, since HPA* breaks down a larger, complex problem into a sum of small searches, the average amount of nodes waiting to be checked is much smaller. Some research indicated a three-fold reduction of the list size when comparing list sizes within generic A*, compared to a hierarchical approach. This huge difference means that HPA* can process nodes at a much faster rate than A* (reducing memory usage at any one time), and this difference becomes more drastic with larger problems.
[bookmark: _Toc160200049]4.2.4 Summary
As an extension of the massively popular A* Algorithm, which was previously covered in section 3.1, HPA* provides an optimised solution to applying A* to larger maps/grids. This means that the author can consider increasing their games scope, once core mechanics are implemented, and allow the player to explore larger areas with minimal impact on performance.








[bookmark: _Toc160200050]5.0 Conclusion
After researching in-depth various algorithms that contributed to, and are used in, the field of pathfinding; the author has identified two techniques that could fulfil the requirements set out in section 2.1.
As a game must be optimised for it to be enjoyable by the player, an algorithm(s) that has minimal impact on computation time and cost is a necessity. This immediately pushes the author towards using a heuristic method of pathfinding, as heuristics are applied when wanting to solve a problem in a faster, more efficient way by optimal solution, accuracy and precision (Abdul Rafiq, 2020).
The author intends to first apply the A* algorithm (discussed in section 4.1), during the early stage of development, to support efficient development of the core gameplay elements. Once progress has been made, and focus is turned to optimising existing features, the author aims to expand their A* application by evolving it into HPA* (see section 4.2), allowing the author the ability to further expand the playable areas. 

However, the game the author intends on making will require agents to search for resources to gather. As discussed previously, heuristic methods (and A* specifically in this case) relies on the destination being a known factor. The author could deal with this in various ways, but the application of Dijkstra’s algorithm would be an acceptable solution in this case due to its concentric search method, as discussed in section 3.2.3, if they should choose to apply this method. 
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