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[bookmark: _Toc532819640][bookmark: _Toc69837989]Section 1 – Part A
· Compare and contrast the benefits and drawbacks of using arrays and linked lists.
An array is a group of elements of the same data type, in which the elements are accessed by indexing. The number of elements in an array are fixed. And is considered a static structure.
Example of an array:
[image: ]
Student Figure 1 – array of size 8

In the array example above there are two rows, the top row is the individual elements of the array, containing the numbers 20, 56, 85, 65, 98, 47, 36 and 60. Whilst the lower row contains the index value, used for looking up the element value.
The example array has the following properties:
· Array Length: 8
· First Index: 0
· Last Index: 7

A linked list is a sequence of data structures that are connected via a series of links, or pointers. This means that the data is not stored in groups together but can be stored in various memory locations, considered a dynamic structure where the links are usually characterised by:
· Storage of an element of the list;
· Contains the link to the next link, known as a pointer and;
· Contains a connection link to the first link called first.

There are three types of linked lists, they are:
· Simple Linked List – can only go forwards in a list;
· Doubly Linked List – can go forwards and backwards in a list;
· Circular Linked List – Last item contains the link to the first element known as “next” and the first element has a link to the last element known as “prev”.



Examples of the three types of linked lists:
Simple Linked List:
[image: ]
Student Figure 2 – Simple Linked List

Doubly Linked List:
[image: ]
Student Figure 3 – Doubly Linked List

Circular Linked List:
[image: ]
Student Figure 4 – Circular Linked List
The benefits and drawbacks for arrays and linked lists can be seen below:
	
	Array
	Linked List

	Benefit
	Allow random access to elements
	Dynamic size

	
	Better cache locality
	Ease of deletion

	
	Represent multiple data items of the same type with a single name
	Ease of insertion

	Drawback
	Cannot change the size of an array
	Random access not allowed

	
	Difficult to insert more elements
	Extra memory space for the pointer

	
	Difficult to delete elements
	Not cache friendly.



· We wish to record thousands of new names being inserted every day. Would it preferable to use an array or a linked list? Provide reasons for your choice.
When considering the issue of recording thousands of names in a day, the most obvious choice is to look at using a linked list as this allows:
· Real time insertions and deletions;
· Unlimited items to be added in the list;
· Insertion of items in the middle of the list.
However, a linked list does not allow random access to the names stored within it, so it would depend on the purpose of storing the names and the need for retrieval of information as well to make an informed decision as to the preferable storage solution.

Assume we wish to use a hybrid approach where we create an array of linked lists as shown in figure 1 below.
[image: ]
Figure 1 Hybrid Data Structure
Evaluate the probable performance of this data structure. You do not need to provide Big O calculations for this analysis. If a significant percentage of the names are found to start with just 5 letters, what problems might this cause? For example, names beginning with H may be very popular this year.
When considering the performance of a hybrid of an array (static structure) with a linked list (dynamic structure) the performance would be based on the approach used for insertion of the element.
Performance Table – n being the number of nodes in the array or the list.
	
	Array
	Linked List

	Access (Read/Change)
	O(1)
	O(n)

	[bookmark: _Hlk69993599]Insert/Delete (at start)
	O(n)
	O(1)

	Insert/Delete (at end)
	O(n)
	O(1)

	Insert/Delete (in middle)
	O(n)
	O(n)



A simple approach would be for each element in the array to create a node that is in a linked list and insert at the end of the of the linked list, the big O notation for this would be O(n*n) or O(n2). This is not the best performing solution, an alternative is to transverse the array from the end inserting any new names at the beginning of the list, this would give a big O of O(n), which has an immediately better search performance.
Having popular names in a year may cause some performance issues but these will be primarily around searching for those names. If they start with letters that are in the middle of the alphabet, then the array should help access the first letter of the name easily, so a hybrid approach would be of significant benefit as storing the names would not be so much of an issue as the linked list would allow for the list to increase and decrease as required, without the need for increasing the array pointers from the initial element. 
Demonstrate how a binary search tree is constructed for the values 34, 6, 7, 18, 45, 12, 3, 26 and explain the need to maintain a balanced binary tree. 

[image: ]
Student Figure 1 – Binary Tree Construction

A binary tree is a type of tree data structure in which every node has up to two child nodes, creating the branches of the tree, they are organised for searching, and are called binary as there are two branches (choices coming from the parent node). The children of the binary tree are usually referred to as the left node, normally greater than the parent node, and the right node, usually less than the parent node.
A balanced binary tree is said to be balanced if the height of the tree is O(log n) where n is the number of nodes, in the example above O(log n) would be log 8 which is a depth of three, but as can be seen in student figure 1 the depth is 4, suggesting that this is an unbalanced tree. A balanced tree has the following conditions:
· The absolute difference of heights of the left and right subtrees at any node is less than 1;
· For each node, the left subtree is a balanced binary tree;
· For each node, the right subtree is a balanced binary tree.
Keeping a binary tree balanced is essential for ensuring that the time taken to search the nodes of the tree are limited to the shortest amount of time. In the tree from student figure 1, if it took a second to search each node, then it would take 5 seconds to get to the bottom layer of the tree, if however, the tree was balanced as in student figure 2, it would only take 4 seconds to reach the lower modes of the tree. Whilst a second does not seem like a long time, when searching 100’s, 1000’s of nodes, timing is imperative.
[image: ]
Student Figure 2 – Balanced Binary Tree Construction

[bookmark: _Toc532819641][bookmark: _Toc69837990]

Section 2 – Part B
Consider the following scenario and answer the questions below.
You wish to purchase a camera, and you own a foreign stamp which you want to part exchange to minimise the cost of buying it. To achieve this aim, you need to complete a number of part exchanges to obtain items until you eventually possess an item that can be traded for the camera. Fortunately, you have a list of people, the items they own and how much they would charge you during the part exchange.
[image: ]
1. Using Dijkstra’s algorithm, draw a directed graph and demonstrate how the lowest cost (shortest path) can be calculated. To illustrate each step, you may use a table similar to table 1 and/or appropriate diagrams.

	
	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
	etc
	etc
	etc
	etc

	
	Cost
	0
	3
	etc
	etc
	etc
	etc


Table 1 Example showing each vertex being processed

Dijkstra’s algorithm is an algorithm for finding the shortest path between nodes in a graph. An example of the use of this algorithm would be to calculate the shortest route on a road map between home and work, where home and work are the two nodes, with a variety of routes to choose from in between the nodes.
[image: ]
Student Figure 3 – Directed Graph for the shortest path between A and F

By following the root of the arrows in the directed graph, student figure 3, by going from A –> B would cost 3, whereas going from A –> C would cost 8, so the first step would indicate to go from A –> B, s this has the lowest cost.

From B there is only one direction to go and that is onto D, which has a cost of 4, so by going from A –> B –> D will cost 3 + 4 = 7.
But there is a route form A –> C –> D, the cost of this route would be 8 + 7 = 15. As it is more than the cost from A –> B –> D it can be discounted for now.

D has now been reached, A –> B –> D with a cost of 7. From D it only goes down to E, this adds a cost of 3, bringing the journey cost of A –> B –> D –> E to 7 + 3 = 10.
The alternative routes to E are:
	
	A –> C –> D –> E at a cost of 8 + 7 + 3 = 18
	A –> C –> E at a cost of 8 + 10 = 18

As both these alternative routes are both higher than the route A –> B –> D –> E, they can be discounted for now.

The final leg is to go from E to F, which incurs a cost of 2.

The three paths would provide a value of:

A –> B –> D –> E –> F at a cost of 3 + 4 + 3 + 2 = 12
	A –> C –> D –> E –> F at a cost of 8 + 7 + 3 + 2 = 20
	A –> C –> E –> F at a cost of 8 + 10 + 2 = 20

As the path A –> B –> D –> E –> F provides the lowest cost path it would be the expected path to follow. Ensuring that the camera was procured by the lowest cost possible.

The table below demonstrates the individual steps that would be required to fulfil all possible paths, ensuring that the lowest cost path is uncovered.
[image: ]
Student Figure 4 – Table going through all steps to find the shortest path between A and F



1. Dijkstra’s algorithm runs in O(EV2) time, where E is the number of edges and V is the number of vertices. This can be improved by using a priority queue which results in O(E log V) time performance. Assuming that there are always one less edges than the number of vertices (i.e. E=V-1), evaluate the performance of both these approaches by plotting a graph that illustrates the performance difference as the number of vertices increases from 1 to 12.	You may use Excel but copy the graphs into your report.

A priority queue is an abstract data type, very much like a stack data structure, where each element has a priority associated with it. With priority queue, any element with a high priority against it will be served before a lower priority element, this is done with the key value assigned to the element.

Dijkstra’s algorithm

O(EV2) 

When priority queuing is used with in conjunction with Dijkstra’s algorithm
	
O(E log V)

Where:
· E = number of edges;
· V = number of vertices and;
· E = V-1 (relationship between E and V)



[image: ]
Student Figure 5 – Table providing the values for Dijkstra’s algorithm v’s Dijkstra’s algorithm with priority queue.


[image: ]
Student Figure 6 – Graphical representation for Dijkstra’s algorithm v’s Dijkstra’s algorithm with priority queue.

[bookmark: _Toc532819643][bookmark: _Toc69837991]Dijkstra’s algorithm running time appears to behave in an exponential like fashion, as seen in student figure 6, as the number of edges and vertices increase by one, time and time again. When priority queue is introduced, the running time almost flattens suggesting that a priority queue when used with the algorithm has a significant impact in the running time for establishing shortest pathways.

Section 3 – Part C
The Minimax algorithm is commonly used for 2-player board games. Example code can be found here:
https://www.geeksforgeeks.org/minimax-algorithm-in-game-theory-set-3-tic-tac-toe-ai-finding-optimal-move/
(The C/C++ code is also in the appendix, C# and Java versions are also provided at this link)

Briefly describe how the Minimax algorithm works.
The Minimax algorithm is a decision-making algorithm that is used in gaming. It is a back-tracking algorithm that is used in either decision making or game theory to find the optimal move for a player. It assumes that the other player is playing optimally in a two-player game.
There are usually two players, the minimiser and the maximiser where:
· The minimiser tries to get the lowest score;
· The maximiser tries to get the highest.
The algorithm applies a Depth First Search (DFS), meaning that it must go all the way through the leaves to reach the terminal nodes. Once at the terminal nodes it will compare all the terminal values and backtrack to the initial status. 
Properties of the minimax algorithm include:
· Completeness – The minimax algorithm is complete, it will find a solution in a finite tree, assuming a solution exists;
· Optimal – If both players are playing optimally, it should find a solution;
· Time – the big O notion for the running time is O(bm) where b is the branching factor and m is the depth of the tree.

One of the main drawbacks of the minimax algorithm is that it becomes very slow with more complex games, such as chess, this is because there is a large branching factor, with lots of moves that can e be played. One of the improvements that can be made to the minimax is alpha-beta pruning. This is a search algorithm that seeks to decrease the number of nodes that are evaluated, to get the best move.
Using C/C++, Java or C# (or another language agreed with the lecturer), convert this code to demonstrate how the algorithm could be used to play the game Connect 4 (figure 2). The frame contains 7 columns and 6 rows.

[image: ]
Figure 2 The Connect 4 Board Game
Your solution should consider the following:
· At each turn, the player chooses one of the 7 columns and a counter of their colour “drops” down this column to the lowest empty row in that column.
· To win a player must get a horizontal, vertical or diagonal line of their counters.
· The evaluation function changes to produce a score for minimax
· Using the depth value (see link previously provided) to limit the search depth or to choose the least number of moves to victory

Have used python to create the AI game, specifically using PyCharm, which has a professional and community download. These can be found on the link below:

Other Versions - PyCharm (jetbrains.com)

Small video of the game in play can be seen, file shared with M. Dacey and T. Bashford, as a precaution.

Below is the script for the Connect 4 game:




Please note there still appears to be one notable issue, on one test run it was noted that the AI did not take an obvious move to win but did however win on the next move.

Screenshots of gameplay:

[image: ]
Student Figure 7 – Initial screenshot of code alongside gameplay

[image: A picture containing graphical user interface

Description automatically generated]
Student Figure 8 – screenshot of Player One (1) input and AI move (2)


[image: Calendar

Description automatically generated]
[bookmark: _Hlk70932095]Student Figure 9 – screenshot of full column with Player One


[image: Calendar

Description automatically generated]
Student Figure 10 – screenshot of final moves, AI winning with only 2 moves left.
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MinimaxConnect4.py
# Import Global Libraries

import numpy as np

import random

import math

from termcolor import colored, cprint



# Declare Global Variables

Row = 6

Column = 7



Player = 1

AI = 2

Empty = 0

Window_Length = 4





# Create board definition for array

def create_board():

    board = np.zeros((Row, Column))

    return board





# Function for dropping a counter onto the board

def drop_counter(board, row, col, counter):

    board[row][col] = counter





# If this condition is true we will let the user drop a counter here.

# If not true that means the col is not vacant, set to 5 as the row values in the column are 0,1,2,3,4,5

def empty_space(board, col):

    return board[5][col] == 0





# Function to return the next available row value

def next_row_space(board, col):

    for r in range(Row):

        if board[r][col] == 0:

            return r





# Function for maintaining the arrays shape, flips the value position

def display_board(board):

    print(colored('\n  0  1  2  3  4  5  6 ', 'red', attrs=['bold']))

    print(np.flip(board, 0))

    return ""





# Check for 4 in a row horizontally, vertically, diagonally, both ways \/

def check_for_win(board, piece):

    # Check horizontal locations for win

    for c in range(Column - 3):

        for r in range(Row):

            if board[r][c] == piece and board[r][c + 1] == piece and board[r][c + 2] == piece \

                    and board[r][c + 3] == piece:

                return True



    # Check vertical locations for win

    for c in range(Column):

        for r in range(Row - 3):

            if board[r][c] == piece and board[r + 1][c] == piece and board[r + 2][c] == piece \

                    and board[r + 3][c] == piece:

                return True



    # Check positively sloped diagonals

    for c in range(Column - 3):

        for r in range(Row - 3):

            if board[r][c] == piece and board[r + 1][c + 1] == piece and board[r + 2][c + 2] == piece \

                    and board[r + 3][c + 3] == piece:

                return True



    # Check negatively sloped diagonals

    for c in range(Column - 3):

        for r in range(3, Row):

            if board[r][c] == piece and board[r - 1][c + 1] == piece and board[r - 2][c + 2] == piece \

                    and board[r - 3][c + 3] == piece:

                return True





# Part of the AI element

# Evaluate the the positions of other counters on the board, allowing scores to be attached to them, 4 getting the

# highest score, with three slightly lower and 3 in the opposing players getting a -ve value.

def location_score(window, piece):

    score = 0

    opp_piece = Player

    if piece == Player:

        opp_piece = AI



    if window.count(piece) == 4:

        score += 5

    elif window.count(piece) == 3 and window.count(Empty) == 1:

        score += 3

    elif window.count(piece) == 2 and window.count(Empty) == 2:

        score += 1



    if window.count(opp_piece) == 3 and window.count(Empty) == 1:

        score -= 3



    return score





# Function to calculate all the scores assigned by the location_score function

def position_score(board, piece):

    score = 0



    ## Score center column

    center_array = [int(i) for i in list(board[:, Column // 2])]

    center_count = center_array.count(piece)

    score += center_count * 3



    ## Score Horizontal

    for r in range(Row):

        row_array = [int(i) for i in list(board[r, :])]

        for c in range(Column - 3):

            window = row_array[c:c + Window_Length]

            score += location_score(window, piece)



    ## Score Vertical

    for c in range(Column):

        col_array = [int(i) for i in list(board[:, c])]

        for r in range(Row - 3):

            window = col_array[r:r + Window_Length]

            score += location_score(window, piece)



    ## Score posiive sloped diagonal

    for r in range(Row - 3):

        for c in range(Column- 3):

            window = [board[r + i][c + i] for i in range(Window_Length)]

            score += location_score(window, piece)



    for r in range(Row - 3):

        for c in range(Column - 3):

            window = [board[r + 3 - i][c + i] for i in range(Window_Length)]

            score += location_score(window, piece)



    return score





# Searches the tree at depth, with the minimax algorithm

def minimax(board, depth, alpha,  beta, maximizingPlayer):

    valid_locations = find_valid_locations(board)

    is_terminal = check_for_win(board, Player) or check_for_win(board, AI) or len(find_valid_locations(board)) == 0

    if depth == 0 or is_terminal:

        if is_terminal:

            if check_for_win(board, AI):

                return (None, 5000)

            elif check_for_win(board, Player):

                return (None, -5000)

            else:                                                               # Game is over, no more valid moves

                return (None, 0)

        else:                                                                   # Depth is zero

            return (None, position_score(board, AI))



    if maximizingPlayer:                                                        # Maximising Player

        value = -math.inf

        column = random.choice(valid_locations)

        for col in valid_locations:

            row = next_row_space(board, col)

            b_copy = board.copy()

            drop_counter(b_copy, row, col, AI)

            new_score = minimax(b_copy, depth - 1, alpha, beta, False)[1]

            if new_score > value:

                value = new_score

                column = col

            alpha = max(alpha, value)

            if alpha >= beta:

                break

        return column, value



    else:                                                                        # Minimizing player

        value = math.inf

        column = random.choice(valid_locations)

        for col in valid_locations:

            row = next_row_space(board, col)

            b_copy = board.copy()

            drop_counter(b_copy, row, col, Player)

            new_score = minimax(b_copy, depth - 1, alpha, beta, True)[1]

            if new_score < value:

                value = new_score

                column = col

            beta = min(beta, value)

            if alpha >= beta:

                break

        return column, value





# Function to get all valid locations available on the board

def find_valid_locations(board):

    valid_locations = []

    for col in range(Column):

        if empty_space(board, col):

            valid_locations.append(col)

    return valid_locations





# Function to get the best moves on the board

def best_move(board, piece):

    valid_locations = find_valid_locations(board)

    best_score = -10000

    best_col = random.choice(valid_locations)

    for col in valid_locations:

        row = next_row_space(board, col)

        temp_board = board.copy()

        drop_counter(temp_board, row, col, piece)

        score = position_score(temp_board, piece)

        if score > best_score:

            best_score = score

            best_col = col



    return best_col





# Initialise the board

print("\n")

print(colored("Time for a game of Connect 4 with Minimax AI", 'white', 'on_blue', attrs=['bold']))

board = create_board()

display_board(board)



# Set game_over to false initially

game_over = False



# initialise turn to 0

turn = 1



while not game_over:

    # Ask player for their input

    if turn == Player:



        col = int(input(colored("\nPlayer 1, Please choose your column selection (must be between 0 - 6): ", 'blue')))



        if empty_space(board, col):

            row = next_row_space(board, col)

            drop_counter(board, row, col, Player)



            print("Row:", row, "Column:", col, "\n")



            if check_for_win(board, Player):

                print(colored("Player 1 wins!!", 'red', attrs=['bold', 'italics']))

                game_over = True

        # If column full choose another column

        else:

            col = int(input(colored("Player 1, column is full, please choose another column (must be between 0 - 6): ",

                                    'blue')))

            if empty_space(board, col):

                row = next_row_space(board, col)

                drop_counter(board, row, col, Player)



                print("Row:", row, "Column:", col, "\n")



            if check_for_win(board, Player):

                print(colored("Player 1 wins!!", 'red', attrs=['bold', 'italics']))

                game_over = True



        turn += 1

        turn = turn % 2



        print(display_board(board))



    # AI input

    else:



        col, minimax_score = minimax(board, 5, -math.inf, math.inf, True)



        if empty_space(board, col):

            row = next_row_space(board, col)

            drop_counter(board, row, col, AI)



            print("AI choice:")

            print("The value of the best Move is:", position_score(board, 2))

            print("Row:", row, "  Column:", col, "\n")



            if check_for_win(board, AI):

                print(colored("AI wins!!\n", 'red', attrs=['bold']))

                game_over = True



            print(display_board(board))



            turn += 1

            turn = turn % 2
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Player 1, colunn is full, please choose another column (must be between 8 - 6): 2
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