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[bookmark: _Toc7606548]Abstract
The purpose of this project was to recreate Dijkstra and A* algorithm with a grid representation to then run tests to determine strengths of the two algorithms. Research of the algorithms and different types of graph representations are detailed in this report allowing for a good understanding of the algorithms being used. The project uses feature driven development methodology allowing for small chunks of the project to be developed at a time. The two algorithms are coded in C++ and the map data is loaded in from file and an interface has been created using OpenGL to allow for visual representation of the two algorithms. The analysed data shows that A* does provide performance improvements whilst searching for one goal and that it can be sped up further by increasing the weighting of the heuristic value, in doing so this can lead to a path that is not as optimal, however, visually this might not make much difference to the path and tests generally are required to fine tune the algorithm to get the results you want. The overall project had its ups and downs, delays pushing the project back, however a good analysis was able to be obtained from the work provided.















[bookmark: _Toc7606549]1.0 Introduction
This project will be an investigation into the use of two well-known algorithms, Dijkstra and A*, and their performances using different techniques. The aim of this project will be to compare the two algorithms using different techniques to see which algorithm performs better in which scenario. To demonstrate this, we will be implementing the two algorithms using C++ and then comparing the results, seeing what could be improved and then implementing some improvements. This means that to be able to complete this task that a good understanding of the two algorithms will be required along with the different types of data structures they use and how level data will be represented. The final goal of the project will be to have a running Dijkstra and A* algorithm with comparisons completed along with hierarchical pathfinding complete and an interactive OpenGL interface allowing for custom maps to be generated. An investigation into the area will be required and will now be covered in the next section.















[bookmark: _Toc7606550]2.0 Background Literature
Pathfinding is a well traversed topic, and a pathfinding’s goal is to provide a route from one point to another, generally with the aim to get to the other point as fast as possible using the least amount of resources as possible.

Uses of pathfinding generally is to find the best route to a goal with the lowest cost value, a cost value could be time, distance, resources etc [1]. An example of this is if you were travelling from one destination to another you would generally want to get to that location with some criteria in mind, whether that’s fastest route possible, avoiding certain areas or perhaps most economical route possible.

From a game’s perspective, the aim of pathfinding is to provide the best path possible in the quickest time possible. Limitations may cause you to choose paths that are not quite as optimal or calculating the paths to not be as quick.

[bookmark: _Toc7606551]2.1 Tree traversal
Two methods that are the core to all the algorithms in tree traversal are depth-first search and breadth first search, the algorithms have a node and edge structure, where the nodes attach to other nodes via edges. An example of this is the branches of a tree and how they branch out. The algorithms do not have any information about the direction or goal that they are aiming for and follow a path blindly causing the algorithms to do a flood approach search, this is called uninformed searches.

[bookmark: _Toc7606552]2.2 Depth First Search
Depth first search’s method is to traverse to the very depths of the graph before it considers the next layer. The algorithm first takes the start node and marks it as visited, from there it then works out all its child nodes and then adds them to a list and then picks one of those children and sets that as the current node and marks it as visited. If the path leads it to children who also have children, then a new list is created keeping track of the children’s children and then picking one of the children and setting that one as visited. This pattern will continue until one line has been completed and will go back to the previous parent before selecting another child. Once all paths have been completed then the search is complete. Depth First Search performs well on shallow trees; however, it takes large amount of time if the depth of the tree is deep; also, depth first search can get stuck in an infinite loop if the child nodes have multiple parents [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12].

An example of how this works is displayed below.

[image: ]
[bookmark: _Toc7601417]Figure 1: Depth-First Search

There are advantages and disadvantages to this approach, we will list them below.

Advantages:
· If the graph is uninformed the algorithm works well [13].
· Does not require a large amount of memory as once you have finished evaluating a parent and a child then these no longer need to remain in memory [14].
· Shallow trees are calculated quickly [6].

Disadvantages:
· Without optimisations the algorithm does not take full advantage of an informed graph [1].
· Performance suffers on broad trees if the depth is also large due to it traversing all the way to the bottom before it can move along the graph [14] [15].
· As nodes are not kept, can get stuck in an infinite loop if the child has multiple parent nodes.

Whilst it’s all good and well if the item you are searching for is deep down in the graph, if the item you were looking for was in children nodes to the start node then it may take a while to explore them, another approach that works well to overcome some of these problems is the Breadth First Search.

[bookmark: _Toc7606553]2.3 Breadth First Search
Breadth First Search works in a similar fashion, however, instead of searching as deep as it can go like Depth First Search it will process the parent’s children before it will move onto processing their children. Breadth first search is like the layers of an onion, look at the first layer and analyse, only then can you peel off the next layer and analyse that. Breadth first search is a good option for path finding [8] as it finds a path that is close to optimal [2] [16]. The problem that comes with this is that it needs to keep the parent nodes in memory whilst it visits all the children, and because of this, the deeper the tree goes, the more memory will be consumed [4] [5] [9] [10] [11] [12].

So, depending on your tree structure and how it’s connected then it may be better to choose one over the other, if the item you are looking for is deep on a unidirectional or bidirectional graph then it may be a good idea to use Depth first search, otherwise use Breadth First Search. There are also ways to improve these searches by using information on which direction it can travel by using an informed graph.

[bookmark: _Toc7606554]2.4 Informed Search
An informed search also known as a weighted graph, is a tree that has a bit more information in it that tells the algorithm what the cost value is to get to that node [1] [17]. The cost value is a versatile value that can be used for many different situations, time, difficulty, cost, efficiency are just a few examples of what it could be used for and a combination of these could also be used as long as it’s consistent across the graph, i.e. time and cost, how long does it take and how much will it cost me. To understand this a little bit more, in figure 2, imagine you were playing a game and you were walking by foot, you start at ‘S’ and three paths are in front of you that all lead to the same destination ‘G’, path one is a flat road which is easy to walk, however it’s distance is long, path two has many short roads, path 3 is a swamp so it’s slower to traverse.

[image: ]
[bookmark: _Toc7601418]Figure 2: Informed search/Weighted graph

By simply adding up the values from node to node from each path taken to get to the end node you have a final cost product and can use this to determine which is the better route to take. The cost value for the flat road is 14, short roads 11 and swamp 16, so for this example the best path to take is through the short roads. 
Directed weighted graphs are another way you can provide the algorithm with more information and act as a rule for which direction that the path must be travelled, these nodes can be either unidirectional (one way) or bidirectional (both ways). From our example from earlier, we could say that the short path is unidirectional and goes from end node to start node, doing this would mean that the algorithm would find out that it cannot traverse these nodes and pick an alternative option [1].

[image: ]
Figure 2: Informed/Weighted graph example


In this example the algorithm will get to node B and find that the edge to C is a unidirectional node and it cannot traverse it; other options are then attempted finding that the long road is better this time. A possible use for this may be if you want to allow the player to jump down from an area, it might be low enough that a player can jump from it, however, might be too high to actually jump back up again, this also allows nodes to specify a cost for jumping down from one node to another and then a higher cost for getting back up as there is a ladder for example.

Next, we will look at Dijkstra’s algorithm that uses this approach in solving the fastest path to all paths.

[bookmark: _Toc7606555]2.5 Dijkstra’s algorithm

Dijkstra’s algorithm uses this breadth first search approach [18], which uses a non-negative weighting system to find the shortest path between nodes. The algorithm keeps track of a few things as it goes along noting down the node it’s on and calculating the overall cost to the next node from the current node whilst setting the parent of the neighbour node as the current node. It uses an open list to store all the current node’s neighbours that it has yet to discover and a closed list to store nodes that have already been processed. The calculation Dijkstra uses to calculate the overall cost of the node is f(x) = g(x), where g is the combination of the parent’s g score and the cost to get to this node [10] [12] [19] [20] [21]. The algorithm starts off by adding the start node to the open list  and then does a search on the open list to find out what nodes have the smallest cost so far and processes this node next [1], if there are multiple nodes with the same value it picks one at random to process next as to not influence the selection in any way. The algorithm will then check the neighbours of the current node and then add them to the open list if they are not already on the closed list or open list. Once this current node has been fully processed it then moves onto the next cheapest node and repeats the process.

Dijkstra’s algorithm is not normally used directly for pathfinding as the algorithm finds the shortest path to all nodes rather than just the one node being the end node that you are usually after [4] [19] [21], because of this, the algorithm can be quite expensive depending on the size of the graph that it’s operating on. This can be useful if you wanted to store every path, however, as Millington explains, if only the shortest path was kept then this would be extremely wasteful. Dijkstra’s algorithm however, is good for things where you would like to know every path, so you can evaluate what happens in different situations, some examples of this could be tactical decisions and telephone networks [22].

Problems that come from the algorithm as explained above is that the algorithm wants to find the shortest path to every node and requires a large amount of data to represent this. If you decide to end the search once the goal has been found, then you tend to find that the algorithm explores many nodes that provide very little assistance in getting to the goal node with the fastest route in mind. This is commonly known as the fill of the algorithm [1] [9] and can be measured by the number of nodes that have been added to the open and closed lists and as you can see from figure 3, the algorithm explores and processes a lot of the graph before eventually finding the goal. Dijkstra’s algorithm also needs to operate on a positive weighted graph, if negative weighting is used then the algorithm may not find the shortest path [4] [9] [19] [21].
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[bookmark: _Toc7601419]Figure 3: A completed Dijkstra search showing fill [1]

The flow chart below details the steps taken by the Dijkstra algorithm with the added conditions stopping the algorithm when it has found the goal.
[image: ]
[bookmark: _Toc7601420]Figure 4: A flow chart detailing the Dijkstra's algorithm

To conclude, Dijkstra’s algorithm is a breadth first search algorithm that is greedy in its approach, always looking for the lowest cost. The algorithm can find the shortest path to every node providing the weights are none negative, the algorithm is simple to implement. No information is required to get to the target node, however, because of this it can have large amounts of fill as it ignores any direction to the goal. To improve on this, we will look at A* algorithm which uses some direction.

[bookmark: _Toc7606556]2.6 A*
The A* algorithm is Dijkstra’s algorithm with one small but crucial addition. A* adds some direction called a heuristic value to the algorithm putting higher importance on nodes that are closer to the goal rather than ones that are further away [21] [23]. The algorithm is now computed as f(x) = g(x) + h(x) [24], once again the combined cost of the g cost from the parent and the cost to this node is used, this is then summed with the distance cost from the node being calculated to the goal node. The open list is once again used; however, the selection process works in a slightly different way as now it does not look for the overall cost so far but the combined cost of the overall cost so far and the distance to the goal.
Another difference to Dijkstra is that nodes on the open list and closed list can also be revisited, a node that was placed on one of these lists may have their values recalculated if it was found that from the current node to this node it gives a cheaper f-score. If this is found to be the case for a node on the open list, then the node’s values are recalculated and updated with its new parent node linking to the current node. If the node was on the closed list, then once again the node is recalculated and then updated with its new parent node, this node is then added back to the open list as all routes from this node will have a cheaper cost and need to be recalculated [1]. Observing here it is clear to see that there will be a higher load upon the open list with the adding and removing of nodes off that list, which could cause the performance of the algorithm to reduce. The advantage that this creates is that instead of having focus on nodes around the origin it pulls the search in the direction of the goal, thus avoiding the mass fill of areas that are associated with Dijkstra whilst still able to find the shortest path to goal. An updated flowchart is displayed in figure 5 which adds in the recalculation of nodes.
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[bookmark: _Toc7601421]Figure 5: A flow chart detailing A* algorithm

There are a generally a few different heuristics that are used, two that are mentioned by Millington are cluster-based and Euclidean distance heuristic.

[bookmark: _Toc7606557]2.6.1 Hierarchical Heuristic
This is a very brief overview as it will be covered later. A hierarchical approach, also known as a cluster-based heuristic, is where highly connected nodes are grouped together to form a group of nodes and then an algorithm checks to see what groups it needs to go through to get to its intended target. By checking what cluster you need to pass through to get to the intended target. This cuts out some of the nodes required to be checked, if the node is not inside a cluster, you simply need not add that cluster to your area of search.

[bookmark: _Toc7606558]2.6.2 Euclidean distance
[bookmark: _Hlk1915875]Euclidean distance comes from Pythagoras theorem of c2 = a2 + b2 and calculates the distance from the current node to the start node using a square root [25] [26]. Millington makes note that whilst this distance check can perform well when there are few obstacles that it needs to overcome, Buckland explains that it’s slower than Manhattan distance check due to it having to compute a square root operation [9]. It also underestimates the distance in a more confined space [24]. To demonstrate this more clearly using figure 6. Using the two points either start or goal, the distance check would say that they are close to the goal, so will look at nodes around this area for the goal node. As you can see, the nodes are actually further apart in distance terms compared to the calculation. Had there been no obstructions to the goal node then it would have found the path quickly.


[image: ]
[bookmark: _Toc7601422]Figure 6: Demonstration of problems with Euclidean distance formula.

Next, we will look at Manhattan distance that is faster to compute, however, has its own drawbacks also.
[bookmark: _Toc7606559]2.6.3 Manhattan Distance 
As explained by Buckland et al. [9] [21] [23], Manhattan distance is another alternative that could be used, the algorithm works well on a grid like topology and gives a speed boost over Euclidean distance due to the omission of the square root calculation. Buckland explains that the Manhattan distance is calculated simply by summing the difference from start to goal in the x axis and the y axis as shown in Figure 7, from the start the goal its +3 in the x value and +4 in the y value giving a combined Manhattan distance value of 7. A potential issue with Manhattan distance is that it does not entertain any diagonal movement so will often overestimate the distance [27].
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[bookmark: _Toc7601423]Figure 7: A graph showing Manhattan distance calculation

There are some optimisation techniques that can be done with A* and estimating and underestimating the distance.

[bookmark: _Toc7606560]2.6.4 Heuristic Optimisation
A technique that is used to give varying results is the ability to add a scaler value to the heuristic, allowing less or more influence on the distance to goal. As explained earlier, the formula is f(x) = g(x) + h(x), with the scaler now applied converts to f(x) = g(x) + (h(x) * scaler). Rabin explains [24] that this now alters the way A* behaves and gives more control over the direction. Setting the scaler to 0 reverts the algorithm back to Dijkstra of g(x) shown in figure 8, setting the value to 1 gives you the classic A* algorithm shown in figure 9, and setting the value to greater than one then we are tilting the algorithm to more greedy-best-first search shown in figure 10. The higher we have the value, the more aggressively the algorithm will choose the nodes closest to the goal, however doing so may give sub-optimal results [28]. Taking this approach may be beneficial if the nodes processed and time taken is reduced and the path resembles a close to optimal path. Rabin also gives a general rule of thumb that if you are dealing with random objects that resemble columns or trees that a larger weighting may be advisable; however, if quite a bit of backtracking away from the goal is required then a lower scaler value would be better.
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[bookmark: _Toc7601424]Figure 8: Spread using 0 heuristic cost (Dijkstra). [28]
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[bookmark: _Toc7601425]Figure 9: Spread using Euclidean distance. [28]
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[bookmark: _Toc7601426]Figure 10: Spread using an overestimated heuristic. [28]

Next, we will look at some problems with the algorithm and see where we can optimise it to increase performance.

[bookmark: _Toc7606561]2.6.5 The Open List Problem
The open list has two main problems, one of those is the accessing of the data and the time taken to do so and another issue is the growth of the open list the further you get into the algorithm. Rabin discusses that there are improvements made that could be used to improve the access and the removal of the open lists. The priority queue uses a sorted list to help with this.
 
[bookmark: _Toc7606562]2.6.6 Priority Queue
The bottleneck of the open list is the accessing of the node with the lowest cost and the time taken when trying to do this, this becomes one of the biggest strains on the algorithm using a standard queue. The standard queue works in the way that it’s fast to add nodes to the list and slow to pull nodes off as you need to search through the whole queue to find the node that you want. Whilst accessing the open list and storing an object is done in constant time, pulling data off is done in O(n) [29] time as you are looping through the full size of the queue to get the one with the lowest score and the time taken depends on the size of the queue. One straight forward method that may help speed things up by creating a priority queue by simply sorting the queue, by putting in order the nodes with the lowest f-score the next node the algorithm will need will be at the top of the queue, this saves searching through the queue to find the node with the lowest f-score. This does mean however, that the problem is flipped and now it’s slow to add nodes but fast to pull nodes off. The open list expands the larger the search space and the longer the algorithm is searching. If there are not many nodes on the open list to search through then it would be best to keep the standard queue, however, if there are lots of nodes on the open list then it would be better to sort the queue once there becomes a significant number of nodes in the list. 

As you may gather from this is that it’s difficult to get the balance right and may require tweaking depending on the size of data you give it. Another optimisation that gets the best of both worlds involves another queue that holds a few nodes that we are most interested in.

[bookmark: _Toc7606563]2.6.7 Multiple Queues
A multiple queue system does introduce slightly more overhead but can offer some rather nice performance improvements. We use one standard queue which we will call a “master list” and another queue called a “priority list”, the master list will be an unsorted queue that many of the nodes will be added too so it keeps the speed of a standard queue. The priority list is a sorted queue that will hold a small set of nodes that have the lowest f-score and when the algorithm searches for a lowest f-score it looks in this list and chooses the first node, this keeps the speed of the removal of nodes from the queue. Whilst this does sound good, there are a few things that slow this down a little bit. The priority queue will need to be given a size, for this example we will say the priority queue has a maximum of 15 nodes, this means that when the master list has 15 nodes we can start to use the priority list, the priority list will as for 15 of the top nodes in the master list and sorts them into order, it will process a node as normal and then processes a neighbour, if a neighbour node has a greater f-score than the last node in the priority list then the node is placed into the master list in the normal way. If a neighbour node has a lower f-score than the last node in the priority list then the node needs to be manually inserted into the correct location on the priority list, this will break the rule of 15 nodes, however it’s better to do this than put the last node back into the master list as it’s already sorted. If the priority list becomes exhausted, then it is repopulated once the master list is greater than 15 again. This does offer improvements as the only overhead is when the inserting is required into the priority list and the searching of the master list for the next best 15 nodes.

Other improvements can be made with the design of our search space that speeds up the pathfinding somewhat. As briefly discussed earlier, we can use a hierarchical system that clusters up nodes to create a higher level to traverse that cuts down the number of nodes that we need to search.
[bookmark: _Toc7606564]2.6.8 Hierarchical Returned
In a normal search space, an algorithm is not restricted in any shape or form on how it conducts its search, whilst a whole world may be searched, in normal circumstances only small parts of that world would be required meaning that many nodes will be redundant and not helpful in any shape or form in getting to our goal. If we take a hierarchical approach, then this will reduce the number of nodes that we need to search cutting down on time and memory as there are less nodes to process. The search space can be split up into hexagons or squares containing multiple connected nodes and access points given to these new containers. An example of this might be a search space of a house with a garden, the house can be split up into zones [1] [24] [28], living room, dining room, hallway, kitchen and a garden. This higher-level understanding could go a step further to a point where there are only two nodes in the search, in this case it could be house and garden as the top layer. DeLoura [28] explains that this gives higher levels with zone to zone representation, and the lowest level a step by step representation. Traversing the upper levels will explain what zones are required to get to the required location and if the path is blocked to that location. For example, providing there is a connection to the house and the garden then you can attempt to traverse through the house to the garden shown in figure 11, if that link is not there then the connection is broken. Without this upper level representation then you would have to traverse from the start position in the house to the garden to realise at some point that there is no path. If the connection was there then the algorithm would step into the next layer going through the zones of the house finding the shortest path shown in figure 12 and seeing if there is a connection to the garden, finally it would go into the step by step layer as seen in figure 13. Another example of this using the figures below is if you started in the Kitchen and wanted to get to the Bathroom, then you would run the pathfinding algorithm and find that the fastest route is through the kitchen to the hallway and then to the bathroom. Once you have found that path exists then you start traversing from the kitchen at the lowest level with the important step of setting the end goal to be the entrance/exit point of the kitchen, missing this step and hierarchical might as well not exist. Once you have got to the exit point of the kitchen then you can move onto the hallway from the entrance/exit point and traverse to the entrance/exit point that leads to the bathroom, once that has been completed you then run the algorithm a final time to locate the finish position in the bathroom. This has a number of benefits, firstly you can determine if it’s worth pathfinding in the first place, secondly, this cuts out large parts of the search space improving on both time and memory usage [24] [28].
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[bookmark: _Toc7601427]Figure 11: Highest level zone to zone representation.
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[bookmark: _Toc7601428]Figure 12: Low level zone to zone representation.
[image: ]
[bookmark: _Toc7601429]Figure 13: Lowest level step by step representation of the kitchen showing the enter points from previous zones and the detailed node structure.


To improve things further then lookup tables could be used to cache the zones to show connection to other zones [24], this makes for super-fast retrieval of connectivity between the zones as lookup tables are processed in constant time. Lookup tables are discussed in more detail later.

[bookmark: _Toc7606565]2.7 Jump Point Search
Jump point search is an improvement over A* algorithm providing the criteria has been met, the algorithm was announced in a paper designed by Daniel Harabor and Alban Grastien called “The JPS Pathfinding System” [30]. It takes advantage of symmetrical paths that all lead to the same destination. The algorithm will prune nodes and search for nodes of importance that lead us to the right path.  For jump point to work you need to be working on a search space that is using a uniform cost grid for example, horizontal and vertical movements are a cost of 1 and diagonal movements are , also you need to be using an octile search representation. Once the criteria have been fulfilled you then start A* as you normally would by finding the node with the lowest f-score. Once that has been found the algorithm changes somewhat. There are two rules that the algorithm takes: -

[bookmark: _Toc7606566]2.8 Horizontal/Vertical search 
In an open grid there are many nodes that A* will check that need not be checked, to illustrate this better we will explain the next part with diagrams.

[image: ]
[bookmark: _Toc7601430]Figure 14: Illustration showing redundant checking

In figure 14 we have a situation in the A* algorithm where the parent node has done checking its neighbours and found the next node to check to the right, a normal process would be to consider seven nodes, four of which have already been calculated from the parent and check if the f-score is lower through this path than from the parent. In an open world then this would never be the case as going from the parent node has already a cost of 1 and any further movement would take it over the lower value of 1.4. This means that for any further iterations of the horizontal or vertical search you would only need to check in front of you until one of two conditions arise. If a wall or edge of a map is hit then it would stop expanding in this direction and discard the information as adjacent nodes are handled by other nodes, if you find in the adjacent layers that there is a blocked node and its next node is a vacant node then you are in a situation where you must consider this node as a possible faster solution as it is not faster from the parent. Figure 15 visually highlights this point.

[image: ]
[bookmark: _Toc7601431]Figure 15: Forced horizontal/vertical neighbour
The cost from the parent to the forced neighbour is 3.8, whilst from the current node it’s 2.8 meaning that this node needs to be considered and cannot be pruned and the search stops progressing in that direction and adds the current node onto the open list for further processing, this is then used to ‘jump’ from parent node to this node called a jump point.

[bookmark: _Toc7606567]2.9 Diagonal search
We can take a similar approach when looking at the diagonal directions, this time we have three neighbours to consider, anything left and down from this node can be calculated faster by other nodes, so we ignore them if there are no blocked nodes in those locations. If a blocked node is found, then we repeat the process as before and add the current node onto the open list for further investigation later and halt the movement at that point. If the path is clear then we have three directions to take care of, two of which are horizontal and vertical directions, so we can move diagonally one node and then apply the same rule as previously for the horizontal and vertical checks and loop through this method whilst there are no forced neighbour situations. 

Once a node has checked all directions then normality is restored with A* and the rest of the algorithm continues. This dramatically reduces the number of nodes that are added to the open list and saves on recalculating costs for symmetrical nodes, however, JPS does suffer to some extent if there are large wide-open spaces to search as it needs to scan right to the depth of that direction to see if it needs to add a jump point [24]. A completed search is shown below which was created using an online tool.


[image: ]
[bookmark: _Toc7601432]Figure 16: A completed path using jump point search [31].

We have spoken quite a bit about the types of world representations that we have, however, most of the focus has been around a square grid layout, next we will go onto different types of world representations that we can have.

[bookmark: _Toc7606568]2.8 World Representations
In this section we will look at the different types of world representations and the advantages they bring to the table. For an algorithm to work it needs to understand how to represent the level data, so it can traverse the level. There are a few representations used.
  
· Tile Graphs – A world is split up into shapes, usually squares shown in figure 17 or hexagons, however, triangles have also been used. This method is normally used for strategy type games [1] like Command and Conquer and earlier versions of Sim City and tower defence games [24]. The problem that comes with this type of representation is that if you wanted to capture small detail then you may need to create smaller nodes, the more nodes you have the greater load you will put onto the pathfinding system and the slower it will perform [21]. Tile Graphs are easy to implement and can be edited with a text editor to update terrain costs and objects like traps for dungeons can be simply added into the relevant cell. This method does however produce a blocky path and smoothing of the path will be required if you require a more realistic path [24].
[image: ]
[bookmark: _Toc7601433]Figure 17: A square tile representation. [32]

[image: ]
[bookmark: _Toc7601434]Figure 18: A hexagon tile representation. [32]
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[bookmark: _Toc7601435]Figure 19: A triangle tile representation. [32]

· [bookmark: _Hlk534803301]Waypoints – Waypoints are nodes that are positioned onto the world at design level and are used as markers on the map that dictates where a player can move to as illustrated in figure 20, this is simple to implement [33] and is a huge improvement over a tile-based representation as there are not as many nodes reducing the load on the algorithm and reducing the memory required to store the data. The problem that this can create is that with only a few nodes added it does not allow for representation for many of the areas of the world reducing flexibility [34]. Also, paths may appear rigid which cannot be improved by smoothing as you have no idea if the new path you are creating exists on the map because there is no connection between the nodes and the walkable space of the map [24]. Adding too many nodes will cause the algorithm to slow down reducing performance dramatically [35]. This method works well for games that do not require any other movement than to specified nodes, tower defence games are a good example. Bloons Tower Defence was a game that used this method, the path data was saved to a text file and could be edited by any player, by setting the end waypoint to the start waypoint this effectively broke the game.

[image: ]
[bookmark: _Toc7601436]Figure 20: A Waypoint representation. [36]

· Navigational Mesh – Navmesh for short, is a convex polygonal representation of the world and its areas that it can traverse, the graphs are based on the mesh geometry of a level and nodes are connected if corresponding polygons share an edge. These polygons can accurately represent worlds far better than grids and waypoints can and smoothing of the final path can be performed before and after movement easier too [24]. Players can move freely throughout the world without having limitations due to the representation. Navigational meshes are also not as memory intensive as grids as they can represent large spaces with just a few numbers of polygons. Navigational meshes however do take longer to implement and require geometric algorithms, which in some cases may fail. Modifications to the mesh are also said to be expensive to compute. Normally navigational meshes are made up of triangles or quads and generally the artist would specify what polygons are traversable [1] [23] [37] [38] [39] [40].
Generally, grids are most useful when the terrain is 2D and implementation time is limited, grids also work well when the world is dynamic, however do require enough memory available to store the representation. Waypoints are best used when fast planning is needed, and implementation time is limited, and an accurate world representation is not required. Navigational meshes are best when there is time to implement and time to test, they are the most flexible when done well but can be overkill for smaller projects.

As you can see, there is no clear winner here and it really depends on the size and type of project you are working on, consideration needs to be made as to what will work well whilst at the same time one that minimises the work required by the developer [24].
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[bookmark: _Toc7601437]Figure 21: A Polygonal representation. [32]

Whilst throughout the discussion of the algorithms we have a rough idea on some of the data structures that are used, for completeness we will go over the main ones used and how they work.

[bookmark: _Toc7606569]2.9 Array
An array is a simple data structure that can be single or multidimensional in size and can be allocated statically or dynamically. Arrays require basic memory management if the array is dynamic and requires you to delete memory that has been created when it is no longer required, failure to do so will cause memory leaks. Also, no boundary checks are done in respect to the size of the array, so the programmer will need to keep track of the size of the array. Counters are normally used to keep track of this [29]. Arrays are accessed by using an index value. They are generally used for the storing of the algorithms content, i.e. the node data.
 
[bookmark: _Toc7606570]2.10 Queues
A queue is a data structure that is like an array that has some rules as to how it works. The queue allows one element to be accessed at one time and operates with a First in First out policy, likewise, insertion can be done one at a time and requires the insertion to be placed at the back of the queue. By definition, a queue cannot be accessed by its indices and needs to use the built-in push function. Typical functions that a queue would have is: -

· Push – Put a value onto the back of the queue
· Pop – Pull a value off the front of the queue
· Peek – Look at the first element but don’t remove it
· Empty – Check if the queue is empty
· Full – Check if the queue is full [1] [29]

As previously discussed, the priority queue would take a standard queue and modify it so that nodes are sorted, and nodes are placed in the correct location according to their cost value.

[bookmark: _Toc7606571]2.11 Lookup tables
A lookup table is at most a multidimensional array, it makes for fast retrieval of data stored in it at the speed of O(1), a lookup table allows for storing of data that requires calculation which can be potentially costly [1] [24]. For example, one could pre-computer all the distance costs from 50 different cities and then recall them later multiple times instead of needing to recalculate them every time. A lookup table does take up quite a bit of space however, it has a storage size of O(n2) [34]. An example of a lookup table is shown below.

[image: ]
[bookmark: _Toc7601438]Figure 22: A lookup table showing distances between cities

Next, we will move onto discussing the aims and objectives of the project in more detail.





















[bookmark: _Toc7606572]3.0 Aims and objectives
The aim of this project is to analyse the performance of the well-known Dijkstra and A* algorithms compare a few different optimisation techniques, after observing a large array of content on the subject there does seem many different types of optimisations that can be done, however, many are adapted to fit a certain situation. The project aim will be to setup a working Dijkstra and A* implementation and setup a framework so tests can be completed on structures and the length of time taken to complete. Once this core requirement has be fulfilled tests will then be completed to compare and contrast between the two algorithms. We will list the stages and the order of importance to the project as according to the MoSCoW rulings of must have, should have, could have and won’t have [41].
Must have: -
· A file loader that loads the map data from text file.
· A search space representation, this will be in form of an array splitting up the world into square grids of X and Y, this will take in the data from the text file.
· Needs Dijkstra’s and A* algorithm for project to work.
· Needs a test framework that allows for the testing of the algorithm, performance wise.
· Must have sufficient test data so the results are reliable.
· Must create reliable code so performance can be monitored correctly.
· A type of distance calculation.

Should have: - 
· Re-usable code that is encapsulated and loosely coupled.
· Visual interface allowing the user to see the algorithm running.
· Hierarchical optimisation with hexagonal nodes.
· Adjustable heuristic value in A*
· Multiple distance calculations.
· Multiple map data

May have: -
· Graphic interface using OpenGL to enhance the viewing experience and allow add extra information to allow for better visual effects.
· Priority queues.
· Multiple queues.
· Lookup tables.

Won’t have: -
· Jump point search
· Waypoints
· Navigational Mesh
· Triangle grid representation

The aim is to complete the ‘must have’ and ‘should have’ section to be considered as a successful project, however, implementing the ‘may have’ section will improve the project dramatically, as it will provide a better range of testing allowing to see the flexibility of the algorithms. Also, improving the project using OpenGL allows for the data to be represented differently in a way that improves visualisation compared to a console method.













[bookmark: _Toc7606573]4.0 What is going to be tested
There will be various number of things that the test framework will need to incorporate, starting from the top; we can assess the completion time to find the requested path, breaking this down further we can analyse the size of the open and closed lists at required times and on completion of the algorithm and the speed of accessing the open list when we try and find the next f-score. It also might be interesting to calculate the number of times a function was accessed during a search to understand if there are any bottle necks, checks could also be run to determine how often over a search was it running that function, so an understanding could be made from the results of the search. We could also check the total nodes that have been processed, the closed list will not give us this information as nodes are removed from the closed list and then potentially re-added later. Multiple map data will be loaded into the program to provide a unique solution to allow us to analyse the strengths and weaknesses of the optimisations.
















[bookmark: _Toc7606574]5.0 Risks to the project
The major risk to the project is the failure to code up Dijkstra and A* algorithm, without this the project cannot complete any of its other objectives that it set out to complete. Early focus will be applied making sure that the targets are hit as progression onto any other part of the project holds little value until this has been completed. If enough time has passed and there is risk to the completion of the project then code will be taken from a reliable source, even with this there is then a new risk of not being able to understand the code that has been written by someone else or the issues of adapting the code to fit the requirements that are required. A smaller risk, yet one of importance is the search space representation, without this the algorithm will have nothing to run on and the project will once again not get off the ground. A plan for a file loader to read from a text file is the initial choice, however, a backup plan for this is to hard code a map into file and just use that instead. Once that has been completed, coded tests will be required to be performed; these are high in requirement but simple to implement. There are no risks on the ethical issues side as the information and the resources either freely available to public or are freely available whilst studying at the university.













[bookmark: _Toc7606575]6.0 Methodology
The methodology that will be used is the Feature Driven Development method (FDD) [42] it is an agile approach for developing incremental software, the main issues with this and many other methodologies is that they are designed with more people in mind for example, however, the core principles can be used and scaled down to fit the project. The advantages of this method are that there is a large attention to visibility, completed, in progress and work not started is visible from the ground up allowing everyone involved a good idea the progress of the project. This also requires small chunks of work to be assigned throughout development which makes things more manageable and looks good when things have been ticked off as complete. 

[bookmark: _Toc7606576]6.1 Physical Resources
Resources that will be required will be computer that has internet access, so information can be obtained during the literature review, the computer will also be required to be powerful enough to run a simple program in Visual Studio 2015, library will also be required to obtain books for further reading. 

[bookmark: _Toc7606577]6.2 Human Resources
A weekly meeting will need to be held with the project supervisor that will last twenty minutes. The project owner will also need to dedicate time to do the literature review, develop the application and run tests on the application and finally document and evaluate on the findings.

Next will show the Gantt chart with estimated times of sub goals start date and completion date.

[bookmark: _Toc7606578]6.3 Gantt Chart
Figure 23 shows a top level break down of each component of the project with the critical parts being developed first and then moving onto less important features of the project. One thing of note here, there will be downtime between the 5th of March and the project is picked back up again and the 24th of March as other projects will need some attention during this period, doing it this way will hopefully free up some more time towards the back end of the project elevating potential bottlenecking of project work submission dates and exams. The final project is not in until the 1st of May, giving just over a week wiggle room just in case of any issues/projects taking longer than desired. In figure 24 and figure 25 breaks the sub goals of the project down further, this also shows the extra level of care applied to the core parts of the project with the ‘buffer’ time allocated. The reason Dijkstra algorithm has this whilst A* does not is the fact that A* is just an add-on to Dijkstra so should be much simpler achieve.
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[bookmark: _Toc7601439]Figure 23: Gantt chart detailing stages of development
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[bookmark: _Toc7601440]Figure 24:Detailed view of the project breaking each stage into separate parts
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[image: ][bookmark: _Toc7601441]Figure 25: Complete Gantt Chart


Now we have gathered a good understanding of what will be required to start this project we can finally move onto the design and implementation stage.





























[bookmark: _Toc7606579]7.0 Design
We will be creating an application that contains both Dijkstra and A* algorithm and map data for these to traverse on. Comparison will be made using different levels of sparseness, low sparseness where grids have many nodes with edges that the algorithms can traverse and high sparseness where the algorithms are limited on how many edges that are available to use. Naturally when creating an application there will be things to consider, we need to consider the map or level data and how this will be designed, and the two algorithms that are both similar in their design. The level data could be either hard coded or loaded in from file, but as there will be requirements for multiple maps then loading in from file will be the preferred method. They will be loaded in from a text file with a set size of 101 * 101, there was an idea here that a map needed to be large enough to be tested for the results be meaningful. The algorithms as discussed are similar and could be created in separate projects, however as they share map data, queues and other storing and reproducing of data then it was decided to have them in a single project. Adding on from this we will be then looking at the hierarchical approach and then implementing a priority queue along with a graphical interface using OpenGL, the interface will allow modification of the map allowing the user to adjust the wall, start and goal positions. With the interface design we will be using the console window for outputting menu options for the user, whilst the map and algorithm will be drawn using an OpenGL interface. There will be a simple survey created to determine if black walls and light grey paths are preferred over light grey walls and black paths and will be aimed at anyone over the age of 18. The aim will be to have thirty surveys completed trying to get a good spread of male and female. A template of the survey is shown below.
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[bookmark: _Toc7601442]Figure 26: Survey Template

Finally, a potential improvement will be done to A* where a multiplier is applied to the heuristic value to see the impact this has on the path generated and the number of nodes that are created and processed. We will now move onto the implementation stage.
[bookmark: _Toc7606580]8.0 Implementation
The implementation of the Dijkstra and A* algorithm and file loader were completed using C++ in Visual Studio, as mentioned previously, Dijkstra and A* have lots of similarities so a class called Algorithm which contained many of the features that Dijkstra and A* use and then create the Dijkstra and A* child classes from that which hold their own differences respectively. One method called “create node” was created as a virtual method so that both Dijkstra and A* could create their own variations of that method. An issue that came about was that initially the A* algorithm would calculate incorrectly for diagonal movements, this was down to the value 1.414 being used which created errors the more nodes that were processed. The reason for this is that the correct value should have been root 2, which more accurately was more than 0.0002 less than it should have been, whilst this does not seem that much, over many calculations this adds up and this then caused the algorithm to favour diagonals more than non-diagonal movement, this then caused the algorithm to no longer find the optimal path. This was corrected by using the square root function which fixed the issue but at a cost of having to calculate square root which is a slower operation. The map was created with the original ideas of 31*31, which on initial inspection did not seem an issue, however later in the testing phase the differences between A* and Dijkstra were not as apparent as they should have been. 30*30 taking away the outside walls leaves 600 potential spaces that the algorithm could go, when walls are added causing obstructions this reduces even further. Resizing the area to 101*101 gave a new size of 10000 spaces after walls have been deducted which allows for more meaningful data to be produced, this did mean that there was a requirement to go back over the design section to accommodate this in. Another issue that arose due to this modification was the map generation. Originally due to the small map sizes the maps were created by hand with obstacles in the way, to create a map with the new size would take a long time especially if many maps are required to be generated. To overcome this issue a simple map generator was created that took a template map of only walls and would fill in the map area randomly with wall tiles, the generator would take in a scale of 0-1 and then fill in the map with 0 having no data filled in to the maximum of 1 where every area was filled in. As we will see in the next section, an advantage to this approach is that this could now be incorporated into the testing much easier allowing for the algorithms to be compared on different size maps in relation to other maps that have already been explored. One small modification that was done was moving the start position into the centre of the map, originally this was in the top left corner and this stopped Dijkstra spreading from the centre out and would force it to spread downwards and to the right. Moving this allowed for the natural spreading of the algorithm.
























[bookmark: _Toc7606581]9.0 Testing
After reading many resources on the topic, A* should outperform Dijkstra whilst we are limited to searching for one goal, if multiple goal nodes are required to be found then you would need to rerun A* several times depending how many goal nodes you are after. This then gives Dijkstra more of an advantage and because of this, there will become a point where Dijkstra starts to outperform A*; so, our tests need to be built upon highlighting these areas of strengths and weaknesses to be able to confirm these and get a better understanding of the algorithm and then it’s uses. With the aid of the map generation it was now possible to generate maps with different levels of sparseness and then test these for completion, it was initially decided that the steps would be 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 levels of sparseness and then randomising the start position, this did show some of the relationships between what authors said and from the results that were being displayed, however, no real connection could be made from the different maps as a longer processing time may mean that the distance from start node to end node was further apart or that there were many more nodes to process due to being a low level of sparseness. It was then decided to make the start and end positions static allowing for comparisons across maps. One problem with CPU testing is that all applications have the allocated system resources for a small amount of time called time slicing, the CPU will process operations on that application and when the time is up, it stores the application to be worked on later and starts processing another application. The problem with this is that the longer an application runs the more it will be impacted by this and the slower it will perform, this means that Dijkstra’s results will be impacted more than A* making this an unfairer test. To attempt to balance this out all other applications were closed, and ten tests were completed for each level of sparseness to get an average completion time to hopefully eliminate any erratic results due to the way the CPU works. 


[bookmark: _Toc7606582]10.0 Analysis
We will now look at the Dijkstra and A* algorithm data and then see if there is anything that can be gained from the data available, once this has been analysed, we will then compare the data of the two algorithms.

[bookmark: _Toc7606583]10.1 Dijkstra
Looking at the data gathered from running the Dijkstra algorithm you can see from the graph below it shows that Dijkstra seems to improve as the level of sparseness increases, this means that as there becomes less options available for Dijkstra to choose, the faster the algorithm finds its goal.

[image: ]
[bookmark: _Toc7601443]Figure 27: Graph showing Dijkstra algorithm at different levels of sparseness

This sounds logical enough to be correct, and as you analyse the data in table 1 you can see it doing just that, the number of processed nodes drop off as the number of edges available reduce. For clarity, a processed node is a node where all neighbours have been considered and then placed onto the closed list. Next, we will look at A* and see if it has a similar pattern.




	
	Dijkstra

	Sparseness
	Processed Nodes

	0
	9801

	0.1
	8811

	0.2
	7820

	0.3
	6829

	0.4
	5815

	0.5
	4543

	0.6
	1839


[bookmark: _Toc7604816]Table 1: Number of processed nodes at different sparseness values with Dijkstra algorithm

[bookmark: _Toc7606584]10.2 A*
Moving on to A*, by looking figure 28 and table 2 you can see that initially as the level of sparseness increases it does little to affect the algorithm, however when sparseness reaches 0.5 it spikes up and starts to process more many more nodes. 
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[bookmark: _Toc7601444]Figure 28: Graph showing Dijkstra algorithm at different levels of sparseness

	
	A*

	Sparseness
	Processed Nodes

	0
	52

	0.1
	57

	0.2
	98

	0.3
	82

	0.4
	78

	0.5
	346

	0.6
	701


[bookmark: _Toc7604817]Table 2: Number of processed nodes at different sparseness values with A* algorithm

At first glance it might not be obvious as to why this is the case, if it has less nodes to select that’s better right? To understand this clearer then we will need to dig a bit further into the output provided from the produced code, in the next image black are the walls, white is the path, red is the nodes visited and then placed on the closed list and green is the completed path. By observing this information, we can see that the algorithm ends up going down paths and realises that this is no longer the shortest path available so abandons that path and picks another path that is potentially shorter.

[image: ]
[bookmark: _Toc7601445]Figure 29: A* search with 0.6 sparseness showing explored branches with dead ends
With less sparse maps there still may be diversions like shown in figure 30, however, there is a higher likelihood that a way out is found by continuing down the path unlike maps that have less nodes available to choose from, the time taken to explore these branches where no exit is possible adds to the search time, so this would explain why both the number of nodes processed and the amount of time increases. 

[image: ]
[bookmark: _Toc7601446]Figure 30: A* search with 0.4 sparseness

We will now analyse the data together and compare both algorithms against each other.

[bookmark: _Toc7606585]10.3 Comparison
From analysing the data in both figure 31 and table 3 it’s clear to see that A* outperforms Dijkstra in regard to speed and this is down to the number of nodes that have been processed, it’s also evident that the more nodes that are processed the longer it takes to complete the search, this is true for both Dijkstra and A*.

[image: ]
[bookmark: _Toc7601447]Figure 31: Comparison of Dijkstra and A* completion times


	
	Dijkstra
	A*

	Sparseness
	Processed Nodes
	Processed Nodes

	0
	9801
	52

	0.1
	8811
	57

	0.2
	7820
	98

	0.3
	6829
	82

	0.4
	5815
	78

	0.5
	4543
	346

	0.6
	1839
	701


[bookmark: _Toc7604818]Table 3: Comparison of nodes created, and nodes fully processed

Dijkstra’s downfall however is that it spends a lot of time dealing with nodes that have no impact into the overall path as shown in figure 32, this would be worse if many paths hadn’t been blocked off forcing the algorithm down another path which is highlighted more in figure 33, unlike A* which covers only a few nodes in comparison which is shown in figure 34. Where Dijkstra’s algorithm excels where A* falls over is when there are multiple goals, as explained in the research section earlier, A* can only return the fastest path to one goal, whilst Dijkstra finds the fastest path to all nodes. This means you would only need to run Dijkstra once to get the results you are after; however, this does come with the added memory issues as the data needs to be stored whilst it’s collecting all the information. A* would need to be run multiple times to get the same results but has reduced memory requirements. So, depending on memory constraints, how sparse a map is and how many goals you are after would dictate on whether it’s best to use A* or Dijkstra as your preferred algorithm.

[image: ]
[bookmark: _Toc7601448]Figure 32: Dijkstra and processing large amounts of nodes 0.6 sparseness
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[bookmark: _Toc7601449]Figure 33: Dijkstra filling out most of the nodes 0.5 sparseness

[image: ]
[bookmark: _Toc7601450]Figure 34: A* Sparseness level 0.5

[bookmark: _Toc7606586]11.0 Hierarchical Pathfinding
The next idea we would be looking at is a hierarchical approach, this approach would have split up the map into multiple sections stored in a lookup table, each higher-level representation would store the nodes in the region it covers and then pathfinding would commence on these higher levels. Tests would then have been done to see if this had an impact on A* and its speed and checking the number of nodes that were processed. We would also investigate the quality of the path generated to see if it was less optimal than standard methods. Unfortunately, down to time constrains this has had to be culled from the experiments and instead will focus on using a multiplier to modify the heuristic value on A* as highlighted by Steve Rabin in the research material.




















[bookmark: _Toc7606587]12.0 Heuristic Multiplier
As a recap, a multiplier can be used to modify the estimate to the goal, normal A* operates with the multiplier set to 1 and the closer to 0 this is the more it behaves like Dijkstra, greater values than 1 lean more towards a greedy search. A multiplier was added to the code and the type of information we will be looking at is the nodes that have been added to the open list, nodes that have been processed and added to the closed list, how optimal the final path is and the time taken to complete the algorithm with the level of multiplier. This is to be tested on 0.2, 0.4 and 0.6 levels of sparseness and we will now look over the results generated.

[bookmark: _Toc7606588]12.1 0 to 0.8
Values less than 1 give less focus towards the goal and forces the algorithm to behave more like Dijkstra, the lower the value the more it will lean towards it. This is shown in the next few diagrams. Comparing against standard A* we can start to see A* slowly becoming more like Dijkstra as the multiplier gets lower.
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[bookmark: _Toc7601451]Figure 35: 1 x multiplier 0.1 sparseness
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[bookmark: _Toc7601452]Figure 36: 0.8 x multiplier 0.1 sparseness
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[bookmark: _Toc7601453]Figure 37:0.6 x multiplier 0.1 sparseness

[image: ]
[bookmark: _Toc7601454]Figure 38:0.4 x multiplier 0.1 sparseness
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[bookmark: _Toc7601455]Figure 39:0.2 x multiplier 0.1 sparseness
What this will do is slow the algorithm down as it has to process many more nodes the lower the multiplier goes, this does help however if there is quite a bit of backtracking required in the map. One other thing to note is that reducing the multiplier towards 0 will not impact the quality of the path and this will be optimal. We will now look at the other side and increasing the multiplier past 1.0.

[bookmark: _Toc7606589]12.2 1.2 to 2.0
According to the research, giving a heavier heuristic weighting allows in some cases to speed up the search and the cost of a slightly worse path created. We run the same tests as previously and at first there is little to no improvement in speed, however, as you hit 0.6 sparseness where there are not as many nodes available to the algorithm then the speed increases significantly. This is highlighted in table 4 below. 





	
	Sparseness

	Multiplier
	0.2
	0.4
	0.6

	1
	3.007
	2.945
	14.061

	1.2
	2.27
	2.32
	3.55

	1.4
	2.85
	2.08
	4.46

	1.6
	3.36
	2.99
	7.58

	1.8
	3.3
	3.66
	4.55

	2
	1.89
	4.13
	4.54


[bookmark: _Toc7604819]Table 4:Different multiplier levels run on different levels of sparseness. Time is in milliseconds

To understand what has happened then once again we will need to dig down in the data and find out what’s happening with the node creation and processed nodes. As you can see from the tables below, almost instantly you are seeing some improvement with the number of nodes popped off the open list and processed, doing this means that because not as many nodes are processed also means that there won’t be as many nodes created. 
 
[image: ]

As the sparseness increases to 0.6 this has more of an impact, initially at a multiplier of 1.2 there is a reduction of almost half the number of nodes created alongside a reduction in over half the number of nodes processed too, this would explain why the time reduces from around 14ms to somewhere in the region of 4ms. The impact this has does mean however that the path can be less optimal and degrades the higher you push the multiplier, whilst this could be bad in some cases; even at worst, with sparseness set at 0.6 and with a 2x multiplier then we are only 3 steps difference out in our path. A visual comparison between multipliers 1.0 and 2.0 is shown below.

[image: ]
[bookmark: _Toc7601456]Figure 40:A* with 1.0 heuristic weighting on a 0.6 sparseness map
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[bookmark: _Toc7601457]Figure 41: A* with 2.0 heuristic weighting on a 0.6 sparseness map
From figure 41 you can see the improvement that is made with the reduction of red processed nodes compared to figure 40, the path does change slightly, however is hardly noticeable in this instance. In some games this may not be noticeable and in some games it may, so as research suggested, using the multiplier as a fiddle factor can improve speed in the algorithm with certain conditions as less nodes are being checked. Next, we will look at using an OpenGL application that allows a user to modify a map and then perform the Dijkstra and A* searches on this.





[bookmark: _Toc7606590]13.0 OpenGL Interface
An interface was required using OpenGL, the requirements for this is that it would be able to interact with the current map and be able to utilise the Dijkstra and A* algorithms by displaying the output generated by the algorithm. The user would be able to select from several maps and go into an edit mode allowing the user to modify the map area with them being able to place and remove walls, start and end positions and then running the algorithms on the newly edited map data. The interface was created using 7x7 blocks due to current screen size restrictions meaning any larger the full map would not be show on screen, the menu was created by outputting menu options to the console as this was far simpler than trying to render text in OpenGL. The menu consisted of a two tier setup where general loading of map data and selecting the algorithm was done on the first menu, whilst the user is also able to go into edit mode allowing them to modify the map data that is currently set and then run an algorithm on it, this also comes with an undo option so the other algorithm could be run with the same modified map. Whilst in edit mode the user is only able to modify nodes inside the walls of the map changing to either wall, start node and end node using the left mouse button, placing a start or end location removes the previous location from the map. A right click will remove any tile type returning it to a path tile. If desired a user can go back to the previous menu to select an alternative map file and run algorithms as they could previously do. This allows the user to either just run a desired map or modify certain sections to see the impact of those changes. We will next look at improvements to this and future work.








[bookmark: _Toc7606591]14.0 Conclusion
In this report we have gone through the process of researching Dijkstra, A* and the area the algorithms work on, we have also looked at other improvements to the algorithms namely hierarchical, jump point search and modification that can be applied to A*’s heuristic value. From this we have generated C++ code for both the algorithms and the map data, it was decided that the map data originally was too small, and this would not provide efficient data and that a larger map was created which provided much better results. The evaluated data has shown that A* does outperform Dijkstra in cases where only one goal node is required to be found, Dijkstra does have an advantage where many goals are required to be found as A* would need to run multiple times to achieve the same results. Optimisations could be used to improve A* improving performance to almost 3 times, this could be slightly misleading due to the time slicing the CPU does, however with the reduction of nodes processed from 701 to 253, this alone shows that there are savings to be had providing you are happy with the non-optimal path. 
















[bookmark: _Toc7606592]15.0 Improvements & Future work
The main goals that were set out were to recreate Dijkstra and A* in C++ and to compare the two algorithms using different maps, this has been completed but is lacking in one area at least. To improve this analysis then it would have been nice to add in extra goals so we can then compare how many different goals does it require before Dijkstra starts to outperform A*. Also, another improvement would have been hierarchal pathfinding, adding this in would have allowed to analyse A* further, showing the speed improvements gained and analysing the new path generated along with the nodes processed. Future work will incorporate these improvements and then investigate other improvements like Jump point search. Next, we will reflect on the work we have done and analyse what could have been improved.



















[bookmark: _Toc7606593]16.0 Personal Reflection
In the beginning there was a good structure to the project, and I was able to complete many research sections with ease, basic code was produced quickly. The problems then came about when other classes required to be more engaging and work being set each week to then complete by the next lesson. This was manageable at the time, however caused productivity to drop with this project. The time was able to be managed ok up until Christmas period where I knew that not much further down the line assignments were due in, conscious of this I started working on getting an assignment out of the way and the report for another assignment as I felt that I had progressed reasonably well in this project and this would help for any problems further down the line. This did mean that during this period that no work would have been done on this project. 
This decision did work well later in the year as this did free up areas that would have been too congested meaning that I would have struggled to get the work done, possibly meaning having to submit some assignments after the deadline. Mid-point Viva was then due in January and then completion of the literature review was completed, so this did push the project back further but with good enough analysis I was confident I could get a reasonable result with the work I had previously done. The major project unfortunately then took a further hit when other assignments were due in after that point, however work did start again briefly in March allowing to get some comparisons and evaluation out of the way and then a few weeks out completing some final assignments to then pick back up in the 2nd week of April. On reflection I had not anticipated the time it would have taken to complete some of the other assignments and this shows with some of the project being culled, whilst I did make some good choices to get some of the work done early I have learnt that these are good choices to make in the future and I will aim to work early and complete work early to allow for any unforeseen problems that lurk around the corner. Some issues like my part time job were known issues that consume time that I should have allocated for and other unfortunate issue was sickness that took stopped progress for two weeks. In the future I will make sure I allocate time correctly and this should help me understand how much of a project I can complete. The project overall has been an enjoyable experience, being able to develop something from the ground up with a visual result at the end has been rewarding, my only regret is that I didn’t have enough time to complete the hierarchical approach which is something that I will look to do sometime in the near future.   
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