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1. Introduction
When creating a program, often a software developer will need to implement code that is iterated upon, or reused frequently. These segments are usually contained within a function – a “self-contained, encapsulated block of code that accomplishes a specific task” [1]. However, in creating a function, a developer may need to implement it based on pre-existing formulae or theory. To this end, algorithms exist. In essence, these are “specifications for performing calculations, data processing, automated reasoning, decision making,” [2] and so on, describing “methods for solving problems which are suited for computer implementation” [3]. Algorithms help define the abstract theory that many functions may be based upon, but are not restricted to concepts alone.
This report aims to explore pathfinding algorithms, with particular focus on Dijkstra and A*, which will later be implemented to automatically solve a randomly generated maze in C++.
2. Dijkstra’s Algorithm
To begin with, one of the most widely used pathfinding algorithms is Dijkstra’s algorithm, which is designed to solve “the single-source shortest-paths problem on a weighted, directed graph ” [4], where V is a set of vertices and E is a set of edges (which are themselves ordered pairs). This resembles a breadth-first (level order) search to a weighted graph, where non-negative weights are assigned to each edge as the graph is traversed, often based on (but not limited to) the traversal time [5]. Because of its breadth-first search basis, the algorithm is implemented via a queue data structure to hold the vertices [6]. Notably, Dijkstra is best implemented through a “min-priority queue  of vertices, keyed by their  values” [4] (where  is the shortest path estimate for each vertex), instead of a typical first-in first-out queue structure.
Dijkstra’s Algorithm was initially developed to map the shortest distance between railway stations [7], but is also often applied to network routing protocols, such as Intermediate System to Intermediate System (IS-IS) [8] and Open Shortest Path First (OSPF) [9]. 
The algorithm works through the following logic:
	· Set all vertices to “white” (Unexplored/unvisited)
· Set  for each vertex to infinity, except the starting node where (start) = 0
· While white vertices exist:
1. Select the white vertex (Vcurrent) which has the lowest  value
2. Colour the selected vertex “black” (Explored/visited)
3. For each adjacent vertex (Vadj):
a.  = (Vcurrent) + edge weight(Vcurrent  Vadj)
b. If  of Vadj > :
i. Set (Vadj) = weight(Vcurrent  Vadj)
ii. Vcurrent becomes parent of Vadj in the tree


[10]
The method from point 3. “relaxes the edge,” assigning non-infinite estimates of  for each vertex. 
As an example, consider an undirected graph, , modelled below; While the algorithm is more often used on directed graphs, it can still be applied to undirected ones.
[image: ]
Using the method/logic above, first, all nodes are set to white. Then,  for all vertices is set to ∞, except the starting node, which will be A, :
[image: ]
Next, the white vertex which has the lowest  value is selected, assigned as Vcurrent. Vertex A has the lowest value, and is subsequently selected, and coloured black (marked as visited):
[image: ]
Now, each adjacent vertex has a  calculated. In this case,  and .  of B and C is greater than the estimate, and are thus set to 2 and 3 respectively, with A becoming the parent of both nodes:
[image: ]
The processes above repeat until all nodes are visited, which results in the following:
[image: ]
Note that the weight of  is not considered in any calculation of ; the shortest paths are already found at this point. Recall that the weight would only be considered if  of Vadj >  In this case, , and thus there is no change.
The algorithm process can alternatively be represented in spreadsheet form:
[image: ]
Additionally worth noting, while the above example and theory has specified iteration over every available node, the algorithm can instead be adapted to halt once a desired destination node is reached.
3. A* Algorithm
The next algorithm, A*, is closely liked to Dijkstra. However, while the latter can function without a destination node, A* necessitates one. This is because A* uses a heuristics-based approach to find the shortest path, allowing the algorithm to “try to avoid nodes not involved in the shortest path” [11]. This heuristic/potential is calculated as a lower bound estimation of the remaining distance from the current node  to the target node , considering all edges connected to  to make an informed decision. The algorithm considers this heuristic the “” cost/value. Additionally, and similar do Dijkstra’s algorithm, A* considers the distance from the starting node; the  cost. These two costs are combined as a function of each node,  [12], to form the  cost, calculated by adding  and  together [13]. 
Adapting from the logic of Dijkstra above, and written as pseudocode:
	· Initialise an open list
· Initialise a closed list
· Place the starting node on the open list, and set its  cost to 0
· While the open list is not empty:
a. Find the node with the lowest  cost on the open list, call it 
b. Pop  off the open list
c. Generate ’s 8 successors (adjacent nodes) and set their parents to 
d. For each successor:
i. If successor is the goal node, return
ii. Else, calculate both  and  costs for successor
Successor. =  + Distance between successor and 
Successor. = distance from goal to successor 
Successor. = successor. + successor.
iii. If a node with the same position as successor is in the open list which has a lower  cost than successor, skip this successor
iv. if a node with the same position as successor is in the closed list which has a lower  than successor, skip this successor – otherwise, add the node to the open list
e. Push  onto the closed list


[14]
Note how instead of calculating values of  like Dijkstra, A* instead focuses on  costs of successor nodes. Both algorithms make use of open/closed lists (“white” unexplored and “black” explored nodes). 
Rather importantly, successor. relies on a calculation for the distance from goal to successor, which can be defined through either Manhattan, Diagonal or Euclidean distances – though the lattermost is preferred on a grid where movement is not limited to any angle. However, as the later pathfinding implementation is limited to four directions of movement, Manhattan distance may prove more useful [15]. The calculation thus becomes the absolute values of: Successor. = (successor.x – goal.x) + (successor.y – goal.y).
4. Algorithm Comparison and Discussion
Dijkstra’s algorithm is an example of a “greedy” algorithm, designed to assess the shortest (minimum weight) path from a single vertex source to all other nodes, i.e. at each step, it evaluates a “locally optimal choice” [16]. In short, while the algorithm evaluates these in the hope of finding a globally optimal solution, this is not always guaranteed. This is because Dijkstra is based on Prim’s algorithm, which is designed to find the minimum spanning tree of a given graph, choosing “the best path available at that moment” [17]. 
Also worth noting, Dijkstra’s algorithm only works for positive weights of . This is because it does not revisit nodes once its parent vertex and weight have been assigned. A negative weight would suggest there is significant benefit to traversing these edges, though because Dijkstra works as a greedy algorithm, it marks off vertices as they are explored – the algorithm is not recursive, and thus cannot consider more efficient alternatives [18]. Instead, to traverse a graph with negative edge weights, one may choose to implement the Bellman-Ford algorithm, which considers time and space requirements, i.e., where Dijkstra works on a best first weighting basis, Bellman-Ford considers the number of edges travelled as well, allowing for an algorithm that works recursively, additionally allowing for function on polynomial graphs (including negative edge weights) [19]. Bellman-Ford also works well for the detection of negative cycles, allowing it to work better in non-static graphing environments [20]. Furthermore, one may combine the benefits of these two algorithms by using Johnson’s algorithm, which uses Dijkstra and Bellman-Ford as subroutines [21][22]. Nevertheless, for positive edge weight graphs, Dijkstra’s algorithm is one of the better options available, operating at  time [23].
While Dijkstra’s algorithm may find an optimal solution most of the time, should resources be available for higher accuracy, a developer may prefer to use the A* algorithm, which, while guaranteed to find the most optimal path [24], the speed at which it does so may impact overall program performance. Some operations, for example, do not require a perfectly accurate answer, and can function on one that is “good enough” – a balance between speed and accuracy can be found [15]. 
5. Maze Pathfinding Implementation
GridNavigatorAutomatic.h:
	#pragma once
#include "GridNavigator.h"
class GridNavigatorAutomatic : public GridNavigator
{
public:
	GridNavigatorAutomatic();

	void Navigate();
};



GridNavigatorAutomatic.cpp:
	#include "GridNavigatorAutomatic.h"
#include "GridNode.h"
#include <forward_list>

//The following methods are available:
/*
grid->CheckComplete() 
	==> this returns true when the grid has been successfully completed (i.e.the player reaches the target), 
	but false in all other situations.

grid->GetGrid() 
	==> this obtains the entire grid as a 2D array.
	This will increase the “access” counter by 400 (20x20 2D array, so 400).

grid->GetGridSquare(x, y) 
	==> this obtains a single square in the 2D array.
	Parameters x and y are integers, which should be in the range 0 – 19. 
	This will increase the “access” counter by 1.

grid->PrintGrid() 
	==> prints the entire grid to console.
	This effectively calls grid->GetGrid() so will correspondingly increase the “access” counter by 400.
	Tim recommends that this method shouldn’t be used in the actual solution 
		==> "An automatic solution shouldn’t need to print to console, 
		but it may nonetheless be useful to you as the developer for debugging."

grid->MovePlayer(direction) 
	==> moves the player in a direction you specify. 
	This both takes and returns an enum.

Additional explanation can be found in the assignment brief.
*/

//PSEUDOCODE AND NOTES FOR A* IMPLEMENTATION:
/*
///////////////////////////////////////////////////////////////////
TERMINOLOGY:													 //
	g cost: Distance of successor node from starting node		 //
	h cost: Distance of successor node to goal node. Heuristic.	 //
	f cost: g cost + h cost										 //
///////////////////////////////////////////////////////////////////

Initialise OPEN and CLOSED list
	NB: Bi-directional access not needed, thus use forward_list
Access staring node ==> grid->GetGridSquare(x, y)
	Is this always (1,1)? If so, might be able to circumvent this.
	This goes double for goal node, which might always be (18,18).
Place starting node on OPEN list
Set starting node f_cost to 0
while (OPEN != "empty")
{
	iterate through OPEN list, look for lowest f_cost (for loop this)
	lowest f_cost node = q
		"q" in this case could be an object?
		i.e., could hold grid coords
	OPEN.pop q
	generate 8 successor nodes, parent q
	for (each successor)
	{
		if successor (goal node)
		{ 
			Move to goal node ==> grid->MovePlayer(direction)
			grid->CheckComplete()
		}
		else if successor (wall)
		{
			CLOSED.push successor[i].grid->GetGridSquare()
		}
		else
		{
			successor[i].g_cost = q.g_cost + ((successor[i].grid(x) - q.grid(x)) + (successor[i].grid(y) - q.grid(y)))
			successor[i].h_cost = (successor[i].grid(x) - goal.grid(x)) + (successor[i].grid(y) - goal.grid(y))
			successor[i].f_cost = successor[i].g_cost + successor[i].h_cost

			if (node.grid->GetGridSquare() == successor[i].grid->GetGridSquare() 
				&& successor[i].f_cost < node.f_cost
					&& "On the OPEN list")
			{ "skip this successor" }
			else if (node.grid->GetGridSquare() == successor[i].grid->GetGridSquare() 
				&& successor[i].f_cost < node.f_cost
					&& "On the CLOSED list")
			{ "skip this successor" }
			else
			{ "add node to OPEN list" }
		}
	}
	CLOSED.push q
}
*/

GridNavigatorAutomatic::GridNavigatorAutomatic() : GridNavigator() //Constructor, don't touch
{
}

void GridNavigatorAutomatic::Navigate()
{
	forward_list<int> open, closed; //The data stored in each entry can be a pointer to an object which has its own memory. Store as ints?

	GridNode starting_node = new GridNode(int coordinates[] = {1,1});
	GridNode goal_node = new GridNode(int coordinates[] = {18,18});
	//const int starting_node[] = { 1,1 }; //x and y coords
	//const int goal_node[] = { 18,18 };
		//How would I adapt this to accept these two as unique constants? Could I do above, or is that wrong?

	open.push_front(*0 = &starting_node); //pointer named 0 which holds memory of starting_node object? I think??

	starting_node.SetF_Cost(0);

	while (open != nullptr) //While OPEN list is not empty?
	{
		for (auto i : open) //iterate through OPEN list
		{
			//compare f costs - would need to dereference int to do this I think?
			//lowest fcost = q
			open.pop_front();
		}
		
		//Generate successor nodes

		/*
		for (each successor)
		{
			if successor(goal node)
			{
				Move to goal node ==> grid->MovePlayer(direction)
					grid->CheckComplete()
			}
			else if successor(wall)
			{
				CLOSED.push successor[i].grid->GetGridSquare()
			}
			else
			{
				successor[i].g_cost = q.g_cost + ((successor[i].grid(x) - q.grid(x)) + (successor[i].grid(y) - q.grid(y)))
					successor[i].h_cost = (successor[i].grid(x) - goal.grid(x)) + (successor[i].grid(y) - goal.grid(y))
					successor[i].f_cost = successor[i].g_cost + successor[i].h_cost

					if (node.grid->GetGridSquare() == successor[i].grid->GetGridSquare()
						&& successor[i].f_cost < node.f_cost
						&& "On the OPEN list")
					{
						"skip this successor"
					}
					else if (node.grid->GetGridSquare() == successor[i].grid->GetGridSquare()
						&& successor[i].f_cost < node.f_cost
						&& "On the CLOSED list")
					{
						"skip this successor"
					}
					else
					{
						"add node to OPEN list"
					}
			}
		}
		CLOSED.push q
		*/

	}

	cout << "Not yet fully implemented!" << endl;

	delete starting_node;
	delete goal_node;

}




GridNode.h:
	#pragma once
#include "Grid.h"

class GridNode
{
public:
	//Methods
	GridNode(int coordinates[]);
	~GridNode();

	unsigned GetCoordinates();
	void SetCoordinates(int x, int y);

	unsigned GetG_Cost();
	void SetG_Cost(int g_cost);
	unsigned GetH_Cost();
	void SetH_Cost(int h_cost);
	unsigned GetF_Cost();
	void SetF_Cost(int f_cost);

private:
	//Variables
	int coordinates[2];
	int g_cost;
	int h_cost;
	int f_cost;
};



GridNode.cpp:
	#include "GridNode.h"

GridNode::GridNode(int coordinates[])
{
	SetCoordinates();
}

GridNode::~GridNode()
{
}

unsigned GridNode::GetCoordinates()
{
	return coordinates[];
}

void GridNode::SetCoordinates(int x, int y)
{
	coordinates[0] = grid->GetGridSquare(x);
	coordinates[1] = grid->GetGridSquare(y);
}

unsigned GridNode::GetG_Cost()
{
	return g_cost;
}

void GridNode::SetG_Cost(int g_cost)
{
	this->g_cost = g_cost;
}

unsigned GridNode::GetH_Cost()
{
	return h_cost;
}

void GridNode::SetH_Cost(int h_cost)
{
	this->h_cost = h_cost;
}

unsigned GridNode::GetF_Cost()
{
	return f_cost;
}

void GridNode::SetF_Cost(int f_cost)
{
	this->f_cost = f_cost;
}




6. Implementation Discussion
The above implementation remains incomplete – however, pseudocode and an attempt have nevertheless been included.
The above implementation is an attempt at using the A* algorithm. Following the pseudocode, first, two singularly linked lists are initiated – “open” and “closed.” Because bidirectional access is not strictly necessary to the above implementation, a forward_list is used over a list, for the sake of optimisation. The list will need to be iterated upon in full regardless, so access direction is not critical. However, this is implemented under the assumption that all f costs will be checked. If the lowest f cost can be figured out ahead of time, the container could instead be searched with this in mind. However, because the current container is unsorted, a sorting function may need to be implemented as well. Though regardless of sorted or unsorted data, a better container may instead be either an unsorted_map or an unsorted_set [25].
[image: ][25]
As well as this, the above implementation attempts to use the forward_list to store ints, which are themselves pointers to objects based on the GridNode class. This was to try to store unique grid squares as objects to be referenced and compared with and amongst themselves, for example, a “current” grid square could be made into a GridNode object, and then compared with the starting_node and goal_node objects, which themselves are capable of holding co-ordinates, g costs, h costs, and f costs. However, this may have been too ambitious – the “S” portion of the SOLID mnemonic of object-oriented programming principles (Single Responsibility Principle) states that a class should be responsible for one purpose at most [26]. While the GridNode class is a data container for coordinates and various costs, it is potentially too big, and may need revision into smaller, derived classes.
7. Conclusion
Dijkstra and A* are pathfinding algorithms with great overlap in their application – from route planning between cities, to roads, to railway services, to network routing, they are both designed to find an optimal path, from a root node to all other nodes in Dijkstra’s case, and from a root node to a specified goal node in A*’s case. The latter algorithm works better for specified goal requirements, and thus was the chosen algorithm for the implementation.
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