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[bookmark: _Toc69844861]Part A – Data Structures
[bookmark: _Toc69844862]Arrays vs. Linked Lists
Both arrays and linked lists provide a method for storage of data points, although the concepts they each use for storage differs dramatically and therefore both provide different outcomes; neither is necessarily better than the other, so individual use cases will dictate the optimal solution.
The primary difference revolves around how memory is allocated to each data point. With an array, memory is allocated in the stack at compile time, as a result each data element is stored in concurrent predefined memory locations as it is added into the program, these locations are reserved for the array’s usage. Linked lists on the other hand have memory allocated in the heap during runtime, each data element is stored in the next currently available memory location at the point during which it is added, with a pointer from the last data element pointing to the location of the new one (and sometimes also backwards), memory locations are allocated ‘as required’ during runtime.
These differences provide both benefits and drawbacks for each method, some comparisons are listed below:
	Arrays
	Linked Lists

	Array elements can be accessed at random, and directly. For example, array[4] can be called to immediately access the 7th element. This means access is fast with a time complexity of O(1).
	Linked lists can be accessed sequentially, so the whole list has to be traversed to find the element of a particular node. Access is slower, with a time complexity of O(n).

	Array operations such as deletions or insertions disturb the fixed memory locations of array elements, and therefore take more time than a linked list equivalent.
	Linked list deletion or insertion operations are faster, due to no actual change to memory locations of other elements, only to pointers in the elements directly preceding or following the new/removed element.

	Size of an array must be specified at the time it is declared, as it is at this point static memory allocation takes place. If the size of an array needs to be increased later, a new array must be declared and elements copied.
	Size of a linked list can grow or shrink as required throughout runtime, throughout operation dynamic memory allocation takes place. If the size of a linked list needs to be increased, new elements are added and memory allocated on request.


As can be seen above, both have benefits and drawbacks meaning the only way to determine a best solution is to look at the needs of individual circumstances. In scenarios where the number of data points is set and defined with little potential for movement or change, and quick access to these data points is essential, an array might be preferred. However where the amount of data points is unknown at runtime, or locations of data points are likely to require frequent changes however access times are not of utmost importance, a linked list may be a better fit.
[bookmark: _Toc69844863]Scenario: Recording New Names
[bookmark: _Toc69844864]Array or Linked List?
In this scenario, the recommendation would be to use a linked list approach. Whilst the brief has not specified the importance of access time for this particular scenario, it is likely that the factor of new data being added frequently is going to be the largest driver of decision making. The requirement is not known for the maximum number of names, only that thousands will be added daily - as a result the number of data elements could grow rapidly and would quickly fill any predefined memory allocated as part of an array. The preferred solution here would be to use a linked list which will dynamically allocate memory as the data set grows. For consideration, however, is the fact that as the list grows, traversing the list to extract particular data nodes will become increasingly time consuming.
[bookmark: _Toc69844865]Performance Evaluation
Performance of this hybrid data structure would be optimised over that of a continuous large linked list. Assuming the alternative is an alphabetically ordered linked list, data retrieval would be considerably faster for any result from ‘B’ onwards. As an example, considering a scenario where a name beginning with ‘D’ needed to be retrieved, rather than traversing all values from A -> D before locating the result, with the hybrid approach identified above A -> C could be ruled out quickly with a search of the array, and then these linked lists skipped entirely, with the traversal then taking place within the ‘D’ linked list only. It is evident that especially for items which would appear later in the alphabet, this would improve performance drastically. This assumes simple searches, other data structures such as binary search trees for example, or more optimised search algorithms will affect the performance in this regard.
However, some problems could be caused where distribution of names is not equal across all letters. In the scenario described above, an increase in the number of names beginning with H over those seen for other letters would result in a disproportionately larger ‘H’ list, resulting in longer operation times than those of other letters, resulting in uneven load and unequal performance for data operations. This would cause inefficiencies where some linked lists are small and operations are quick, and others are large with slow operations, with the issues being exacerbated over time as more elements are added and the inequality grows, a more balanced approach would be preferred.
[bookmark: _Toc69844866]Binary Search Tree
The binary tree for the values 34, 6, 7, 18, 45, 12, 3, 26 is constructed as below, the first pass creates a left heavy unbalanced tree. Balance Factor (BF) values have been calculated and are included under each node value in italics.

34
3
6
-2
7
-2
18
0
45
0
12
0
3
0
26
0

In order to create a balanced Adelson-Velsky and Landis (AVL) tree, the following process has been followed. Starting at the lowest unbalanced node (7, BF -2) a right-right rotation (change is in the right branch and BF of 18 <= 0) takes place to balance this sub-tree, leaving 18 as the sub-tree root and all sub-tree BFs all either -1, 0 or 1. The next rotation at the next level up will undo this change, however it has been included here for demonstration purposes. In a real-world scenario where unbalances are often caused by one element being added or removed from an already unbalanced tree, this scenario is unlikely to occur.
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This next unbalanced node (6, BF -2) requires a right-left rotation (change is in the right branch and BF of 7 > 0), of which the first step is a right rotation in the right branch, which effectively undoes the previous step and returns the tree to the original configuration. The next step is then a left rotation around 6, resulting in the below tree; the left subtree with root 7 is now balanced.
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The last step is to balance the whole tree from root 7 (BF -1), which requires a left-rotation (change is in the left branch, and BF of 7 >= 0) which results in a right rotation around the root. The following is the resultant balanced tree.
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The performance benefits of a BST as a data structure are drawn from the fact that at each node, a binary decision is made which can effectively break a search down into smaller and smaller chunks, disregarding irrelevant data at each step. However, this benefit can only be actualised effectively where a tree is optimised via balancing, if a tree is not balanced, the program will be required to compare against irrelevant data, slowing down operation. As an example, if an ordered array [1, 2, 3, 4, 5, 6, 7] were put into a simple unbalanced BST, there would be seven layers, traversing this to find the value of 7 would effectively be as many steps as traversing the array itself (1 -> 2 -> 3 -> 4 -> 5 -> 6 -> 7)  . However, if the tree were balanced, a path such as 1 -> 5 -> 7 could be used to instead get to this value, which is considerably faster; the efficiency benefits of a balanced BST grow exponentially with the size of the data set. 
Operations on a BST which change, add or remove values can create an unbalanced tree and therefore reduce benefits. An AVL tree, as explored above, is a self-balancing tree which rebalances itself following an operation. To do this, balance factor (BF) values are calculated for each node, and those other than -1, 0, or 1 require rebalancing action. On a change to the data, BF factors are recalculated for all nodes from the one changed as well as all those along the path back up to the root, and any required adjustments then made.

[bookmark: _Toc69844867]Part B – Djkstra’s Algorithm
[bookmark: _Toc69844868]Shortest Path

A
E
D
C
B
F
3
8
4
7
10
3
2
d:0
d:3
d:8
d:7
d:10
d:12

	
	Vertex
	A
	B
	C
	D
	E
	F

	Start
	Parent
	null
	null
	null
	null
	null
	null

	
	Cost
	0
	∞
	∞
	∞
	∞
	∞

	1
	Parent
	null
	A
	A
	null
	null
	null

	
	Cost
	0
	3
	8
	∞
	∞
	∞

	2
	Parent
	null
	A
	A
	B
	null
	null

	
	Cost
	0
	3
	8
	7
	∞
	∞

	3
	Parent
	null
	A
	A
	B
	D
	null

	
	Cost
	0
	3
	8
	7
	10
	∞

	4
	Parent
	null
	A
	A
	B
	D
	null

	
	Cost
	0
	3
	8
	7
	10
	∞

	5
	Parent
	null
	A
	A
	B
	D
	E

	
	Cost
	0
	3
	8
	7
	10
	12

	6
	Parent
	null
	A
	A
	B
	D
	E

	
	Cost
	0
	3
	8
	7
	10
	12



The shortest path is A (0) -> B (3) -> D (7) -> E (10) -> F (12).
[bookmark: _Toc69844869]Performance Evaluation
For this exercise, a graph has been plotted for a big-O comparison between Djkstra’s algorithm running in the standard O(EV²) time compared with the usage of a priority queue resulting in O(ElogV) time. As Big-O notation ignores constants, these have been simplified to look at V² and logV, the resulting graphs are below; the first shows both on one vertical axis, the second is plotted over two separate vertical axis for easier comparison.
[image: ]
[image: ]
[bookmark: _GoBack]From this, it can be seen that O(EV²) shows exponential growth as more vertices are added, whereas O(ElogV) shows Logarithmic growth as vertices increase. With O(EV²), increasing vertices adds increased complexity and is evident of a loop within a loop, therefore the rate of complexity grows with an increase in vertices. On the other hand, using a priority queue results in an algorithm that reduces the work over each iteration, therefore each new vertex adds a smaller increment to the load than that preceding it, resulting in a slowing in the rate of growth as vertices increase. For these reasons, O(ElogV) would be preferred over O(EV²) from an efficiency perspective.
[bookmark: _Toc69844870]Part C - Minimax
[bookmark: _Toc69844871]Minimax Algorithm
The minimax algorithm is utilised in many two player games to compare paths through potential moves to identify the optimal move for a given player. It works backwards to give each path a score, pitting two players against each other, minimum and maximum, with maximum aiming for the highest score possible and minimum aiming for the lowest; it is always assumed that both players will play optimally at each given state. Each board state is assigned a value (referred to as a utility value), with those that benefit maximum having a high value, and those benefiting minimum having a low value. It is the programmer’s decision as to how to assign utility values to a move, ultimately considerations might include game ending moves, defensive moves, number of spaces available, board locations and any other pieces of information relevant to the game. Utility values are calculated for each state a set number of moves in the future (or until the game is won), and then passed up the chain to the top level where these top values will indicate the best potential move in the current scenario.
[bookmark: _Toc69844872]Code
The following code demonstrates a version of the minimax algorithm as taken from the link provided, adapted to fit a Connect 4 style game rather than Noughts and Crosses. Key changes include:
· The size and values of the array for the game board (and any loops through this array)
· The rules in the evaluate function to check for 4 in a row/column/line
· Usage of the depth variable
· Rules for the traversal of cells (limited to either bottom row if blank, or directly above a filled cell if blank)
Possible changes could also be made to the minimax function to add weight to the depth (i.e. favour winning moves with a lower depth), or to play defensively by increasing the value of plays which block opponent moves for example. 
	// C# program to find the
// next optimal move for a player
using System;
using System.Collections.Generic;
 
class GFG
{
    class Move
    {
        public int row, col;
    };
 
    static char player = 'x', opponent = 'o';
 
    // This function returns true if there are moves
    // remaining on the board. It returns false if
    // there are no moves left to play.
    static Boolean isMovesLeft(char[,] board)
    {
        for (int i = 0; i < 7; i++)
        	for (int j = 0; j < 6; j++)
            	if (board[i, j] == '_')
                	return true;
        return false;
    }
 
    // This is the evaluation function as discussed
    // in the previous article ( http://goo.gl/sJgv68 )
    static int evaluate(char[,] b)
    {
        // Checking for Rows for X or O victory.
        for (int row = 0; row < 7; row++)
        {
        	if (b[row, 2] == b[row, 3] && //check 2 & 3, must match for 4 in row
          	  ((b[row, 0] == b[row, 1] && //check remaining squares
            	b[row, 1] == b[row, 2]) ||
            	(b[row, 1] == b[row, 2] &&
            	b[row, 3] == b[row, 4]) ||
            	(b[row, 3] == b[row, 4] &&
            	b[row, 4] == b[row, 5])))
        	{
            	if (b[row, 2] == player)
                	return +10;
            	else if (b[row, 2] == opponent)
                	return -10;
        	}
       	
        }
 
        // Checking for Columns for X or O victory.
        for (int col = 0; col < 6; col++)
        {
        	if ((b[0, col] == b[1, col] &&
            	b[1, col] == b[2, col] &&
            	b[2, col] == b[3, col]) ||
            	(b[1, col] == b[2, col] &&
            	b[2, col] == b[3, col] &&
            	b[3, col] == b[4, col]) ||
            	(b[2, col] == b[3, col] &&
            	b[3, col] == b[4, col] &&
            	b[4, col] == b[5, col]) ||
            	(b[3, col] == b[4, col] &&
            	b[4, col] == b[5, col] &&
            	b[5, col] == b[6, col]))
        	{
            	if (b[3, col] == player) //col 3 must be included in 4 in a column
                	return +10;
 
            	else if (b[3, col] == opponent)
                	return -10;
        	}
        }
 
        // Checking for Diagonals for X or O victory.
 
        //Check to the right
        for (int i = 3; i < 7; i++)
        {
        	for (int j = 0; j < 3; j++)
        	{
            	if(b[i, j] == b[i - 1, j + 1] &&
               	b[i - 1, j + 1] == b[i - 2, j + 2] &&
               	b[i - 2, j + 2] == b[i - 3, j + 3])
            	{
                	if (b[i, j] == player)
                    	return +10;
                	else if (b[i, j] == opponent)
                    	return -10;
            	}
        	}
        }
 
        //Check to the left
        for (int i = 3; i < 7; i++)
        {
        	for (int j = 5; j > 2; j--)
      	  {
            	if (b[i, j] == b[i - 1, j - 1] &&
               	b[i - 1, j - 1] == b[i - 2, j - 2] &&
               	b[i - 2, j - 2] == b[i - 3, j - 3])
            	{
                	if (b[i, j] == player)
                    	return +10;
                	else if (b[i, j] == opponent)
                    	return -10;
            	}
        	}
        }
        if (b[0, 0] == b[1, 1] && b[1, 1] == b[2, 2])
        {
        	if (b[0, 0] == player)
            	return +10;
        	else if (b[0, 0] == opponent)
            	return -10;
        }
 
        if (b[0, 2] == b[1, 1] && b[1, 1] == b[2, 0])
        {
        	if (b[0, 2] == player)
            	return +10;
        	else if (b[0, 2] == opponent)
            	return -10;
        }
 
        // Else if none of them have won then return 0
        return 0;
    }
 
    // This is the minimax function. It considers all
    // the possible ways the game can go and returns
    // the value of the board
    static int minimax(char[,] board,
                   	int depth, Boolean isMax)
    {
        int score = evaluate(board);
 
        // If Maximizer has won the game
        // return his/her evaluated score
        if (score == 10)
        	return score;
 
        // If Minimizer has won the game
        // return his/her evaluated score
        if (score == -10)
        	return score;
 
        // If there are no more moves and
        // no winner then it is a tie
        if (isMovesLeft(board) == false)
        	return 0;
 
        	// If this maximizer's move
        	if (isMax)
        	{
            	int best = -1000;
 
            	// Traverse all cells
            	for (int i = 0; i < 7; i++)
            	{
                	for (int j = 0; j < 6; j++)
                	{
                    	// Check if cell is empty and either row is bottom or next row down is filled
                    	if ((i == 6 || board[i + 1, j] != '_') && board[i, j] == '_')
                    	{
                        	// Make the move
                        	board[i, j] = player;
 
                    	if (depth < 3) //minimised depth to a small value for testing purposes
                    	{
       	                 // Call minimax recursively and choose
                        	// the maximum value
                        	best = Math.Max(best, minimax(board,
                                            depth + 1, !isMax));
                 	   }
                        	// Undo the move
                        	board[i, j] = '_';
                    	
                    	}
                	}
            	}
            	return best;
        	}
 
        	// If this minimizer's move
        	else
        	{
            	int best = 1000;
 
            	// Traverse all cells
            	for (int i = 0; i < 7; i++)
            	{
                	for (int j = 0; j < 6; j++)
                	{
                    	// Check if cell is empty and either row is bottom or next row down is filled
                    	if ((i == 6 || board[i + 1, j] != '_') && board[i, j] == '_')
                    	{
                        	// Make the move
                        	board[i, j] = opponent;
 
                    	if (depth < 3) //minimised depth to a small value for testing purposes
                    	{
                        	// Call minimax recursively and choose
                        	// the minimum value
                        	best = Math.Min(best, minimax(board,
                                            depth + 1, !isMax));
                    	}
                        	// Undo the move
                            board[i, j] = '_';
                    	
                    	}
                	}
            	}
            	return best;
        	}
    }
 
    // This will return the best possible
    // move for the player
    static Move findBestMove(char[,] board)
    {
        int bestVal = -1000;
        Move bestMove = new Move();
        bestMove.row = -1;
        bestMove.col = -1;
 
        // Traverse all cells, evaluate minimax function
        // for all empty cells. And return the cell
        // with optimal value.
        for (int i = 0; i < 7; i++)
        {
        	for (int j = 0; j < 6; j++)
 
        	{   // Check if cell is empty and either row is bottom or next row down is filled
            	if ((i == 6 || board[i + 1, j] != '_') && board[i, j] == '_')
            	{
                	// Make the move
               	 board[i, j] = player;
 
                	// compute evaluation function for this
                	// move.
                	int moveVal = minimax(board, 0, false);
                	
 
                        	// Undo the move
                        	board[i, j] = '_';
 
                	// If the value of the current move is
                	// more than the best value, then update
                	// best/
                	if (moveVal > bestVal)
            	    {
                    	bestMove.row = i;
                    	bestMove.col = j;
                    	bestVal = moveVal;
                	}
            	}
            	
        	}
        }
 
        Console.Write("The value of the best Move " +
                        	"is : {0}\n\n", bestVal);
 
        return bestMove;
    }
 
    // Driver code
    public static void Main(String[] args)
    {
        char[,] board = {{ '_', '_', '_', '_', '_', '_' },
                     	{ '_', '_', '_', '_', '_', '_' },
                     	{ '_', '_', '_', '_', '_', '_' },
                     	{ 'o', '_', '_', '_', 'o', '_' },
                     	{ 'o', '_', 'x', 'x', 'x', 'o' },
                     	{ 'o', 'x', 'o', 'x', 'o', 'x' },
                     	{ 'x', 'x', 'x', 'o', 'o', 'x' }};
 
            	Move bestMove = findBestMove(board);
 
        Console.Write("The Optimal Move is :\n");
        Console.Write("ROW: {0} COL: {1}\n\n",
            	bestMove.row, bestMove.col);
    }
}
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