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1. [bookmark: _Toc30202037][bookmark: _Toc33981570]Introduction
This report details the development of a depth first search maze solver, and a hill climbing algorithm for solving the n-tile puzzle programmed in C++. Maze solving code is detailed in Section 2, and hill climbing in Section 3, along with research into hill climbing algorithms. Appendices include code listings, test schedules and user guides. 


2. [bookmark: _Toc33981571]Maze Searching
[image: ]The C++ implementation searches a maze to find all objects. The solution is achieved using the following structure: 
[bookmark: _Toc33981584]Figure 1 - Maze program UML

A stack was chosen as each new position the agent explores can be added to the stack, and as it is a last in first out data structure, the top item can be popped off. This means that the new “most recent” position in the stack would then be the previous position, which allows for backtracking and thus allows DFS traversal.
The maze program test schedule is included in Appendix A, and the user guide in Appendix B – both contain screenshots of the program functioning. Source code is included in Appendix C.

The console program uses different colours and symbols to represent objects and states:
[bookmark: _Toc33977804]Table 1 - Output key
[image: ]

The 10 most recent stack items are also displayed. If there are more than 10 items, then an ellipsis is displayed to indicate this.
[image: ]Example output is provided below in Figure 2:[bookmark: _Toc33981585]Figure 2 – Example of maze output using ConsoleOutput class










See below pseudocode for a “search and discover” style depth first search implementation:
[image: ]
[bookmark: _Toc33981586]Figure 3 - DFS pseudocode using a stack

3. [bookmark: _Toc33981572]Heuristics and the n-tile Puzzle
Hill climbing, also referred to as gradient ascent or descent, is a greedy, local search method, greedy meaning it always takes the best immediate option [1, pp. 105-110]. It iteratively improves a given state, moving towards a solution. Local search algorithms store only a single (current) state in memory, and move only to neighbour states [2], [3], following paths which lead to the solution. The distance from the solution is measured using a heuristic function. This heuristic function is used to influence decisions, making hill climbing an informed search [4].
Some of the most popular heuristic functions for the n-tile puzzle are:
· Number of incorrectly placed tiles, sometimes called the Hamming distance [5]
· Sum of Manhattan distances – the Manhattan distance refers to the distance between two points along axes at right angles [6], [5], or in this case, tile moves
· Tiles out of row + tiles out of column [6] 

The Manhattan distance and tiles out of row and column heuristics outperform the incorrect tile count heuristic. These heuristics consider each tile’s distance to its goal or its relation to its goal, whereas the other only considers if a tile is incorrect. This means less occurrences of getting stuck in a local optimum.
Each of these three heuristics were implemented in the provided C++ program. 
A* and Dijkstra’s algorithm searches could be used in this context to search the entire tree of states, which do not stop once solved, finding the solution using the least moves [5].












See below pseudocode for a hill climbing algorithm to solve the n-tile puzzle, assuming the number of incorrect tiles is used as the heuristic:

[image: ]
[bookmark: _Toc33981587]Figure 4 - n-tile heuristic pseudocode



Hill climbing can only search locally, and not globally. The global optimum of any given scenario may be outside of the current local search range. Due to this, pure local search algorithms may only find local optimums and not global optimums [2, pp. 444-447], [4, pp. 6]. In the literal example of hill climbing, an agent can only climb to the highest point directly next to it, which would be considered the local optimum. In cases where an agent must first decrease altitude in order to then climb higher, local searches struggle. In the n-tile puzzle, this may be swapping the same two tiles repeatedly, getting stuck in a loop, as a tile must be moved out of place in order to move another into place.
One solution to this problem is simulated annealing, an example of a metaheuristic -  a general-purpose, problem-independent algorithm for generating heuristics [9], [10]. Named after the physical process from metalworking, simulated annealing works on the principle of a ‘temperature’ which gradually cools. This method is unlikely to find optimal solutions, but is capable of finding acceptable solutions even with noisy data [11]. In simulated annealing algorithms, if the new state is better than the previous, then the new state is taken – otherwise, the worse state is accepted occasionally, based on a probability value linked with temperature [12]. As temperature decreases, less random or detrimental changes are accepted, meaning that there is a gradual move towards the ideal state [13]. Returning to the n-tile problem and using simulated annealing, more detrimental moves would be allowed at the beginning, and gradually become less frequent as the temperature reduces. This would break out of the local optimum, less frequently as the algorithm approaches the global optimum.
Another popular metaheuristic is Tabu search, which keeps a list of “taboo” neighbour states, which are excluded from searches. If all neighbours are taboo, then a move will be accepted which temporarily worsens the state [14].


3.1. [bookmark: _Toc33981573]Hill-Climbing Example 
The below examples show each board state, along with the heuristic value results of each move made. 
The below solution uses the incorrect tile count heuristic, not including the blank tile. h represents the output of a heuristic function h(N), where N is the current state. The return value (incorrect tile count) is effectively the distance from state N to the solved state.

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]


3.2. [bookmark: _Toc33981574]C++ Implementation
To reduce code repetition, the three heuristics have been implemented as class methods which each define a heuristic calculation lambda function, and pass this lambda function into the more general heuristic handling method.
The C++ implementation for an 8-tile solver is detailed in the below UML diagram: [image: ][bookmark: _Toc33981588]Figure 5 - 8-tile solver UML







The solver uses hill climbing with the three heuristics detailed earlier, displaying tiles in the correct position in green and incorrect position in red. See sample output below:

[image: ]
[bookmark: _Toc33981589]Figure 6 - Sample 8-tile solver output


A test schedule for this program is included in Appendix D. A user guide is included in Appendix E, and source code in Appendix F.


4. [bookmark: _Toc33981575]Conclusion
This report has discussed the implementation of C++ programs for maze searching using a depth first search, and hill climbing applied to the n-tile puzzle. Research has also been undertaken into local search methods. Local search has difficulty escaping  local optimums, and there are various methods for negating this effect.
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[bookmark: _Toc33981577]Appendices
[bookmark: _Toc33981578]Appendix A – Maze test schedule

	Test no.
	Description / Instructions
	Expected result
	Actual result
	Pass / fail

	1.1.

	Detect maze files in directory
1. Select option 1 for “enter a maze”
2. Check list contains all .mz files in Mazes/ directory
	Displays all 6 provided mazes
	Displays all 6 provided mazes (Figure A1)
	Pass

	1.2.
	Load a selected maze file
1. Select option 1 for “enter a maze”
2. Select a maze 1, 2, 3 or 4
	Loads maze and starts searching
	Loads maze and starts searching
	Pass 

	1.3.
	Load maze with no width / height values in header
· As above, then choose option 6 – “z - broken maze 2.mz”

	Recognise missing header and display message
	Recognise missing header and display message (Figure A2)
	Pass 

	1.4.
	Load maze with incorrect width / height values
· As above, but choose option 5 – “z - broken maze 1.mz”
	Values larger than actual maze: report error

Values smaller than actual maze: report error
	Values larger than actual maze: fill extra space with # symbols
(Figure A3)

Values smaller than actual maze: parts of maze cut off or crashes
	Fail

Has since been fixed 

	

	2.1.
	Search maze with at least 1 object
1. Select search maze
2. Select option 4 – “tiny maze.mz”
	Finish search and output object details
	Finish search and output object details
(Figure A4)
	Pass

	
	Search maze with no objects
1. Select search maze
2. Select option 3 - “tiny maze no objects.mz”
	Finish search and output message for no objects found
	Finish search and output message for no objects found 
(Figure A5)
	Pass

	

	3.1.
	Exit mid-search
1. As above, select maze
2. Press x during the search
	Report any objects found before exiting
	No objects found before quitting: display menu

Objects found before quitting: show objects found before quit, then press any key to return to menu (Figure A6)
	Pass 

	4.1.
	Exit program:
· Choose option 2 - exit
	Program exits
	Program exits
	Pass


[image: ]Figure A1 – Maze files



[image: ]Figure A2 – No header data provided


[image: ]






Figure A3 – Header size too small

[image: ]Figure A4 – Finished maze search and found objects









[image: ]Figure A5 – Finished maze but found no objects

[image: ]Figure A6 – Quit search but found some objects


[bookmark: _Toc33981579]Appendix B – Maze program user guide

The initial menu displays two options:
1. Search a maze
2. Exit program

Exiting immediately closes the console window. The “search a maze” option takes the user to another menu, showing all files in a given directory which have the .mz file extension. The mazes directory for this program is:
MazeSearcherVS2017 > MazeSearcherVS2017 > Mazes

The next menu shows all options for mazes to search, and expects an option number input as is shown below:
[image: ]Figure B1 – Maze file menu


Pressing the X key while the agent is traversing the maze will cancel the search. If any objects were found before exiting, these are displayed. Otherwise, the user is taken immediately to the main menu.
2

[bookmark: _Toc33981580]Appendix C – Maze program source code

Source.cpp
// To stop a weird intellisense problem
#if (_MSC_VER >= 1915)
#define no_init_all deprecated
#endif

#include <iostream>
#include <fstream>
#include <vector>
using namespace std;
 
#include "Maze.h"
#include "ConsoleOutput.h"
 
 
bool isInt(string s);
void UserInput(Maze* maze, bool &keepLooping);
 
int main()
{
	/*
		Large maze generated using http://www.delorie.com/game-room/mazes/genmaze.cgi
		and modified to use all # characters for walls
	*/
 
	string mazeDirectory = "Mazes/";
	bool mazeHasBeenChosen = false;
	string mazeChosen = "";
	string mainMenuInput;
	string mazeNumberInput;
	bool searchActive = false;
 
	while (mainMenuInput != "2")
	{
		system("cls");
 
		// Get rid of anything the user typed from the console
		// this is because they type x to exit search, but we odn't 
		// want x to be taken in as cin
		FlushConsoleInputBuffer(GetStdHandle(STD_INPUT_HANDLE));
 
		cout << "############   MAZE SOLVER   ############\n";
		cout << "1: Search a maze\n";
		cout << "2: Exit\n\n";
		cout << "> ";
 
		cin >> mainMenuInput;
 
		// Get the actual character to compare and not the ASCII code
		if (mainMenuInput == "1")
		{
			system("cls");
 
			vector<string> mazeFiles;
 
			// Look for files in the mazes folder, which is in the current directory
			string pattern("Mazes/");
			pattern.append("\\*");
			WIN32_FIND_DATA data;
			HANDLE hFind;
 
			// https://docs.microsoft.com/en-gb/windows/win32/api/fileapi/nf-fileapi-findfirstfilea?redirectedfrom=MSDN
			if ((hFind = FindFirstFile(pattern.c_str(), &data)) != INVALID_HANDLE_VALUE)
			{
				while (FindNextFile(hFind, &data) != 0)
				{
					// Add the file name to a vector of file names
					// Only if they match .mz
 
					string currentFile = data.cFileName;
					regex rgx("\.+mz"); // Regular expression to find files ending in .mz
 
					// If found, save the value
					if (regex_search(currentFile.begin(), currentFile.end(), rgx))
					{
						mazeFiles.push_back(data.cFileName);
					}
				}
 
				FindClose(hFind);
 
				// Display all the found mazes in a sub-menu
 
				// Keep asking until we get a valid input
				mazeHasBeenChosen = false;
				while (!mazeHasBeenChosen)
				{
					// TODO: what if they input a non-numeric value?
					cout << "Choose a maze file to search using its number identifier.\n";
					cout << "Once searching, press X to exit.\n";
 
					// For each item in the list of files
					for (int i = 0; i < mazeFiles.size(); i++)
					{
						cout << endl << i + 1 << ". " << mazeFiles[i];
					}
 
					cout << "\n\n> ";
 
					cin >> mazeNumberInput;
 
					// If the character input is a number
					if (isInt(mazeNumberInput))
					{
						// If the number input is smaller than the size of the vector
						// then the user chose an option within the range of available files.
 
						int mazeNumberInputInt = stoi(mazeNumberInput);
 
						if (mazeNumberInputInt < mazeFiles.size() + 1)
						{
							mazeHasBeenChosen = true;
							// -1 because everything is incremented to make it more user friendly
							mazeChosen = mazeFiles[mazeNumberInputInt - 1];
 
							Maze* maze = new Maze(mazeDirectory);
 
							// Start a new thread running the user input function
							searchActive = true;
							// Start the user input thread, which checks for the exit condition.
							// Explicitly tell the thread to pass search active as a reference
							thread inputThread(UserInput, maze, ref(searchActive));
 
							// Only try to search if the maze is valid
							if (maze->ReadMazeFile(mazeChosen))
							{
								maze->FindObjects();
							}
							else
							{
								system("cls");
								cout << "Failed to read maze file. It may be invalid.\n";
								system("pause");
							}
 
							searchActive = false; // Stop the function loop below which is tied to a thread
							inputThread.join();
							delete maze;
						}
						else
						{
							system("cls");
						}
					}
					else
					{
						system("cls");
						cout << "Invalid input\n\n";
					}
				}
			}
			else
			{
				cout << "Could not find any maze files in " << mazeDirectory << "\nPress any key to exit.\n";
				system("pause");
			}
 
		}
		else if (mainMenuInput == "2")
		{
			exit(0);
		}
	}
}
 
// Takes in the maze to control
void UserInput(Maze* maze, bool& keepLooping)
{
	while (keepLooping)
	{
		// If key X is pressed
		if (GetKeyState('X') & 0x8000)
		{
			maze->StopSearch();
			break; // If we stop the search, then this function / thread's job is done, so break
		}
 
		// Check every 10ms
		Sleep(10);
	}
}
 
// Check if a string from input is an int
bool isInt(string s)
{
	for (int i = 0; i < s.length(); i++)
	{
		if (isdigit(s[i]) == false)
		{
			return false;
		}
	}
	return true;
}


Maze.h
#pragma once
#include <iostream>
#include <fstream>
#include <string>
#include <iostream>
#include <vector>
#include <regex>
#include <conio.h>
#include <filesystem>
#include <thread>
 
#include "MyStack.h"
#include "MyStack.cpp" // Including both because templates are a bit funky
 
#include "ConsoleOutput.h"
 
using namespace std;
 
class Maze
{
 
	// Attributes
private:
	vector<vector<char>> _maze;
	vector<pair<int, int>> _objectLocations;
	string _mazeDirectory;
	MyStack<pair<int, int>> _positions;
	pair<int, int> _currentPosition;
	pair<int, int> _start;
	int _width;
	int _height;
	bool _searchActive;
 
	ConsoleOutput _outputObject;
 
	// Constructor(s)
public:
	Maze(string directory);
	~Maze();
 
	// Properties
 
	bool ReadMazeFile(string file);
	vector<vector<char>> GetMaze();
	void StopSearch();
 
	// Methods
	bool CheckIntersectionExplored();
	string GetParameter(string regExp, const string stringToSearch);
	void FindObjects(void);
};
 



Maze.cpp
#include "Maze.h"
using namespace std;
 
// Class for holding and manipulating a mazes.
// Handles reading in mazes and having an agent search them
 
Maze::Maze(string directory)
{
	_searchActive = false;
	_mazeDirectory = directory;
}
 
Maze::~Maze()
{
}
 
bool Maze::ReadMazeFile(string file)
{
	char startCharacter, objectCharacter;
 
	ifstream mazeFile;
	mazeFile.open(_mazeDirectory + file);
 
	// Read the entire file into a sting by iterating through it
	string mazeString((istreambuf_iterator<char>(mazeFile)), istreambuf_iterator<char>());
 
	string tempWidth = GetParameter("w=[0-9]+", mazeString);
	string tempHeight = GetParameter("h=[0-9]+", mazeString);
 
	// If both parameters were read in properly
	if (tempWidth != "" && tempHeight != "")
	{
		_width = stoi(tempWidth);
		_height = stoi(tempHeight); // Convert to int and store
 
		// This is to construct a vector of the size specified in the parameters and fill with # symbols
		vector<vector<char>> tempVector(_height, vector<char>(_width, '#'));
		_maze = tempVector;
 
		int x = 0, y = 0;
 
		size_t position = mazeString.find('\n') + 1;
		mazeString = mazeString.substr(position); // Remove everything up until and including the first newline (to get rid of the parameters once read)
 
		for (int i = 0; i < mazeString.length(); i++)
		{
			// If out of bounds on height, we return fail to read
			if (y >= _height) {	return false; }
 
			// If not end of string, keep going
			if (mazeString[i] != '\0')
			{
				// If we are on a newline character
				if (mazeString[i] == '\n')
				{
					y++; // Move to the next line
					x = 0; // Reset to start of line
				}
				else // Else, read into the array position
				{
					// If out of bounds on width, we return fail to read
					if (x >= _width) { return false; }
 
					_maze[y][x] = mazeString[i]; // Add to the vector. Y comes first then X because vectors are indexed row first
					x++; // Move to next column
				}
			}
		}
 
		mazeFile.close();
 
		bool startFound = false;
 
		// Scan the maze for start, so we know where to start the search from
		for (int y = 0; y < _height; y++)
		{
			if (startFound)
			{
				break;
			}
 
			for (int x = 0; x < _width; x++)
			{
				if (_maze[y][x] == 'S') // If current char is the start, mark it
				{
					_start.first = x;
					_start.second = y;
 
					// Set found to true and break from this loop, then on the next iteration
					// of the outer loop, that will break too because the flas is now true
					startFound = true;
					break;
				}
			}
			// New row
		}
 
		return true;
	}
	else
	{
		return false;
	}
}
 
vector<vector<char>> Maze::GetMaze()
{
	return _maze;
}
 
void Maze::StopSearch()
{
	// Set bool value to false which another loop is dependent on.
	_searchActive = false;
}
 
void Maze::FindObjects()
{
	_searchActive = true;
 
	bool found = false;
	bool deadEnd = false;
	char previousDirection = ' ';
	_currentPosition.first = _start.first;
	_currentPosition.second = _start.second;
 
	_positions.Push(_currentPosition); // Add the starting position
 
	while (!found)
	{
		Sleep(300);
 
		// Check if the space we've moved to is a maze object
		if (_maze[_currentPosition.second][_currentPosition.first] == 'O')
		{
			// Add the found object's coordinates to the vector. 
			_objectLocations.push_back(make_pair(_currentPosition.first, _currentPosition.second));
			_maze[_currentPosition.second][_currentPosition.first] = 'X'; // Set the space to X to indicate the object is no longer there as we have found it
		}
 
		if ((_currentPosition.first - 1 > 0) && // If this position is within the vector // If this position is within the vector
			(_maze[_currentPosition.second][_currentPosition.first - 1] == ' ' ||
				_maze[_currentPosition.second][_currentPosition.first - 1] == 'O')) // Check left if movable - either object or empty space
		{
 
			if (previousDirection == '<' || previousDirection == '+')
			{
				_maze[_currentPosition.second][_currentPosition.first] = '<'; // Mark this position as visited with the direction of movement
			}
			else
			{
				_maze[_currentPosition.second][_currentPosition.first] = '+';
			}
 
			previousDirection = _maze[_currentPosition.second][_currentPosition.first];
			_currentPosition.first--; // Move left
			_positions.Push(_currentPosition); // Add the new position to the stack
 
			deadEnd = false;
 
			_outputObject.PrintMaze(_maze, _currentPosition); // Output the maze in its current state
			_outputObject.PrintStack(_positions.GetStackVector()); // Output the stack of positions
		}
		else if ((_currentPosition.second + 1 < _height) &&
			(_maze[_currentPosition.second + 1][_currentPosition.first] == ' ' ||
				_maze[_currentPosition.second + 1][_currentPosition.first] == 'O')) // Check down if movable
		{
 
			if (previousDirection == 'v' || previousDirection == '+')
			{
				_maze[_currentPosition.second][_currentPosition.first] = 'v';
			}
			else
			{
				_maze[_currentPosition.second][_currentPosition.first] = '+';
			}
 
			previousDirection = _maze[_currentPosition.second][_currentPosition.first];
			_currentPosition.second++; // Move down
			_positions.Push(_currentPosition);
 
			_outputObject.PrintMaze(_maze, _currentPosition);
			_outputObject.PrintStack(_positions.GetStackVector());
 
			deadEnd = false;
		}
		else if ((_currentPosition.first + 1 < _width) &&
			(_maze[_currentPosition.second][_currentPosition.first + 1] == ' ' ||
				_maze[_currentPosition.second][_currentPosition.first + 1] == 'O')) // Check right if movable
		{
 
			if (previousDirection == '>' || previousDirection == '+')
			{
				_maze[_currentPosition.second][_currentPosition.first] = '>';
			}
			else
			{
				_maze[_currentPosition.second][_currentPosition.first] = '+';
			}
 
			previousDirection = _maze[_currentPosition.second][_currentPosition.first];
			_currentPosition.first++; // Move right
			_positions.Push(_currentPosition);
 
			_outputObject.PrintMaze(_maze, _currentPosition);
			_outputObject.PrintStack(_positions.GetStackVector());
 
			deadEnd = false;
		}
		else if ((_currentPosition.second - 1 > 0) &&
			(_maze[_currentPosition.second - 1][_currentPosition.first] == ' ' ||
				_maze[_currentPosition.second - 1][_currentPosition.first] == 'O')) // Check up if movable
		{
			if (previousDirection == '^' || previousDirection == '+')
			{
				_maze[_currentPosition.second][_currentPosition.first] = '^';
			}
			else
			{
				_maze[_currentPosition.second][_currentPosition.first] = '+';
			}
 
			previousDirection = _maze[_currentPosition.second][_currentPosition.first];
			_currentPosition.second--; // Move up
			_positions.Push(_currentPosition);
 
			_outputObject.PrintMaze(_maze, _currentPosition);
			_outputObject.PrintStack(_positions.GetStackVector());
 
			deadEnd = false;
		}
 
		else // We have reached a dead end if none of the 4 directions are free and not already visited
		{
			if (!_positions.Empty())
			{
				_currentPosition = _positions.Peek(); // Set current position to the previous (most recently added)
 
				// Delete the most recent position, so the new most recent is the one before it.
				// This allows for the backtracking
 
				// Only pop the last item if it's not an intersection
				if (CheckIntersectionExplored() == true)
				{
					_positions.Pop();
					_maze[_currentPosition.second][_currentPosition.first] = 'X';
				}
			}
			else
			{
				break;
			}
 
			_outputObject.PrintMaze(_maze, _currentPosition);
			_outputObject.PrintStack(_positions.GetStackVector());
		}
 
		// If input to stop the search, or we have finished without finding anything, then break out of the loop
		if (!_searchActive || _positions.Size() == 0)
		{
			break;
		}
	}
 
	// If we broke from the loop because we found nothing, display a message
	if (_objectLocations.size() == 0 && _searchActive)
	{
		_outputObject.PrintNothingFoundMessage();
		cout << "\n";
		system("pause");
	}
	// Otherwise, we found something but quit, so print locations
	else if (_objectLocations.size() > 0 && !_searchActive)
	{
		system("cls");
		cout << "Search was canceled, but some objects were found.\n\n";
		_outputObject.PrintObjectLocations(_objectLocations);
		cout << "\n";
		system("pause");
	}
	else if (_objectLocations.size() > 0) // Otherwise we must have finished and found something
	{
		// Otherwise we finished searching
		system("cls");
		cout << "Search completed. \n";
		_outputObject.PrintObjectLocations(_objectLocations);
		cout << "\n";
		system("pause");
	}
}
 
// Check to see if the current intersection (+ character) has been explored on all of its branches. If so, we know that
// the intersection has been completely checked 
bool Maze::CheckIntersectionExplored(void)
{
	// Split into a few else ifs instead of a massive if, just for readability
 
	if ((_currentPosition.first - 1 > 0) &&
		_maze[_currentPosition.second][_currentPosition.first - 1] == ' ')
	{
		return false;
	}
	else if ((_currentPosition.second + 1 < _height) &&
		_maze[_currentPosition.second + 1][_currentPosition.first] == ' ')
	{
		return false;
	}
	else if ((_currentPosition.first + 1 < _width) &&
		_maze[_currentPosition.second][_currentPosition.first + 1] == ' ')
	{
		return false;
	}
	else if ((_currentPosition.second - 1 > 0) &&
		_maze[_currentPosition.second - 1][_currentPosition.first] == ' ')
	{
		return false;
	}
 
	return true;
}
 
// Pass a regular expression in for a parameter, and this method finds its value from the header of the file
string Maze::GetParameter(string regExp, const string stringToSearch)
{
	string parameter;
 
	regex rgx(regExp); // Regular expression that was passed in as a string
	smatch match; // Stores result if found
 
 
	// If found, save the value
	if (std::regex_search(stringToSearch.begin(), stringToSearch.end(), match, rgx))
	{
		parameter = match[0];
	}
	else
	{ // Otherwise, return empty to signify no match
		return "";
	}
 
	// Remove the parameter name and = sign from the string, to return just the value
	regex removeName("[a-z]=");
	parameter = regex_replace(parameter, removeName, "");
 
	return parameter;
}


MyStack.h
#pragma once
 
#include <vector>
 
using namespace std;
 
template <class T>
class MyStack
{
	// Attributes
private:
	vector<T> _stack;
	int _stackIndex;
 
	// Constructor
public:
	MyStack();
	~MyStack();
 
	// Properties
	int GetStackIndex();
	vector<T> GetStackVector();
 
	// Methods
	void Push(T value);
	T Pop();
	T Peek();
	bool Empty();
	int Size();
};




MyStack.cpp
#include "MyStack.h"
 
// Template class for a stack holding whatever type is passed in.
// In hte case of the maze, it is used to hold pairs of coordinates
 
template <class T>
MyStack<T>::MyStack()
{
	_stackIndex = -1; // Start at -1, so when an item is pushed on first, the first item is position 0
}
 
template <class T>
MyStack<T>::~MyStack()
{
}
 
template <class T>
int MyStack<T>::GetStackIndex()
{
	return _stackIndex;
}
 
template <class T>
vector<T> MyStack<T>::GetStackVector()
{
	return _stack;
}
 
// Add an item to the top of the stack and increment the stack pointer
template <class T>
void MyStack<T>::Push(T value)
{
	_stack.push_back(value); // Add to vector
	_stackIndex++; // Increment stack pointer
}
 
// Remove and get an item from the top of the stack and decrement the stack pointer
template <class T>
T MyStack<T>::Pop()
{
	if (!Empty()) // Only remove last value if there is a value to remove
	{
		pair<int, int> tempData = _stack[_stackIndex]; // Get the top value
		_stack.erase(_stack.begin() + _stackIndex); // Get rid of the top value
		_stackIndex--; // Decrement to new position
 
		return tempData;
	}
}
 
// View the item at the top of the stack
template <class T>
T MyStack<T>::Peek()
{
	return _stack[_stackIndex]; // Just return the value without deleting it
}
 
// Check if the stack is currently empty
template <class T>
bool MyStack<T>::Empty()
{
	return _stackIndex < 0; // Returns true (stack empty) if stack pointer is -1
}
 
 
// Get the number of elements in the stack
template <class T>
int MyStack<T>::Size()
{
	return _stack.size();
}


ConsoleOutput.h
#pragma once
 
#include <iostream>
#include <vector>
#include <Windows.h>
 
using namespace std;
 
class ConsoleOutput
{
	// Attributes
private:
 
	// Constructors
public:
	ConsoleOutput();
	~ConsoleOutput();
 
	// Properties
 
	// Methods
 
	void PrintMaze(vector<vector<char>> maze, pair<int, int> currentPosition);
	void PrintStack(vector<pair<int, int>> stack);
	void PrintNothingFoundMessage();
	void PrintObjectLocations(vector<pair<int, int>> objectLocations);
 
 
};
 



ConsoleOutput.cpp
#include "ConsoleOutput.h"
 
// Class for maze and stack output using different console text colours
 
HANDLE hConsole = GetStdHandle(STD_OUTPUT_HANDLE);
 
ConsoleOutput::ConsoleOutput()
{
}
 
ConsoleOutput::~ConsoleOutput()
{
}
 
// Takes in a 2D vector and prints it with the appropriate colours per character
// Y and X flipped because we're working with vectors
void ConsoleOutput::PrintMaze(vector<vector<char>> maze, pair<int, int> currentPosition)
{
 
	system("cls");
 
	// Console colour from
	// https://docs.microsoft.com/en-us/windows/console/console-screen-buffers?redirectedfrom=MSDN#_win32_character_attributes
	for (int y = 0; y < maze.size(); y++) // For each Row
	{
		for (int x = 0; x < maze[y].size(); x++) // For each column in that row
		{
			if (x == currentPosition.first && y == currentPosition.second)
			{// If at the current position, display the agent
				SetConsoleTextAttribute(hConsole, FOREGROUND_GREEN | FOREGROUND_BLUE |
					BACKGROUND_GREEN | BACKGROUND_BLUE | BACKGROUND_INTENSITY | FOREGROUND_INTENSITY); // CYAN background, and cyan text incasse bacjground isn't supported
				cout << 'A';
			}
			else
			{
				if (maze[y][x] == '#')
				{
					SetConsoleTextAttribute(hConsole, 7); // White text for the walls
				}
				else if (maze[y][x] == 'S' || maze[y][x] == 'F')
				{
					SetConsoleTextAttribute(hConsole, 10); // Light green text for the start and end point / objects
				}
				else if (maze[y][x] == 'X')
				{
					SetConsoleTextAttribute(hConsole, 12); // Light red text for dead end paths
				}
				else if (maze[y][x] == 'O')
				{
					SetConsoleTextAttribute(hConsole, 10); // Light green text for maze objects
				}
				else
				{
					SetConsoleTextAttribute(hConsole, 9); // Light blue text for the path
				}
 
				cout << maze[y][x];
			}
		}
 
		cout << endl;
	}
}
 
 
// Output the contents of the stack in a table format
void ConsoleOutput::PrintStack(vector<pair<int, int>> stack)
{
	pair<int, int> tempCoordinates;
 
	cout << "\nStack size: " << stack.size() << endl;
	cout << "---------------------------------------------------------" << endl;
 
	// If the stack has more than 10 items, only show the last 10 items, to save space
	int loopIndex = 0;
 
	if (stack.size() > 10)
	{
		loopIndex = stack.size() - 10;
		// Ellipsis to show omitted stack items
		cout << "\t\t\t. . .\n";
	}
 
	// Show each item in its own row of the table
	for (int i = loopIndex; i < stack.size(); i++)
	{
		cout << "Stack index: " << i << "\t| X: " << stack[i].first << "\tY: " << stack[i].second << "\n";
	}
}
 
 
void ConsoleOutput::PrintNothingFoundMessage()
{
	system("cls");
 
	cout << "\n\n            THANK YOU MARIO!\n";
	cout << "        BUT OUR MAZE OBJECT IS IN\n";
	cout << "            ANOTHER CASTLE!\n\n\n";
 
	cout << "                (%%%%%%*               \n";
	cout << "          . .%&&@@@@@@@&&&(  .         \n";
	cout << "       ,/(&/////&##%@#////(&//			\n";
	cout << "       /@@&///#%#(////(#%///(@@@.      \n";
	cout << "     ,///(@@@@@@(//////%@@@@@&///      \n";
	cout << "     ,/////@@@@@(//////%@@@@%////      \n";
	cout << "     ,/////@@@@@@@&&&&@@@@@@%////      \n";
	cout << "     ,////@@@###..###/ *##%@@&///      \n";
	cout << "       /@@&//###..###( *##(/(@@@.      \n";
	cout << "      .*#(.  (####///(####/  ,##,      \n";
	cout << "     *#####/////##////#(////(####      \n";
	cout << "          (/////////////////(/         \n";
	cout << "          ////((#######((////*         \n";
	cout << "          ////(##########////*         \n";
	cout << "          .&@@@@@@@@@@@@@@&@(          \n";
	cout << "        .,%%%@@@@@@@@@@@@@&%%#..       \n";
	cout << "     ,*#&&///(&@@@@@@@@@@(///(&&/      \n";
	cout << "     .//////////&@@@@@@#/////////		\n";
 
	cout << "\n\n Bad attempt at a Super Mario reference, sorry.";
	cout << "\n Couldn't find any maze objects\n";
}
 
 
void ConsoleOutput::PrintObjectLocations(vector<pair<int, int>> objectLocations)
{
	cout << "Objects found:";
	cout << "\n--------------";
 
	for (int i = 0; i < objectLocations.size(); i++) // For the number of items in the list
	{
		cout << "\n\nObject #" << i + 1 << ":"; // Print out each object's coordinates
		cout << "\n\tX: " << objectLocations[i].first << "   Y: " << objectLocations[i].second;
	}
}
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	Test no.
	Description / Instructions
	Expected result
	Actual result
	Pass / fail

	1.1.

	Generates random, solvable maze
· At the menu, choose any option which has a random generation
	Generates 3x3 populated and solvable board
	Generates 3x3 populated and solvable board by starting solved and moving backwards (Figure D1)
	Pass

	1.2.
	Populates board with assignment appendix provided tiles
· At the menu, choose any option which uses the assignment board
	Board is populated with

3  0  2
6  1  5   
7  4  8
	Board is populated with

3  0  2
6  1  5   
7  4  8
	Pass 

	1.3.
	Detects board solved state
1. At the menu, option 6 to let the algorithm solve the assignment board
2. Check solved notification or display appears
	Displays solved board 
message
	Board flashes to indicate solved. Returns to menu and outputs “Board solved in x moves” 

(Figure D2)
	Pass 

	

	2.1.
	Allows user to play
1. Choose option 1 or 2
2. Test each direction movable where in bounds (arrow keys)
	Displays board to solve

Waits for user input and moves tile. Does not allow out of bounds move

Detects being solved
	Displays board to solve

Allows input in each  direction. Outputs error if out of bounds move attempted (Figure D3).

Detects being solved.
	Pass

	2.2.
	Allows user to exit playing
· Press x key while playing
	User is returned to main menu
	User is returned to main menu
	Pass

	

	3.1. 
	Solves assignment board using incorrect tiles heuristic
· Choose option 6
	Solves
	Solves
	Pass 

	3.2.
	Solves assignment board using Manhattan distance heuristic
· Choose option 8
	Solves
	Solves 
	
	Pass 

	3.3.
	Solves assignment board using incorrect rows + columns heuristic
· Choose option 7
	Solves
	Solves 
	Pass 

	3.4.
	Solves random board using incorrect tiles heuristic
· Choose option 3
	Solves
	Occasionally solves but usually gets stuck in local optimum
	Fail 

	3.5.
	Solves random board using Manhattan distance heuristic
· Choose option 5 
	Solves
	Occasionally solves but usually gets stuck in local optimum
	Fail 

	3.6.
	Solves random board using incorrect rows + columns heuristic
· Choose option 4
	Solves
	Occasionally solves but usually gets stuck in local optimum
	Fail 

	3.5.
	Allow user to exit heuristic search
1. Choose any of the options 3-8
2. After search starts, press X
	Exits search and displays menu
	Exits search and displays menu
	Pass 

	3.6.
	Enforces time limit
1. Choose options 1 or 2 to play
2. Wait 60 seconds and then make a move
	Out of time message is displayed and user returned to menu
	[bookmark: _GoBack]Out of time message is displayed and user returned to menu (Figure D4)
	Pass 

	

	4.1.
	Exit the program
· Choose option 0 on the menu
	Program exits
	Program exits
	Pass 

	

	5.1. 
	Tracks move count
1. Choose option 2 on the menu and solve manually
2. Choose option 6 on the menu
	Both options output 5 moves taken
	Both options output 5 moves taken (Figure D2)
	Pass 




[image: ]Figure D1 – Random, solvable board



[image: ]Figure D2 – Board solved detection and move count



[image: ][image: ]Figure D4 – Run out of time
Figure D3 – Incorrect move detection
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This program’s menu separates options into four groups:
· 0: exit
· 1-2: user play
· 3-5: heuristic search on randomly generated boards
· 6-8: heuristic search on the tile board provided for this assignment

This menu is shown below:
[image: ]Figure E1 – 8-tile solver menu


User playing uses the arrow keys to move the empty space, and the x key to quit. Heuristic searching is automatic and displays the current heuristic for each display refresh, and again x is used to quit.
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Source.cpp
// To stop a weird intellisense problem
#if (_MSC_VER >= 1915)
#define no_init_all deprecated
#endif
 
#include <iostream>
#include <Windows.h>
#include "TileBoard.h"
 
// Similar to in my maze code
void ExitHeuristicSearchChecker(TileBoard* board, bool& keepLooping);
bool isInt(string s);
void outputMoves(int moves, bool isUserSearch);
 
int main(int argc, char** argv)
{
	// From the assignment appendix
	int assignmentProvidedTiles[3][3] =
	{
		{ 3, 0, 2 },
		{ 6, 1, 5 },
		{ 7, 4, 8 }
	};
 
	int moveCount = 0;
	string userInput = "-1";
	int userInputInt = -1;
	bool checkExitHeuristic = true;
 
	while (userInput != "0")
	{
 
		// Get rid of anything the user typed from the console
		// this is because they type x to exit search, but we odn't 
		// want x to be taken in as cin
		FlushConsoleInputBuffer(GetStdHandle(STD_INPUT_HANDLE));
 
		cout << "Welcome to the 8 tile solver!\nPlease choose an option:\n";
		cout << "\n0. Exit";
		cout << "\n";
		cout << "\n1. Play:\trandom board";
		cout << "\n2. Play:\tassignment board";
		cout << "\n";
		cout << "\n3. Heuristic:  \trandom board\t\tincorrect tile heuristic";
		cout << "\n4. Heuristic:  \trandom board\t\tOut of row + out of col heuristic";
		cout << "\n5. Heuristic:  \trandom board\t\tManhattan sum heuristic";
		cout << "\n";
		cout << "\n6. Heuristic:  \tassignment board\tincorrect tile heuristic";
		cout << "\n7. Heuristic:  \tassignment board\tOut of row + out of col heuristic";
		cout << "\n8. Heuristic:  \tassignment board\tManhattan sum heuristic";
		cout << "\n\n>> ";
		cin >> userInput;
 
		system("cls");
 
		if (isInt(userInput))
		{
			userInputInt = stoi(userInput);
 
			// extra { }s used for scoping
			switch (userInputInt)
			{
			case 1: // User play - random board
			{
				TileBoard* tileBoard = new TileBoard();
 
				// User solve. -1 means they gave up
				moveCount = tileBoard->UserPlay();
 
				delete tileBoard;
 
				outputMoves(moveCount, true);
			}
			break;
			case 2: // User play - assignment board
			{
				TileBoard* tileBoard = new TileBoard(assignmentProvidedTiles);
 
				// User solve. -1 means they gave up
				moveCount = tileBoard->UserPlay();
 
				delete tileBoard;
 
				outputMoves(moveCount, true);
			}
			break;
			case 3: // Code solve - random board, incorrect tile heuristic
			{
				TileBoard* tileBoard = new TileBoard();
 
				// Explicitly tell the thread to pass search active as a reference
				checkExitHeuristic = true;
				thread inputThread(ExitHeuristicSearchChecker, tileBoard, ref(checkExitHeuristic));
 
				// Try to solve - declare int with the moves taken to solve. -1 is failed.
				moveCount = tileBoard->SolveUsingIncorrectTileCountHeuristic();
				delete tileBoard;
 
				outputMoves(moveCount, true);
 
				checkExitHeuristic = false; // Stop running the thread function
				inputThread.join();
			}
			break;
			case 4: // Code solve - random board, out of row + out of col heuristic
			{
				TileBoard* tileBoard = new TileBoard();
 
				checkExitHeuristic = true;
				thread inputThread(ExitHeuristicSearchChecker, tileBoard, ref(checkExitHeuristic));
 
				// Try to solve - declare int with the moves taken to solve. -1 is failed.
				moveCount = tileBoard->SolveUsingRowColHeuristic();
				delete tileBoard;
 
				outputMoves(moveCount, false);
 
				checkExitHeuristic = false;
				inputThread.join();
			}
			break;
			case 5: // Code solve - random board, manhattan sum heuristic
			{
				TileBoard* tileBoard = new TileBoard();
 
				checkExitHeuristic = true;
				thread inputThread(ExitHeuristicSearchChecker, 
				tileBoard, ref(checkExitHeuristic));
 
				// Try to solve - declare int with the moves taken to solve. -1 is failed.
				moveCount = tileBoard->SolveUsingManhattanHeuristic();
				delete tileBoard;
 
				outputMoves(moveCount, false);
 
				checkExitHeuristic = false;
				inputThread.join();
			}
			break;
					 case 6: // Code solve - assignment board, incorrect tile count heuristic
			{
				TileBoard* tileBoard = new TileBoard(assignmentProvidedTiles);
 
				checkExitHeuristic = true;
				thread inputThread(ExitHeuristicSearchChecker, tileBoard, ref(checkExitHeuristic));
 
				// Try to solve - declare int with the moves taken to solve. -1 is failed.
				moveCount = tileBoard->      SolveUsingIncorrectTileCountHeuristic();
				delete tileBoard;
 
				outputMoves(moveCount, false);
 
				checkExitHeuristic = false;
				inputThread.join();
			}
			break;
			case 7: // Code solve - assignment board, out of row + out of col heuristic
			{
				TileBoard* tileBoard = new TileBoard(assignmentProvidedTiles);
 
				checkExitHeuristic = true;
				thread inputThread(ExitHeuristicSearchChecker, tileBoard, ref(checkExitHeuristic));
 
				// Try to solve - declare int with the moves taken to solve. -1 is failed.
				moveCount = tileBoard->SolveUsingRowColHeuristic();
				delete tileBoard;
 
				outputMoves(moveCount, false);
 
				checkExitHeuristic = false;
				inputThread.join();
			}
			break;
			case 8: // Code solve - assignment board, manhattan sum heuristic
			{
				TileBoard* tileBoard = new TileBoard(assignmentProvidedTiles);
 
				checkExitHeuristic = true;
				thread inputThread(ExitHeuristicSearchChecker, tileBoard, ref(checkExitHeuristic));
 
				// Try to solve - declare int with the moves taken to solve. -1 is failed.
				moveCount = tileBoard->SolveUsingManhattanHeuristic();
				delete tileBoard;
 
				outputMoves(moveCount, false);
 
				checkExitHeuristic = false;
				inputThread.join();
			}
			break;
			default:
				cout << "Invalid input!";
				break;
			}
 
		}
		else
		{
			cout << "Invalid input!\n\n";
		}
	}
 
	return 0;
}
 
// Keep checking for x input - when x pressed, call a class method
void ExitHeuristicSearchChecker(TileBoard* board, bool& keepLooping)
{
	// Using an address to the variable so that it can be changed externally to stop the loop and thus the thread
	while (keepLooping)
	{
		// If key X is pressed
		if (GetKeyState('X') & 0x8000)
		{
			board->StopHeuristicSearch();
			break; // If we stop the search, then this function / thread's job is done, so break
		}
	}
}
 
 
// Checks if a string from user input is an int
bool isInt(string s)
{
	for (int i = 0; i < s.length(); i++)
	{
		if (isdigit(s[i]) == false)
		{
			return false;
		}
	}
	return true;
}
 
// Display move count, or fialed message if moves = -1
// Bool used to check if it was a user or heuristic search
void outputMoves(int moves, bool isUserSearch)
{
	if (moves > -1)
	{// If not -1, then solved
		cout << endl << "Board solved in " << moves << " moves.\n\n";
	}
	else
	{
		system("cls");
 
		if (isUserSearch)
		{
			cout << "User gave up";
		}
		else
		{
			cout << "User quit heuristic search";
		}
		cout << "\nFailed to solve\n\n";
	}
}


TileBoard.h
#pragma once
 
#include <time.h>
#include <random>
#include <Windows.h>
#include <iostream>
#include <string>
#include <functional>
#include <conio.h>
#include <thread>
#include "SimulatedAnnealing.h"
 
using namespace std;
 
#define KEY_UP 72
#define KEY_DOWN 80
#define KEY_LEFT 75
#define KEY_RIGHT 77
 
 
class TileBoard
{
private:
	// Attributes
	int _tiles[3][3];
	int _tilesCopy[3][3];
	int _correctTiles[3][3];
	pair<int, int> _currentPosition;
	pair<int, int> _currentPositionCopy;
	thread* _timerThread;
	bool _outOfTime = false;
	bool _runningHeuristicSearch;
	bool _keepSleeping;
	SimulatedAnnealing _annealingObject;
 
	enum direction { UP, DOWN, LEFT, RIGHT, NONE };
 
	// Constructor
public:
	// Default to empty array, which is then randomised
 
	TileBoard(int myArray[3][3] = nullptr);
	~TileBoard();
 
	// Properties
 
	// Methods
	bool IsSolved();
	void PrintBoard();
	void CopyBoardFromTo(int copyFrom[3][3], int copyTo[3][3]);
	void RandomiseBoard(int numberOfSwaps);
	bool SwapTiles(int board[3][3], pair<int, int> &currentPosition, enum direction inputDirection);
 
	void Timer(int timeLimitSeconds, bool &keepSleeping);
 
	int SolveUsingRowColHeuristic();
	int SolveUsingIncorrectTileCountHeuristic();
	int SolveUsingManhattanHeuristic();
 
	int UserPlay();
	void StopHeuristicSearch();
 
	// Private as it can only be called by other class methods
private:
	int SolveUsingHeuristicFunction(function<int(int[3][3])> heuristicCalculationFunction);
};
 



TileBoard.cpp
#include "TileBoard.h"
 
// Used to change console text colour
HANDLE hConsole = GetStdHandle(STD_OUTPUT_HANDLE);
 
 
// Class to hold a maze and search it using a depth first search algorithm
// Hard coded value for the annealing object cooldown
TileBoard::TileBoard(int tileBoard[3][3]) : _annealingObject(0.05)
{
	srand(time(NULL)); // Time seed for random number generator used to make a random board
 
	// First, populate the correct tiles board with 0-9, 0 representing empty
	int tileValue = 0;
 
	for (int x = 0; x < 3; x++) // For each row
	{
		for (int y = 0; y < 3; y++) // For each column in that row
		{
			_correctTiles[x][y] = tileValue;
			tileValue++;
		}
	}
 
	// Set the object's board to that which was passed in
	if (tileBoard != nullptr)
	{
		for (int x = 0; x < 3; x++) // For each row
		{
			for (int y = 0; y < 3; y++) // For each column in that row
			{
				if (tileBoard[x][y] == 0)
				{
					_currentPosition.first = x;
					_currentPosition.second = y;
				}
			}
		}
 
		CopyBoardFromTo(tileBoard, _tiles);
	}// If no tile board was passed in, then generate a random board
	else
	{
		RandomiseBoard(50);
	}
 
	// Update the copy data to match the new data
	CopyBoardFromTo(_tiles, _tilesCopy);
	_currentPositionCopy = _currentPosition;
}
 
// Destruct - rejoin thread
TileBoard::~TileBoard()
{
	// Don't try to join the thread if it was never started in the first place
	if (_timerThread)
	{
		_keepSleeping = false;	// Set to false to make the thread finish
		_timerThread->join();
	}
}
 
// Sets an attribute to false to stop a loop elsewhere
void TileBoard::StopHeuristicSearch()
{
	_runningHeuristicSearch = false;
}
 
// Copy one 3x3 array to another
void TileBoard::CopyBoardFromTo(int copyFrom[3][3], int copyTo[3][3])
{
	for (int y = 0; y < 3; y++) // For each row
	{
		for (int x = 0; x < 3; x++) // For each column in that row
		{
			copyTo[x][y] = copyFrom[x][y];
		}
	}
}
 
// Check if each tile is in the correct position
bool TileBoard::IsSolved()
{
	for (int y = 0; y < 3; y++)
	{
		for (int x = 0; x < 3; x++)
		{
			// For each tile, if it is not the same as the correct value, just return false
			if (_tiles[x][y] != _correctTiles[x][y]) { return false; }
		}
	}
 
	// If the return false was never hit, then all the tiles must be in the correct positions
	return true;
}
 
// Print board with spacing and colouring
void TileBoard::PrintBoard()
{
	system("cls");
 
	// If solved, flash the board to celebrate
	if (IsSolved())
	{
		for (int i = 0; i < 4; i++)
		{
			system("cls");
			// Flash colours to show solved
			if (i % 2 == 0) { SetConsoleTextAttribute(hConsole, 11); }
			else { SetConsoleTextAttribute(hConsole, 10); }
 
			for (int x = 0; x < 3; x++) // For each row
			{
				for (int y = 0; y < 3; y++) // For each column in that row
				{
					if (_tiles[x][y] != 0)
					{
						cout << " " << _tiles[x][y];
					}
					else
					{
						// Don't print 0, print blank space.
						// Done as two " "s just for clarity - first is the space, second is the number
						cout << " " << " ";
					}
				}
				cout << endl;
			}
			Sleep(200);
		}
	}
	else
	{
		for (int x = 0; x < 3; x++) // For each row
		{
			for (int y = 0; y < 3; y++) // For each column in that row
			{
				if (_tiles[x][y] == _correctTiles[x][y]) // If tile in the right place
				{
					SetConsoleTextAttribute(hConsole, 10); // Light green text for correct position
				}
				else
				{
					SetConsoleTextAttribute(hConsole, 12); // Light red text for tile in wrong position
				}
 
				if (_tiles[x][y] == 0)
				{
					cout << " " << " ";
				}
				else
				{
					cout << " " << _tiles[x][y];
				}
			}
			cout << endl;
		}
	}
	SetConsoleTextAttribute(hConsole, 7); // Back to white
}
 
// Takes in the direction that was chosen, the board to swap (temp board or the real board), and the current position pair - also for the temp board or real one
// Takes in the current position as a reference so that we can modify it
bool TileBoard::SwapTiles(int board[3][3], pair<int, int> &currentPosition, enum direction inputDirection)
{
	switch (inputDirection) {
	case DOWN:
		;			if (currentPosition.first < 2) // If we have room to go down
		{
			board[currentPosition.first][currentPosition.second] = board[currentPosition.first + 1][currentPosition.second];
			board[currentPosition.first + 1][currentPosition.second] = 0; // Move the active tile
 
			currentPosition.first++; // Move down
 
			return true; // Return true to say that we successfully moved
		}
 
		break;
	case UP:
		if (currentPosition.first > 0)
		{
			board[currentPosition.first][currentPosition.second] = board[currentPosition.first - 1][currentPosition.second];
			board[currentPosition.first - 1][currentPosition.second] = 0;
 
			currentPosition.first--;
 
			return true;
		}
 
		break;
	case LEFT:
		if (currentPosition.second > 0)
		{
			board[currentPosition.first][currentPosition.second] = board[currentPosition.first][currentPosition.second - 1];
			board[currentPosition.first][currentPosition.second - 1] = 0;
 
			currentPosition.second--;
 
			return true;
		}
 
		break;
	case RIGHT:
		if (currentPosition.second < 2)
		{
			board[currentPosition.first][currentPosition.second] = board[currentPosition.first][currentPosition.second + 1];
			board[currentPosition.first][currentPosition.second + 1] = 0;
 
			currentPosition.second++;
 
			return true;
		}
 
		break;
	default: // If we couldn't do any of the above
		return false;
		break;
 
	}
 
	return false; // Not successful in moving 
}
 
// Make random moves for a given number of swaps, starting with a solved board
// to ensure that the randomised board is solvable
void TileBoard::RandomiseBoard(int numberOfSwaps)
{
	// Start off with a correct board, and then randomise that
	CopyBoardFromTo(_correctTiles, _tiles);
	_currentPosition.first = 0;
	_currentPosition.second = 0;
 
	bool moveBeenMade = false;
	direction randomisedDirection;
	int numberOfChoices = 4; // Up down left right
 
	for (int i = 0; i < numberOfSwaps; i++)
	{
		// Reset on each loop iteration
		moveBeenMade = false;
		numberOfChoices = 4;
		vector<direction> directionList = { UP, DOWN, LEFT, RIGHT };
 
		// Keep repeating until a move was made
		while (!moveBeenMade)
		{
			// Choose a random item from the list
 
			// Pick the direction from the list of directions randomly
			randomisedDirection = directionList[rand() % numberOfChoices];
 
 
			// Try to swap tiles with the random direction
			if (SwapTiles(_tiles, _currentPosition, randomisedDirection))
			{
				moveBeenMade = true;
			}
			else
			{
				directionList.erase(find(directionList.begin(), directionList.end(), randomisedDirection)); // Find the direction that we chose (we can't move in) and delete it
				numberOfChoices--; // We removed one item from the list, so change the number of choices we have
			}
		}
 
	}
 
	// If the randomiser happens to give a result that is already solved
	// (...yes, I had that happen a few times)
	if (IsSolved())
	{
		// Randomise again
		RandomiseBoard(numberOfSwaps);
	}
 
	// Update the copy array and position to reflect opur changes
	CopyBoardFromTo(_tiles, _tilesCopy);
	_currentPositionCopy = _currentPosition;
}
 
// Solve using the heuristic as number of tiles out of row + number of tiles out of column
int TileBoard::SolveUsingRowColHeuristic()
{
	auto heuristicCalculationFunction = [this](int arrayToCheck[3][3]) {
 
		// Lambda to find the coordinates / xy indicies of a tile board array
		auto findCorrectPositionOfTile = [this](int tileToFindCorrectPositionOf) -> pair<int, int> {
			for (int x = 0; x < 3; x++)
			{
				for (int y = 0; y < 3; y++)
				{
					// If the tile we are currently on is what we are looking for, return that value
					if (_correctTiles[x][y] == tileToFindCorrectPositionOf) { return make_pair(x, y); }
				}
			}
		};
 
		// Number of tiles
		int outOfRowOrColumn = 0;
 
		for (int x = 0; x < 3; x++)
		{
			for (int y = 0; y < 3; y++)
			{
				if (arrayToCheck[x][y] != 0) // Don't count the blank space
				{
					// Get the coordinates of where the tile should be
					pair<int, int> correctPosition = findCorrectPositionOfTile(arrayToCheck[x][y]);
 
					// Check if it's not in the right column
					if (x != correctPosition.first) { outOfRowOrColumn++; }
 
					// Check if it's not in the right row
					if (y != correctPosition.second) { outOfRowOrColumn++; }
				}
			}
		}
 
		return outOfRowOrColumn;
	};
	return SolveUsingHeuristicFunction(heuristicCalculationFunction);
}
 
 
// Solve using the heuristic as the sum of manhattan distances between the tiles' positions and their correct positions
int TileBoard::SolveUsingManhattanHeuristic()
{
	auto heuristicCalculationFunction = [this](int arrayToCheck[3][3]) {
 
		// Lambda to find the coordinates / xy indicies of a tile board array
		auto findCorrectPositionOfTile = [this](int tileToFindCorrectPositionOf) -> pair<int, int> {
			for (int x = 0; x < 3; x++)
			{
				for (int y = 0; y < 3; y++)
				{
					// If the tile we are currently on is what we are looking for, return that value
					if (_correctTiles[x][y] == tileToFindCorrectPositionOf) { return make_pair(x, y); }
				}
			}
		};
 
		int manhattanDistanceSum = 0;
 
		for (int x = 0; x < 3; x++)
		{
			for (int y = 0; y < 3; y++)
			{
				if (arrayToCheck[x][y] != 0) // Don't count the blank space
				{
					// For each tile, find where it should be if it were correct, and work out the manhattan distance of that one tile
					pair<int, int> correctPosition = findCorrectPositionOfTile(arrayToCheck[x][y]);
					// Find the difference in x, difference in y, and sum them. ABS is used to get absolute values and ignore negatives
					manhattanDistanceSum += (abs(x - correctPosition.first) + abs(y - correctPosition.second));
				}
			}
		}
 
		return manhattanDistanceSum;
	};
 
 
	return SolveUsingHeuristicFunction(heuristicCalculationFunction);
}
 
int TileBoard::SolveUsingIncorrectTileCountHeuristic()
{
	auto incorrectTileCountFunction = [this](int arrayToCheck[3][3]) -> int {
		int incorrectTiles = 0;
		// Up to 9, as this includes the 0
 
		for (int x = 0; x < 3; x++)
		{
			for (int y = 0; y < 3; y++)
			{
				if (arrayToCheck[x][y] != 0) // Don't count the empty tile
				{
					// For each tile, if it is not the same as the correct value, increment the counter
					if (arrayToCheck[x][y] != _correctTiles[x][y]) { incorrectTiles++; }
				}
			}
		}
 
		return incorrectTiles;
	};
 
	return SolveUsingHeuristicFunction(incorrectTileCountFunction);
 
}
 
// This method contains the general logic for solving (each loop iteration, find best move, apply it, etc).
// It takes in a function (we pass lambdas to it) which provide the heuristic calculating functionality.
// This is done to avoid repeating this code once per heuristic calculation.
int TileBoard::SolveUsingHeuristicFunction(function<int(int[3][3])> heuristicCalculationFunction)
{
	int moves = 0;
	int heuristicValue = heuristicCalculationFunction(_tiles); // Get the number of correct tiles that we start off with
 
	int newHeuristicValue; // Keep track of the new move - did it benefit the heuristic when we moved the tile?
	enum direction directionMoved = NONE;
 
	_runningHeuristicSearch = true;
 
	while (!IsSolved() && moves < 1000000000)	// Moves limit left stupidly high for simulated annealing tests 
	{
		if (!_runningHeuristicSearch)
		{
			break; // Once the user presses a key to stop the search, this value is set to false so we break
		}
 
		// Reset. Heuristic set to 0 as opposed to the last state because we may end up being worse off,
		// even if the best move is made
		newHeuristicValue = 999;
		heuristicValue = 999;
		directionMoved = NONE;
 
		// List of the directions to iterate through, save the nasty copy-pasting
		direction directionList[4] = { UP, DOWN, LEFT, RIGHT };
 
		// Iterate through each index (direction) in the above array
		for (int i = 0; i < 4; i++)
		{
			// See if it's possible to move in the direction from the array. If so, update the
			// new heuristic based on the move just made
			if (SwapTiles(_tilesCopy, _currentPositionCopy, directionList[i]))
			{
				newHeuristicValue = heuristicCalculationFunction(_tilesCopy);
 
				// If the move was beneficial
				if (newHeuristicValue < heuristicValue)
				{
					heuristicValue = newHeuristicValue; // Update old value
					directionMoved = directionList[i];	// Update direction moved to value picked from array
				}
 
 
				// Failed attempt at simulated annealing using the other class I made
 
				// Heuristic values as energy, and random percentage - I'm aware this is not quite right
				/*
				else if (_annealingObject.AcceptMove(newHeuristicValue, heuristicValue, rand() % 100))
				{
					bool moveBeenMade = false;
					direction moveDirection;
					int numberOfChoices = 4;
 
					vector<direction> directionList = { UP, DOWN, LEFT, RIGHT };
 
					// Keep repeating until a move was made
					while (!moveBeenMade)
					{
						// Choose a random item from the list
 
						// Pick the direction from the list of directions randomly
						moveDirection = directionList[rand() % numberOfChoices];
 
 
						// Try to swap tiles with the random direction
						if (SwapTiles(_tiles, _currentPosition, moveDirection))
						{
							moveBeenMade = true;
							heuristicValue = newHeuristicValue; // Update old value
 
							// If move made then update the board
							CopyBoardFromTo(_tiles, _tilesCopy);
							_currentPositionCopy = _currentPosition;
 
							moveBeenMade = true;
						}
						else // Otherwise remove that index to try another direction
						{
							directionList.erase(find(directionList.begin(), directionList.end(), moveDirection)); // Find the direction that we chose (we can't move in) and delete it
							numberOfChoices--; // We removed one item from the list, so change the number of choices we have
						}
					}
				}
				*/
 
				// Now we've checked the benefit of the swap on the temp board, reset it to before we did the check
				CopyBoardFromTo(_tiles, _tilesCopy);
				_currentPositionCopy = _currentPosition;
			}
 
			//_annealingObject.Cool();
		}
 
		// Check which direction proved to be the most beneficial, and apply the change to the real board and copy
		switch (directionMoved)
		{
		case UP:
			SwapTiles(_tiles, _currentPosition, UP);
			SwapTiles(_tilesCopy, _currentPositionCopy, UP);
			break;
		case DOWN:
			SwapTiles(_tiles, _currentPosition, DOWN);
			SwapTiles(_tilesCopy, _currentPositionCopy, DOWN);
			break;
		case LEFT:
			SwapTiles(_tiles, _currentPosition, LEFT);
			SwapTiles(_tilesCopy, _currentPositionCopy, LEFT);
			break;
		case RIGHT:
			SwapTiles(_tiles, _currentPosition, RIGHT);
			SwapTiles(_tilesCopy, _currentPositionCopy, RIGHT);
			break;
		default:
			cout << "Something went wrong :(";
			break;
		}
 
		Sleep(1000);
		moves++;
 
		PrintBoard();
 
		// Get the current heuristic of the board we're working on, and not the copy
		cout << endl << "Current heuristic value: " << heuristicCalculationFunction(_tiles) << endl;
	}
 
 
	// Find out why we broke the loop
	// Return a bool to show solved status
	if (IsSolved())
	{
		// If solved, return number of moves taken to solve
		return moves;
	}
	else
	{
		// If not running, we quit, so show message
		if (!_runningHeuristicSearch)
		{
			cout << "Heuristic search cancelled. \n";
		}
		// If failed to solve, return -1 as a rogue / flag value
		return -1;
	}
}
 
// Start a timer and set out of time boolean to true after time is up
void TileBoard::Timer(int timeLimitSeconds, bool &keepSleeping)
{
	int numMilliseconds = timeLimitSeconds * 1000;
 
	int timeElapsed = 0;
 
	// If the flag changes to false (keep sleeping) then break
	while (timeElapsed < numMilliseconds && keepSleeping)
	{
		Sleep(10);		// Sleep for 10ms at a time. I wanted to have one long Sleep()
		timeElapsed += 10;		// But then I couldn't check for keepSleeping changes
		// cout << endl << endl << timeElapsed / 1000 << endl << endl; debug check
	}
 
	_outOfTime = true; // Set to true, which stops another loop elsewhere
}
 
// Let the user input until they quit or exit
int TileBoard::UserPlay()
{
	// Start a timer for 60 seconds
	_keepSleeping = true;
	_timerThread = new thread([this]() {Timer(60, _keepSleeping); });
	_outOfTime = false;
 
	int input = 0;
	int moveCount = 0;
 
	// Keep going until either solved or run out of time
	// And within here there's an exit option which breaks from the loop
	while (!IsSolved() && !_outOfTime)
	{
		PrintBoard(); // Refresh board to reflect changes
 
		cout << "\nMove the empty space using the arrow keys, or press X to quit.\n";
 
		input = _getch(); // Call getch the first time
 
		// For arrow keys, getch returns 224 first, and then on the next call,
		// won't wait for input again, but will return the actual arrow key codes
		if (input == 224)
		{
			input = _getch();
		}
 
		// Switch on user input
		switch (input)
		{
		case KEY_UP:
			// If up pressed, try to move up
			if (SwapTiles(_tiles, _currentPosition, UP))
			{
				moveCount++;
			}
			else
			{// If we can't move up, display a message
				cout << "\nCan't move up!";
				Sleep(700);
			}
			break;
 
		case KEY_DOWN:
			if (SwapTiles(_tiles, _currentPosition, DOWN))
			{
				moveCount++;
			}
			else
			{
				cout << "\nCan't move down!";
				Sleep(700);
			}
			break;
 
		case KEY_LEFT:
			if (SwapTiles(_tiles, _currentPosition, LEFT))
			{
				moveCount++;
			}
			else
			{
				cout << "\nCan't move left!";
				Sleep(700);
			}
			break;
 
		case KEY_RIGHT:
			if (SwapTiles(_tiles, _currentPosition, RIGHT))
			{
				moveCount++;
			}
			else
			{
				cout << "\nCan't move right!";
				Sleep(700);
			}
 
			break;
		case 88:	// ascii X
		case 120:	// ascii x - fall through so it does the same for capital or lower case
			return -1; // -1 signifies that they gave up
			break;
		default: // Anything else
			cout << "Invalid input! Please use the arrow keys to move the tile.";
			Sleep(700);
			break;
		}
	}
 
	// If it got out of the loop without returning, then it must have been solved.
	// Print the solved board and return the number of moves
 
	PrintBoard();
 
	if (_outOfTime)
	{ // If the reason we broke from the loop was because of a time limit, show a message
		SetConsoleTextAttribute(hConsole, 12);
		cout << "\nRan out of time...\n";
		SetConsoleTextAttribute(hConsole, 7);
 
		system("pause");
 
		moveCount = -1;
	}
 
	return moveCount;
}


SimulatedAnnealing.h
#pragma once
#include <math.h>
using namespace std;
 
class SimulatedAnnealing
{
private:
	// Attributes
	float _temperature;
	float _cooldownRate;
 
	// Constructor
public:
	// Default to empty array, which is then randomised
	SimulatedAnnealing(float cooldownRate);
	~SimulatedAnnealing();
 
	// Properties
 
	// Methods
	void Cool();
	bool AcceptMove(float newEnergy, float oldEnegy, float randomPercent);
};
 


SimulatedAnnealing.cpp
/*
 
	A naive and broken attempt at simulated annealing
	which is included as part of the tile board class
 
*/
 
#include "SimulatedAnnealing.h"
#include <iostream>
using namespace std;
 
// Construct - take in cooldown and set temperature to 100
SimulatedAnnealing::SimulatedAnnealing(float cooldownRate)
{
	_temperature = 100.0;
	_cooldownRate = cooldownRate;
}
 
SimulatedAnnealing::~SimulatedAnnealing()
{
}
 
// Cool by the cool down rate on call
void SimulatedAnnealing::Cool()
{
	// If result would not be below 0
	if ((_temperature - _cooldownRate) > 0)
	{
		// Cool down by the amount specified in the attribute
		_temperature -= _cooldownRate;
	}
}
 
// Returns a bool to signify if a move (done in other class) is accepted
bool SimulatedAnnealing::AcceptMove(float newEnergy, float oldEnegy, float randomPercent)
{
	// NB: I'm aware this isn't quite how SA would work or be done properly, 
	// But I wanted to experiment with the basic concept
 
	// From my understanding, this is Boltzmann's constant
	float k = 1.38064852 * pow(10, -23);
 
	// Numerical Recipes in C The Art of Scientific Computing, Second Edition
	// pp. 445
	float probability = exp(((newEnergy - oldEnegy) * -1) / (k * _temperature));
	//cout << "probability: " << probability << " random%: " << randomPercent << endl;
	//return (randomPercent < probability); 
 
	cout << "Random percentage: " << randomPercent << ", temperature: " << _temperature << endl;
 
	return randomPercent < _temperature; // Bool for whether to accept the worse move - as temperature decreases, becomes less likely
}
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stack positionsStack, each item is a pair coordinates

coordinates pair currentPosition = start of maze
vector objectCoordinates, each item is a pair of coordinates

push currentPosition to positionsstack

while positionsStack NOT empty: // empty = fully explored
if current position is object (“07):
success! Object found, add to objectCoordinates

if position directly above current position is movable
(blank) or object:

Move up - update currentPosition

Push currentPosition to positionsStack

else if position directly below current position is
movable (blank) or object:

Move down - update currentPosition

Push currentPosition to positionsStack

else if position directly left of current position is
movable (blank) or object:

Move left

Push currentPosition to positionsStack

else if position directly right of current position is
movable (blank) or object:

Move right - update currentPosition

Push currentPosition to positionsStack

else:
// dead end - backtrack

if positionsStack not empt:

Set currentPosition to positionsStack.peek

for each item in positionsStack as coordinates:
print out coordinates
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integer correctTileBoard[3][3] containing solution

// This is for number of tiles out of place
function heuristicCalculation (integer board[3][3],
correctBoard[3][3]):
// Running total
integer outOfPlaceCount = 0

for rows of board, as row:
for columns in row, as col:

// Don’t count the empty tile as being out of place

if (board[row][col] != 0):
// If tile is out of place

if board[row] [col] != correctBoard[row] [col]:

outOfPlace ++

return outOfPlaceCount

integer oldHeuristicVal = heuristicCalculation (tileboard,
correctTileBoard)
integer newHeuristicval = 999 // Larger than it could ever be

enum directionList[4] = {U, D, L, R, NONE}
enum directionMoved = NONE

while not solved:
for each directionList as direction, index:
in tileBoardCopy, move blank tile in direction
if moved successfully (not out of bounds):

newHeuristicVal = heuristicCalculation(tileBoard,
correctTileBoard)

// Based on outcome, update direction
if newHeuristicVal < oldHeuristicVval:
directionMoved = directionList[index]

in tileBoard, move blank tile in directionMoved
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