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Introduction
A graph is a non-linear data structure within computer science that consists of nodes (vertices) that are connected via edges (arcs). These data structures are used to represent relationships between nodes. These nodes can represent many things, such as people, web pages, functions/modules in a computer program, cities, etc. [3]
Finding the shortest path between two nodes is important as it allows us to reduce cost, however it is defined, be it time (in processing or even driving time) or processing power, among many others.
There are several well-used path-finding algorithms that are particularly efficient for graph traversal. Discussed here are Dijkstra’s Algorithm and the A* Algorithm.



















Dijkstra's Algorithm
Greedy algorithms make the locally optimal path choice at each stage in the hope of finding the globally optimal path. Dijkstra’s algorithm is one such example and is based on a breadth-first search.
The goal is to find the shortest path between nodes in a weighted graph with non-negative edge weights, ultimately determining the shortest path from a starting node to any other node.
Its uses vary from GPS navigation systems where traffic patterns often change, AI pathfinding systems, network routing protocols and many other optimisation problems. [2]
The algorithm works by steadily selecting the nearest unvisited node and updating the shortest known distance to each adjacent node. The distance to a neighbour is calculated by adding the distance to the current (parent) node and the weight of the connecting edge to that neighbour (child) node. This distance is represented by g(n). [1]
The optimal path between the starting vertex and the target vertex is then determined by traversing the smallest distances between each node along the way.
Steps:
1. Begin:
a. Mark all nodes to ‘unvisited’.
b. Set distance of chosen first/starting node to zero and all other nodes to infinity. 
c. Initialise a priority queue.
2. Visit neighbouring nodes:
a. Calculate the ‘distance’ of all the connected (neighbouring) nodes by taking the distance of the current node (initially 0, as we begin at the first starting node) and adding the weight of the non-negative edge to the neighbouring node. These nodes are added to a priority queue. This queue is ordered with the smallest distance from the start (g(n)) to be next in the queue.
b. If a distance has already been assigned to the neighbouring node, and a new one has been calculated, assign the lowest distance.
i. [bookmark: _Int_RsksKzBC][bookmark: _Int_R1b58Oex][bookmark: _Int_OrLHJRTq]e.g. if the current node (Node A) has an assigned distance of 4, and a neighbouring node (Node B) is connected to it via an edge of weight 6, the distance of Node B from Node A is 6 + 4 = 10. If Node B has previously been assigned a distance of 5, then it will stay as 5. If it has previously been assigned a distance of 14, then it will be reassigned a distance of 10. 
3. Once distances of all neighbours have been calculated and assigned, mark current node as ‘visited’. Once a node is set to ‘visited’, then it will not be visited again.
4. Select the node from the priority queue with the lowest g(n) and set it as the new current node.
5. Repeat steps 2 – 4.
6. Build a path using the path of the smallest distances calculated.





















A* Algorithm
Informed search algorithms use heuristics to inform decisions on which path to take. The A* algorithm is one such algorithm and implements Dijkstra's algorithm, combining it with a function that can assist it in choosing the most appropriate next node to visit by estimating the remaining distance of the potential paths between a current node and the target node. This potential distance can be represented by h(n). This potential distance is added to the current g(n) of the node to produce the estimated total cost (f(n)). 
This algorithm also stores slightly different data in the priority queue; it stores the nodes in order of the lowest f(n) (as opposed to the lowest g(n) in Dijkstra’s algorithm) and chooses the next node to visit from this queue. [4]
The function used to calculate the distance of the potential path to the target node is called a heuristic function.
There are two common equations used as the heuristic function:
· Euclidean distance, which “represents the shortest straight-line distance between two points in Euclidean space”, and used when the problem requires direct measurement of distance:

[image: ]

· Manhattan distance, which “calculates the sum of absolute differences in Cartesian coordinates”, and used when the problem requires movement in a grid-like path (i.e. on a map):
[image: ]
[5]
The step that implements the heuristic function is placed between steps 3 and 4 of the Dijkstra’s algorithm steps listed above. It is as follows:
· For each neighbouring node, calculate the estimated remaining distance from that node to the target node using the heuristic function (h(n)). Add this h(n) to the neighbouring node’s g(n) to produce f(n). Add this node’s f(n) to the priority queue.
The algorithm will then repeat steps 3-7 until the path with the lowest distance between the start and target node are produced.





















Comparison of Dijkstra’s algorithm and the A* algorithm
	Metric
	Dijkstra
	A*

	Use-Case
	Finding shortest path from a single start node to all other nodes. E.g. network routing
	Finding shortest path from a start node to an end node. E.g. GPS, robotics

	Time Complexity
	With efficient priority queue, O(n(V+E)logV) where V is number of vertices and E is number of edges. Can degrade to O(V²) if implemented incorrectly though.
	Same as Dijkstra but is often much faster as the ‘search space’ is usually much smaller than that of when using Dijkstra’s.

	Performance
	Reliable, predictable. Will find shortest paths but will often explore many unnecessary nodes as the search expands rapidly outwards. If traversing a large graph, the number of unnecessary nodes visited will be large.
	Often much more efficient as visits far fewer nodes, providing the heuristic function used is appropriate.

	Strengths
	· Produces shortest paths to all reachable nodes.
· Deterministic
· Simpler to implement
	· Often much faster with appropriate heuristic function
· Fewer nodes visited
· Flexible as heuristic can be chosen for determined task

	Weaknesses
	· Potentially wasteful for single-target tasks
· Graph size/density impacts performance
	· Dependent on appropriate heuristic function
· Requires additional data for heuristic function
· More overhead/processing power


[6][7][8][9][10]


Based on this comparison, I theorise that the A* algorithm with the Manhattan equation used in the heuristic function will produce better results than Dijkstra’s algorithm in most cases going forward in this assignment as it is usually more effective at finding the shortest path between a start and end node in a grid structure.





















Notes and reflections during development process
All actual notes taken during the implementation process are in the appendix. They are written in first person as they were taken during the development process.

In terms of difficulty to implement each algorithm, they are ranked as follows, from most difficult on the left to easiest on the right:
Dijkstra’s algorithm -> A* algorithm -> Keeping to left-hand wall.
Keeping the player planted to the left-hand wall was particularly easy to implement. It took some initial deliberation to determine which data structure to use to hold the player’s previous position, but it was determined that the X and Y coordinate of the previous position was not needed for the algorithm to work, only the direction of the last move. The solution will work on all sizes of mazes but was not particularly elegant as it is hard-coded with if statements, is resource-intensive and involves alot of moves & wall hits. It doesn’t, however, need to access any parts of the grid. With a 20x20 grid and a simple maze, however, it does perform extremely well (discussed further below).
Performing 10,000 automated runs of the keeping-to-the-left algorithm produces the following results:
[image: ]

The Dijkstra’s algorithm was the most difficult to implement. The reason for this is it involved the most code writing, visualisation and troubleshooting. 
Initial issues were in the planning as the examples walked through in university lectures used classes for each vertex/node, whilst the maze in this assignment is a 2D grid object consisting of 400 entries, and not 400 class objects, so determining the data structures to account for this, and designing the algorithm to use them was a challenge.
The priority queue was particularly tricky, as it needed to store 3 pieces of information (the distance and x & y coordinates of nodes). There were several data types that could be used, but the following was used:
[image: ]
It is a priority queue of type std::pair<int, std::pair<int, int>> - a nested pair. This was chosen as there is no need to write a struct which includes its own functions, or a tuple which needs to be included/imported via libraries. It is also a very common tactic when implementing the priority queue in the Dijkstra’s and A* algorithms. [11]

The A* algorithm was particularly interesting to implement as making a small change to the Dijkstra’s algorithm code produced a significant increase in performance, enabling the algorithm to visit less nodes and require less grid accesses. The Manhattan heuristic calculation was used as it appropriate for grid-like traversals. 
The main changes in A* from Dijkstra’s algorithm were to the distance stored in the priority queue - in Dijkstra’s algorithm the distance from the start node to the current node (g(n)) is stored, while the A* algorithm stored the estimated distance from the node to the target node (f(n)), which allows the algorithm to choose the more appropriate next nodes, leading to reaching the target node faster, and removing unnecessary visits of nodes.

When implementing A*, logic was implemented to check if the current node’s X and Y coordinates of the target node to ensure no unnecessary processing was taking place. This was copied to Dijkstra’s algorithm, and the following increases were noted:
Before:						After:
[image: ]                                      [image: ]
The accesses were noticeably lower, while the process of 10,000 runs of the algorithm took the same amount of time. Ultimately leading to an increase in efficiency.
Comparison of Dijkstra vs. A* algorithms
Dijkstra:						A*:
[image: ]                                  [image: ]
The above were the results from 10,000 runs using a 20x20 grid. Grid accesses are significantly lower in A*, while all other metrics are the same. The time taken for the algorithms to run are very similar also.

The A* algorithm should outperform Dijkstra’s algorithm to a greater extent as the grid size increases. Using a 30 x 30 grid, the following results were encountered:
Dijkstra:
[image: ] [image: ] [image: ]
Taking ~7.9 seconds.







A*:
[image: ] [image: ] [image: ]
Taking ~ 7.5 seconds

Times taken using a grid of 100x100:
· The A* algorithm took ~ 01:37:50.
· Dijkstra’s algorithm took ~ 01:41:50

Dijkstra’s with 100x100 grid:		A* with 100x100 grid:
[image: ]                  [image: ]

As the grid size is increasing, the difference between Dijkstra’s algorithm and the A* algorithm is becoming clear – A* outperforms Dijkstra’s algorithm to a greater extent as the grid gets larger.
However, 10,000 runs using the simplest solution of keeping a hand on a wall to the left of the player to solve a 100x100 grid, is taking on average ~5 seconds. This is extremely surprising and points to two possible reasons:
· The implementation of the Dijkstra or A* algorithms are extremely inefficient.
· The maze is too simple.
The code could be made more efficient:
· More appropriate naming conventions should have used in the A* algorithm, as they have essentially been copied and pasted from the Dijkstra's algorithm, which led to slight confusion when making amendments.
· In the A* algorithm, the priority queue could be amended to store a pair of pairs of integers, instead of a pair that includes one integer and a pair of integers - Instead of storing only g(n) and the x & y coordinates, it would also store h(n), as this is needed later on in the code and is being recalculated. This would remove any extra processing.
· The calculating of values such as h(n) could be put into separate functions and called upon, for readability and scaling.



















Conclusion
The A* algorithm outperforms the other algorithms created due to its inclusion of a heuristic function, allowing it to reduce overall processing. The efficiencies are more prominent when bigger grids are used (as is proven above with the 100x100 grid).
It was surprising to discover the algorithm that keeps the player to a left-hand wall performs better in all circumstances. This is most likely due to the simplicity of the maze. If real-world examples such as traffic grids are to be used, it will easily get stuck in infinite loops if started in the wrong position. The Dijkstra and A* algorithms will always find a way to the target, no matter of where the starting node is, but the algorithm holding the player to a left-hand wall will not have a 100% success rate, ultimately rendering it useless.
For a 20x20 grid, it could be argued the simplest algorithm – keeping a player’s hand on a wall to the left - could be used without any noticeable reduction in performance. Combined with the ease of implementation, it would be the most effective way to solve the problem outlined in this assignment. However, real-world problems are very complex hence it would not be feasible. In these cases, is has been proven that the A* algorithm outperforms Dijkstra’s algorithm to an ever-increasing degree as complexity increases.
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Appendix

Notes during creation
Implementation: Keeping to the left
For keeping next to the left hand wall, I will need to keep track of the player’s previous position. To do this, I needed to add a GetPlayerPosition() getter in the GetGrid class. I used a std::pair data type to return both the x and y coordinates of the player.  Is this the best data type however? A tuple would work too, but a std:pair holds only two values while a tuple can hold a determined amount. The values in a std::pair can be accessed using .first and .second functions, while the values in a tuple need to be accessed using the .get(n) function or structured bindings. I choose to use a std::pair as it is more readable and I don’t need two values.
The above was my first idea. I had a further think and it turns out I don’t need to know the player’s previous X and Y position. I was overthinking it. I only need to know the player’s last move, which can be stored in a string variable. I did however use the grid->GetPlayerPosition() function to print the X and Y variables during each move, so I can visibly see for curiosity and for potential troubleshooting. It’s a useful tool to have. 
Having the X and Y printed out allowed me to understand the code a little better also; coordinates (0,0) start at the top left corner and go from there, instead of what most people would be used to, where (0,0) would be at the bottom left corner as is convention in mathematics.
Completed the implementation. Initial thoughts are it is relatively fast (however this is before implementing Dijkstra’s or A* algorithm), completing 10,000 runs in about 8 seconds and produce usually around the same results:
[image: ]

Once all implementations are in place, I plan on increasing the size of the maze to see how the implementations scale with the size of the maze.
Implementation: Dijkstra’s Algorithm
For Dijkstra’s algorithm, initial thoughts are a vertex in this case will be each combination of X and Y coordinates, so every position possible within the maze, including the walls. I am going to need to hold data about each of these vertexes.
...is this the case though? Do I need to hold a vertex about each position in the maze? This will involve holding alot of objects and data in memory. This will become quite memory-intensive with a bigger maze.
What will I need to hold a vertex for?
· Start position
· Target position
· All others... as Dijkstra’s algorithm needs to visit every single position, I will need to create a node from every position.
The distance between each node is 1, as they all have the same cost – one move.
Reusing alot of code given in class. The Dijkstra’s code in class is using a class called Vertex to hold data about each vertex. I think this will be overkill for this implementation, so I will use 2D Arrays to hold the data about the distances from the start to each position (or ‘vertex’ - every combination of X and Y).
Priority queue is a bit stumping... I need to store 3 pieces of data for each position – the distance and the x and y coordinates.
Could use several structures for each entry in the priority queue: tuple, list, struct, array...
Looking online there seem to be several implementations that use a pair<int, pair<int, int>>. I like this implementation, as I don’t need to include the tuple, I don’t need to write a whole struct along with its functions and an array seems like a complete waste of memory. It also sounds messy as it needs to be recreated every single time it is amended.
Rest was quite straight forward. Apart from the above decision with the pair, it is quite a simple algorithm to implement when working through it slowly and clearly (using help from the class example ofcourse!)
I was getting very high grid accesses (in the 2000 which logically seemed a little high). When checking to see if the neighbour nodes were a wall, I was actually checking to see if the current node was a wall. This was an easy fix as it is only two conditions within the if statement which checked this. 

Implementation: A* algorithm
The most important part of the implementation of the A* algorithm is the type of heuristic function that is chosen. As this maze is made of a 2D grid, the Manhattan distance calculation would be the most appropriate as it is best for problem solving movements in a grid-like path:
[image: ]

The implemention was relatively simple (I wrote the previous sentence before I tested it – see the issues encountered below!). It only took changes to the nextVisit priority queue – it now stores the Manhattan distance (estimated distance from current node to target node), instead of the distance from start to current node.
I have encountered an issue however. It took a while to figure out but it appears that an incorrect piece of code that technically caused no issues in my implementation of Dijkstra’s algorithm is now causing issues in this A* implementation:
[image: ]
As I am setting the distance of the start node to 0, and then overwriting it in the following loop that sets all distances to “infinity” (INT_MAX) straight afterward, the distance is actually INT_MAX. 
[image: ]
Where I push the start node into the nextVisit queue, I am calculating the Manhattan distance and pushing it in as the distance, when it should be 0 + the Manhattan distance. This is not causing any issues, but for clarity and ease of understanding, it should be implemented.

The issue is encountered in the following logic:
[image: ]
The “if (newDist < distance[newY][newX]) will always be false, as the newDist will always be higher than the previously assigned distance in the distance 2D array, and no nodes will ever get processed. In Dijkstra’s implementation, this wasn’t an issue as I was pushing the hardcoded distance 0 in to the nextVisit priority queue:
[image: ]

Still experiencing issue:
[image: ]
I believe this is because the grid code interprets coordinates in the order (y, x) and not (x, y). When setting the start node distance to 0:
[image: ]

I am referring to it in the distance 2D array as distance[x][y] where it should be distance[y][x]. This didn’t cause an issue in the Dijkstra’s implementation as all entries in the distance 2D array were all overwritten by INT_MAX (and I was actually hard cording the distance in the nextVisit queue as 0).
One more issue was in the following logic:
[image: ]
I am comparing the currentDist from the nextVisit queue, which is the manhattan heuristic distance, with the distance from the start node. This is incorrect and I changed it to remove the heuristic distance:

[image: ]
I could make this more efficient by amending the nextVisit queue to possibly a pair that consists of two pairs instead of an int and one pair. I could then store the distance from the start node, the heuristic distance, and the X and Y of the node. However I did not do this and have decided to just remove it here.
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distance[startx][starty] = 6;

/1 set all distances to infinity and the previous X and Y positions to -1 as they are not yet known
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For (int x = 0] x < gridsize; x++)

4
distancelyl[x] = INT_MAX; // "infinity" for our purposes
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// push the start position and manhattan distance (6) into the priority queue
nextVisit.push({ std::abs(startX - targetX) + std::abs(startY - targety), {startX, start¥} 1);
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/1 get distance, x and y from the node in the top of the priority queue
int currentDist = nextVisit.top().first;

int currentX = nextVisit.top(.second.first;

int currentY = nextVisit.top().second.second;

nextVisit.pop(); // remove the current node from the priority list

1/ if the current dist is greater than already calculated distance, skip the node
if (currentDist > distance[currentY][currentX])
i

continue;

3

/1 for each possible direction (connected node), determine distance from start
For Cint 1<u; i)

€

int newx
int newy

currentX + xMoves[i]
currentY + yMoves[i];

1/ check if the new current node is not a wall
if (newX >= @ && newX < gridSize S& newY >= 6 & newy < gridsize) // if in the grid
1
i (grid->GetGridsquare(newX, newy)
t

griditen: :wall) // if not a wall

int newdist = distance[currentY][currentX] +
int manhattanDist = newDist + std: :abs(nemX - targetX) + std

s(new¥ — targetY); // manhat!

if (newDist < distance[newY][newx]) // if new distance is less than the current distance rec:
fi
77 set x and y in 2D Arrays holding previous visit of node
distancelnewY][newX] = newDist;
prevX[newy][newx] = current
prevylneny][newx] = current

nextVisit.push({manhattanDist, {newX, newv} }); // add new node to priority queue, with
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Maze complete!
Error: test iteration O finished, but the maze is not solved! Check code and try again. Exiting.

C:\code\uni\ASDPathfindingAssignment\x64\Debug\ASDPathfindingAssignment.exe (process 27392) exited with code -1 (Oxfffff
).

To automatically close the console when debugging stops, enable Tools->Options->Debugging->Automatically close the conso
le when debugging stops.

Press any key to close this window .
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if (currentdist > distance[currentY][currentX])
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continue;
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// if the current dist is greater than already calculated distance, skip the node
1/ currentDist - heuristic distance as we are comparing the distances from start to node

if (currentDist — (std: :abs(currentX - targetX) + std::abs(currentY - targetY)) > distance[currenty][currentx])
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contint
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/7 initialise priority queue using a nested pair - used to pick closest cell next
std: :priority_queue<std: :pair<int, std::pair<int, int>>, std::vector<std: :pair<int, std::pair<int, int>>>, std::greater<std

pair<int, std::pair<int, int>>>> nextVisit;
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