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[bookmark: _Toc69548583]Compare and contrast the benefits and drawbacks of using array and linked lists 

An array is a data structure that contains a collection of elements. Each element has an index that can uniquely identify its position in the collection (Decker & Hirshfield, 1993, p.9). A linked list is also a collection of elements; however, the order is determined by a pointer, not by the index position as it is with the array (Cormen et al 2009, p.236). The biggest difference between these two is that the array is a static data structure, i.e. its size its determined at the point of declaration and is immutable – it cannot be changed unless a new array is created. In most languages an array also holds the same type of data, for example an array of integers, or an array of characters, etc. In statically typed languages it is imperative therefore that the size and the type of data that the array will hold is declared when it is created (Lafore, R 2001, p.265). The size of the linked list in comparison can change during its lifespan and is therefore considered a dynamic data structure. This is convenient in situations where the size of the data we need to store is unknown and may have to be added or removed ad-hoc during execution/runtime. Linked lists need to hold two bits of information – the value of the data in each element plus a pointer to the next element (also called nodes) and therefore they need more memory. The first node of the linked list is called a head, and the last one a tail. The nodes are accessed or traversed usually only in one direction (singly linked list), from the head to the tail. If the pointer of the last node is null (points to null), then this is the last element/node of the linked list, or the tail. If the head of the linked list points to a null, then the list is empty and there are no other nodes added to the list yet. 
 The benefits and drawbacks of arrays and linked lists depend on the context of their application. If we know the type of data we will store and the size of this data (f.e. if we are storing the exam results for a class of students and their number remains the same throughout the academic year), and we only need to write and read this data without much modification after it is stored once, then an array will be the most suitable data structure for this implementation. The elements in the array are accessed directly via the index, which makes the array fast when we need to search for data (it runs in constant time, O(1)). Data insertion or deletion in arrays however is not as efficient and requires several steps. First, a new array must be created (usually twice the size of the array to ensure sufficient space) and the values from array 1 up to the point of amendment will have to be copied and stored into the new array. Next, the value that has been amended or inserted is placed into the new array (or deleted form array 1 if we are doing deletion) and lastly, the remaining elements from list 1 will be stored in the new array. For each step, the sequence will have to iterate through the array which will give a performance time complexity of O(n). In addition, the size of memory needed to perform these steps is three times the size of the original array: array 1 plus the new one, which is double the size of array1).
If we do not know the size of the data in advance and may want to be able to insert, move and delete data, then the linked list will be more suitable data structure. Every time a new node is added or inserted to a linked list, the only change involved will be the new node will receive a pointer value, while the pointers of all the nodes after this, will be incremented by one (they will need to be re-assigned to point to a different memory location to allow for a ‘gap’ where the new element or a node is to be inserted). When a node is deleted, the opposite happens – the pointer is removed, and all the following nodes get new pointers re-assigned (the pointer is decremented by one). The only potential downside of this approach from a performance point of view will be a situation where we need to append a new node to the end of the list and the size of the list becomes significantly large. To find the tail node, we will have to iterate through the entire list, as every next node has no concept of how ‘big’ the whole collection is, and each node only points to the next one. 
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The implementation of the scenario will depend on what is the data in the example used for. Generally, if we are talking of insertion only and we do not know the exact size of the data we will be storing, the better choice would be a linked list rather than an array. A linked list is very efficient in inserting individual values and it will perform best if the insertion is at the ‘head’ of the list, as this can be directly accessed. The new node becomes the new ‘head’ of the list, its next pointer is set to point to the previous ‘head’, from which the head reference is removed. There is no need to iterate through the entire list and therefore its complexity time is a constant (O(1)). If we have a direct reference to the tail of the list, appending one new element will run in constant time too (as in Python for example, (Python wiki)). This will be the preferred choice of data structure if we are also not concerned with the memory space a list will need to store both the values of each node and its pointer.  Something to consider will be whether the names must be in alphabetical order, hence the insertion may have to be in a particular place in the list. If a search is performed in addition to the insertion, the performance of the linked list will be reduced to O log(n). This is because each node will have to be searched sequentially and the more nodes we have, the longer the search will take. In the worst-case scenario, the time needed for the search will be the length of the list itself or a linear search with a performance time of O log(n), where n is the size of the array. 
If we know the approximate number of names to be inserted (therefore we can allow to overestimate) and all the names are only inserted and/or read without performing any other data manipulation and especially if the insertion is done as a batch (i.e. recorded once), then an array could be equally considered as an appropriate data structure for our scenario. The crucial moment will be to choose an array of size large enough to avoid situations where the data ‘overflows’ the array and result in memory leak (i.e. other parts of the memory are overwritten). This choice will also depend on how critical the running of the program is – is the data required as part of a real-time system where faults cannot be tolerated or are we writing data into a batch-processing system which may allow for other attempts at inserting the data and is more fault-tolerant. If faster read and write operations are needed, an array will be the better choice, with a largely overestimated size to avoid memory leaks. 
If we adopt a hybrid approach the presumption will be that the letters from the alphabet are stored in an array (we know theirs size and we can position them in alphabetical order for easier logical access). In turn the names could be stored in a linked list as we may not necessarily know how many we will need to store, and with the linked list we can also store them in alphabetical order according to their second or third and so on character. The linked list will allow for the list of names to be re-ordered and new ones to be inserted, moved or removed, so that they are in a particular order. 
In terms of performance, this structure will be more efficient compared to implementing it just as an array or just as a linked list. Under optimal conditions it can be very efficient and run in constant time or in a worst case scenario it will run in linear time O(1). This structure has the capacity to run in constant time because the cost to find the index of a particular letter in the array is O(1) and then, if we are to push this new piece of data at the beginning of the linked list as a head, it will cost O(1) as well. This approach, however, will not allow for the names to be stored alphabetically, but only as they come. To have the names in order will require searching before the insertion. In the worst-case scenario, therefore, this data structure will perform with a linear time complexity of O log(n). In a situation where a particular letter (or letters) become very popular, the longer the list, the longer it will take to iterate through it. The performance time will increase proportionally to the length of the list. 
A better way of storing the data in this scenario will be in a hash table in which the index or the key for the address is calculated by a hash algorithm. The target execution time for each operation of search, insert or delete in this approach should aim to take constant time O(1) in average, but this performance can only be achieved with the presumption that our hash table remains below 2/3 full and open-address double-hashing is used to avoid data collision and clustering (CS Dojo).  
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A tree is a data structure based on a linked list, however there are two ‘next’ nodes, instead of just one and the nodes have a concept of previous node, as well as next (therefore they can be read or traversed forwards and backwards). The first element to be inserted in the tree is called a root and each root may have two ‘children’ nodes only, a left and a right one. The first element to be inserted is called a ‘root’ and the last one (without children) is called a ‘leaf’ (Decker & Hirshfield, p.298). The ordering rule in a binary tree is that if the next element to be inserted has a value less that the root, it is placed on the left of the root. If the value is more than the root value, then the new node is placed on the right. The benefit of a binary tree is that elements can be inserted and searched using this ordering rule. 
[image: ]Depending on the order the nodes are inserted, the tree may result in having significantly more nodes on one side only, resulting in an unbalanced tree. This is avoided as it can affect the speed of performance when we need to ‘traverse’ or ‘walk’ through the tree to find or insert a node. For example, if we are searching for the first child on the right of the root in a tree that has three levels of nodes on the left, we will perform an unnecessary search through all the nodes on the left; we will have to go through all the levels on the left first and inspect each node before we attempt to traverse the right branch of the root. To avoid this situation, steps can be taken to balance the tree in which each node cannot have more than 1 level of children (Decker & Hirshfield, p.269). If necessary, the nodes can be re-arranged to the right or the left around the parent that has more than 1 level of children/sub-nodes. We can calculate the height of each parent-node by looking into how many levels of branches its children form. If there are no children the height of the node is 0, if there is only 1 pair (or only one left or right child), then the height-level of this parent will be 1, and so on. The height of each node’s left and right branch can be used to calculate its branch factor and ultimately the root, to help us determine if the tree is balanced or not.Figure 1: insert elements.

If we take the following sequence of values: 34, 6, 7, 18, 45, 12, 3, 26 and insert them into a binary tree in order of their arrival (from left to right), we will form the tree in fig 1. 
It is clear that this tree is unbalanced as the left branch of the root has a height of 4 (there are four levels of nodes to the left of the root), while the right branch has the height of only 1. The branch factor of this tree is 4-1=3, which does not conform to the requirement to have maximum height of 1 on each node. 
To address this, we can start by searching for the lowest unbalanced node and perform a shift of its children to the left or to the right as necessary. In this example, the lowest unbalanced node is 7 – the branch factor of this node is -2 because the height of its left branch is 0, while the height of its right branch is 2 (0-2=-2) (see fig 2.) 
	[image: ]Figure 2: The tree is unbalanced at node 7. 

	[image: ]


Figure 3: The tree after the right-shift around 7.



We will need to perform a shift to the right for all the children nodes of 7. The result is shown in fig 3. When the tree is evaluated again, we can see that there is another node that has a branch factor of >1, 0 or -1, node 26 (fig 4). This can be remedied with a shift to the left around the node 26 (fig 5).
	[image: ]Figure 4: The tree is unbalanced at node 26. 

	[image: ]




Figure 5: The tree after the left-shift around 26.


 
Once more an evaluation of the tree shows that another shift is needed at node 12 (fig 7). This can be resolved by another shift to the right around node 12 (fig 8).
	[image: ]Figure 6: The tree is unbalanced at node 12. 

	[image: ]


Figure 7: The tree after the right-shift around 12.



At this point all nodes have a height of 1 or 0 or -1. As node 6 has only one child to the left, this tree is left-heavy. 
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Graphs can be seen as a tree where each parent-node (also called vertices), can have 0 or more children and the pointer to the next or previous node (the edge) can bear a value (can be seen as a weight, or a distance, or a cost, depending on the context). The decision for traversing through the graph is linked or dependent on the value of the edge and can be used to find the minimum cost to travel from one node to another, or the shortest route of traversing the tree (the cost of travel between a given node and all other vertices of the graph). The result of the traversing and the chosen path can be then represented as a tree. 
Dijkstra’s algorithm is an example of an algorithm that traverses the graph to find the shortest path from a starting vertex to a destination one by choosing the lowest cost path through all possible vertices. It is considered a ‘greedy algorithm’ as it only considers the shortest path from the immediately available vertices without considering the number of steps it will take to get to the destination or the direction of traversing. The result is the shortest path, but not in the most optimal way (Cormen T et all, p.659).
We can use Djkstra’s algorithm to find the possible number of items exchanged to obtain a camera when starting from having a stamp. Each trade item is given a letter, estimated cost and a list of acceptable trades. The possible exchanges are shown in the diagrams and the table below (d is the estimated distance/weight of each edge).
	[image: ]Figure 8: Start at node A, d is evaluated.

	[image: ]Figure 9: Node A is selected; B and C are traversed.




	[image: ]Figure 10: Node D is traversed

	[image: ]
Figure 11: Node E is traversed 




	[image: ]
Figure 12: Node F is traversed 

	[image: ]
Figure 13: Node F is selected 




We can also represent the traversal of this graph as a sequence of steps shown in the table below. 

	 
	Vertex
	A
	B
	C
	D
	D
	E
	E
	F

	Start
	Parent
	null
	null
	null
	null
	null
	null
	null
	null

	
	Cost
	0
	∞
	∞
	∞
	∞
	∞
	∞
	∞

	1
	Parent
	null
	A
	A
	null
	null
	null
	null
	null

	
	Cost
	0
	3
	8
	∞
	∞
	∞
	∞
	∞

	2
	Parent
	null
	A
	A
	B
	C
	null
	null
	null

	
	Cost
	0
	3
	8
	7
	15
	∞
	∞
	∞

	3
	Parent
	null
	A
	A
	B
	C
	C
	D
	null

	
	Cost
	0
	3
	8
	7
	15
	18
	10
	∞

	4
	Parent
	null
	A
	A
	B
	C
	C
	D
	E

	
	Cost
	0
	3
	8
	7
	15
	18
	10
	12

	5
	Parent
	null
	A
	A
	B
	C
	C
	D
	E

	
	Cost
	0
	3
	8
	7
	15
	18
	10
	12
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	n
	floor 2
	floor 2
	floor 2
	floor 2
	log (n)

	1
	1
	 
	 
	 
	1

	2
	1
	 
	 
	 
	1

	3
	2
	1
	 
	 
	2

	4
	2
	1
	 
	 
	2

	5
	3
	1
	 
	 
	2

	6
	3
	2
	1
	 
	3

	7
	4
	2
	1
	 
	3

	8
	4
	2
	1
	 
	3

	9
	5
	2
	1
	 
	3

	10
	5
	3
	1
	 
	3

	11
	6
	3
	1
	 
	3

	12
	6
	3
	2
	1
	4



	No of vertices
(V)
	No of edges (E=V-1)
	O(EV2)
	O(E log V)

	1
	0
	0
	0

	2
	1
	4
	1

	3
	2
	12
	4

	4
	3
	24
	6

	5
	4
	40
	8

	6
	5
	60
	15

	7
	6
	84
	18

	8
	7
	112
	21

	9
	8
	144
	24

	10
	9
	180
	27

	11
	10
	220
	30

	12
	11
	264
	44
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[bookmark: _Toc69548591]Description/how it works
The minmax algorithm is an example of an algorithm that is trying to find a solution by exploring all possible solutions by brute force and then ‘backtracking’ to choose the most suitable one. The approach uses recursion and therefore may not present the most optimal solution. It can be used as a decision-making algorithm in two-player games where several possible steps and outcomes exist, which can result in multiple states of the game. of the players acts as a maximiser to get the highest score possible and the other acts as a minimiser trying to get the lowest score possible. Each of the states is given a value and the players take turn to choose a move that will bring them the maximum or minimum score possible (Geeks For Geeks). Each state has only two possible outcomes (in a two-player game), and the players take turns to make a move or a decision. This is very similar to traversing a tree where each step alternates between finding the minimum spanning tree with the maximum spanning tree algorithm. Each node will have to have an additional property to distinguish between the players’ turn, which is similar to the implementation of red-black trees (Cormen, et al, p.308).
[bookmark: _Toc69548592]
Code 
	
// C++ code to find the next optimal move for
// a player
//#include<bits/stdc++.h>
#include <stdlib.h>
#include <utility>
#include <iostream>
using namespace std;

struct Move
{
	int row, col;
};

char player = 'r', opponent = 'y';

// This function returns true if there are moves
// remaining on the board. It returns false if
// there are no moves left to play.
bool isMovesLeft(char board[6][7])
{
	for (int i = 0; i < 6; i++)
		for (int j = 0; j < 7; j++)
			if (board[i][j] == '_')
				return true;
	return false;
}

// This is the evaluation function as discussed
// in the previous article ( http://goo.gl/sJgv68 )
int evaluate(char b[6][7])
{
	// Checking for Rows for X or O victory.
	for (int row = 0; row < 6; row++)
	{
		for (int col = 0; col < 7; col++)
		{
			for (int i = 0; i < 4; i++)
			{
				if (b[row][col] == b[row+i][col+i])
				{
					if (b[row][col] == player)
						return +10;
					else if (b[row][col] == opponent)
						return -10;
				}
			}			
		}
	}

	// Checking for Columns for X or O victory.
	for (int col = 0; col < 7; col++)
	{
		for (int row = 0; col < 6; row++)
		{
			for (int i = 0; i < 4; i++)
			{
				if (b[row][col] == b[row + i][col+i])
				{
					if (b[row][col] == player)
					return +10;

				else if (b[row][col] == opponent)
					return -10;
				}
			}			
		}
	}

	// Checking for Diagonals for X or O victory.
	for (int row = 0; row < 6; row++)
	{
		for (int col = 0; col < 7; col++)
		{
			for (int i = 0; i < 4; i++)
			{
				if (b[row][col] == b[row+i][col+i])
				{
					if (b[row][col] == player)
						return +10;
					else if (b[row][col] == opponent)
						return -10;
				}		
			}					
		}
	}
	//not sworking
	for (int row = 0; row < 6; row++)
	{
		for (int col = 0; col < 7; col++)
		{
			for (int i = 0; i < 4; i++)
			{
				if (b[row][col] == b[row+i][col+i])
				{
					if (b[row][col] == player)
						return +10;
					else if (b[row][col] == 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
int minimax(char board[6][7], int depth, bool 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 < 6; i++)
		{
			for (int j = 0; j < 7; j++)
			{
				// Check if cell is empty
				if (board[i][j] == '_')
				{
					// Make the move
					board[i][j] = player;

					// Call minimax recursively and choose
					// the maximum value
					best = 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 < 6; i++)
		{
			for (int j = 0; j < 7; j++)
			{
				// Check if cell is empty
				if (board[i][j] == '_')
				{
					// Make the move
					board[i][j] = opponent;

					// Call minimax recursively and choose
					// the minimum value
					best = 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
Move findBestMove(char board[6][7])
{
	int bestVal = -1000;
	Move bestMove;
	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 < 6; i++)
	{
		for (int j = 0; j < 7; j++)
		{
			// Check if cell is empty
			if (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;
				}
			}
		}
	}

	cout << ("The value of the best Move is : %d\n\n", bestVal) << endl;

	return bestMove;
}

// Driver code
int main()
{
	char board[6][7] =
	{
		{ '_', '_' , '_' ,'_' , '_', '_', '_' },
		{ '_', '_', '_','Y', '_', '_', '_'  },
		{ '_', '_', '_','Y', '_', '_', '_'  },
		{ 'x', 'r', 'y','r', '_', 'r' , '_' },
		{ 'r', 'y', 'y','r', '_', 'r', '_'  },
		{ 'y', 'r', 'r','y', 'y', 'r' , '_' }
	};

	Move bestMove = findBestMove(board);

	printf("The Optimal Move is :\n");
	printf("ROW: %d COL: %d\n\n", bestMove.row,
		bestMove.col);
	return 0;
}
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