Advanced Data Structures in Java

Data structures are the foundation of efficient algorithms. Let’s explore four powerful ones: Skip List, Union-
Find, AVL Tree, and Binary Indexed Tree. These are widely used in scenarios requiring fast searches, unions,

balancing, or range queries.

1. Skip List: Probabilistic Search

A skip list is a layered linked list that allows fast search, insertion, and deletion with O(log n) average time

complexity, offering an alternative to balanced trees.

Java Implementation

import java.util.Random;

public class SkipList {
static class Node {
int value;
Node[] next;
Node (int value, int level) {
this.value = value;

this.next = new Node[level + 1];

private Node head;
private int maxLevel;
private Random rand;

private int level;

SkipList() {
maxLevel = 16;
head = new Node(-1, maxLevel) ;
rand = new Random();

level = 0;

private int randomLevel() {
int 1vl = 0;

while (rand.nextBoolean() && 1lvl < maxLevel) 1vl++;
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return 1lvl;

void insert(int value) {

Node[] update = new Node[maxLevel + 1];

Node current = head;

for (int i = level; i >= 0; i--) {
while (current.next[i] !'= null && current.next[i].value < value) current = current.nextl[i];
update[i] = current;

¥

current = current.next[0];

int newLevel = randomLevel();

if (newLevel > level) {
for (int i = level + 1; i <= newLevel; i++) update[i] = head;
level = newLevel;

}

Node newNode = new Node(value, newLevel);

for (int i = 0; i <= newlLevel; i++) {
newNode .next[i] = update[i] .next[i];

update[i] .next[i] = newNode;

boolean search(int value) {
Node current = head;
for (int i = level; i >= 0; i—-) {
while (current.next[i] '= null && current.next[i].value < value) current = current.next[i];
¥
current = current.next[0];

return current != null && current.value == value;

public static void main(String[] args) {
SkipList sl = new SkipList();
sl.insert(3);
sl.insert(6);
sl.insert(7);
System.out.println("Search 6: " + sl.search(6));

System.out.println("Search 5: " + sl.search(5));



Output:

Search 6: true

Search 5: false

2. Union-Find (Disjoint Set): Connectivity Tracking

Union-Find efficiently manages disjoint sets, supporting union and find operations in nearly O(1) amortized

time with path compression and rank heuristics.

Java Implementation

public class UnionFind {

private int[] parent, rank;

UnionFind(int n) {
parent = new int[n];
rank = new int[n];

for (int 1 = 0; i < n; i++) parent[i] = i;

int find(int x) {
if (parent[x] != x) parent[x] = find(parent[x]);

return parent[x];

void union(int x, int y) {
int rootX = find(x), rootY = find(y);
if (rootX != rootY) {
if (rank[rootX] < rank[rootY]) parent[rootX] = rootY;
else if (rank[rootX] > rank[rootY]) parent[rootY] = rootX;
else {
parent [rootY] = rootX;

rank [rootX]++;



public static void main(String[] args) {
UnionFind uf = new UnionFind(5);
uf.union(0, 1);
uf .union(2, 3);
uf .union(1l, 4);
System.out.println("0 and 4 connected: " + (uf.find(0) == uf.find(4)));

System.out.println("2 and 4 connected: " + (uf.find(2) == uf.find(4)));

Output:

0 and 4 connected: true

2 and 4 connected: false

3. AVL Tree: Self-Balancing BST

An AVL tree is a self-balancing binary search tree where the height difference between subtrees (balance

factor) is at most 1, ensuring O(log n) operations.

Java Implementation

public class AVLTree {
static class Node {
int key, height;
Node left, right;
Node (int key) {
this.key = key;
this.height = 1;

private Node root;

int height(Node node) { return node == null 7 O : node.height; }

int balanceFactor(Node node) { return node == null ? O : height(node.left) - height(node.right); }

Node rightRotate(Node y) {
Node x = y.left, T2 = x.right;

x.right = y;



y.left = T2;
y.height = Math.max(height(y.left), height(y.right)) + 1;
x.height = Math.max(height(x.left), height(x.right)) + 1;

return Xx;

Node leftRotate(Node x) {
Node y = x.right, T2 = y.left;
y.left = x;
x.right = T2;
x.height = Math.max(height(x.left), height(x.right)) + 1;
y.height = Math.max(height(y.left), height(y.right)) + 1;

return y;

Node insert(Node node, int key) {
if (node == null) return new Node (key) ;
if (key < node.key) node.left = insert(node.left, key);
else if (key > node.key) node.right = insert(node.right, key);

else return node;

node.height = Math.max(height (node.left), height(node.right)) + 1;

int balance = balanceFactor (node) ;

if (balance > 1 && key < node.left.key) return rightRotate(node) ;
if (balance < -1 && key > node.right.key) return leftRotate(node);
if (balance > 1 && key > node.left.key) {

node.left = leftRotate(node.left);

return rightRotate(node) ;

if (balance < -1 && key < node.right.key) {
node.right = rightRotate(node.right);
return leftRotate(node);

}

return node;

void insert(int key) { root = insert(root, key); }

void preOrder (Node node) {



if (node != null) {
System.out.print(node.key + " ");
preOrder (node.left) ;

preOrder (node.right) ;

public static void main(String[] args) {

AVLTree tree = new AVLTree();
tree.insert(10);

tree.insert (20);

tree.insert(30);

tree.insert (40);

tree.insert(50);

tree.insert(25);

System.out.print ("Preorder: ");

tree.preQrder(tree.root) ;

Output: Preorder: 30 20 10 25 40 50

4. Binary Indexed Tree (Fenwick Tree): Range Queries

A Binary Indexed Tree (BIT) efficiently handles range sum queries and updates in O(log n) time, often used

in competitive programming.

Java Implementation

public class BinaryIndexedTree {
private int[] bit;

private int n;

BinaryIndexedTree(int[] arr) {
n = arr.length;
bit = new int[n + 1];

for (int i = 0; i < mn; i++) update(i, arr[il);

void update(int index, int val) {



index++;
while (index <= n) {
bit[index] += val;

index += index & (-index);

int getSum(int index) {
int sum = O;
index++;
while (index > 0) {
sum += bit[index];
index -= index & (-index);
}

return sum;

int rangeSum(int 1, int r) { return getSum(r) - getSum(l - 1); }

public static void main(String[] args) {
int[] arr = {2, 1, 1, 3, 2, 3, 4, 5};
BinaryIndexedTree bit = new BinaryIndexedTree(arr);
System.out.println("Sum from 0 to 5: " + bit.getSum(5));
System.out.println("Range sum 2 to 5: " + bit.rangeSum(2, 5));
bit.update(3, 6); // Add 6 to index 3

System.out.println("New range sum 2 to 5: " + bit.rangeSum(2, 5));

Output:

Sum from O to 5: 12
Range sum 2 to 5: 9

New range sum 2 to 5: 15

Blog 7: Search and Simulation Algorithms in Java

Search and simulation algorithms tackle pathfinding and probabilistic problems. Let’s explore A* Search

and Monte Carlo Simulation.



1. A* Search: Heuristic Pathfinding

A* is an informed search algorithm that uses a heuristic to find the shortest path in a graph, combining the

strengths of Dijkstra’s and greedy search. It's widely used in games and navigation.

Java Implementation

import java.util.x*;

public class AStar {
static class Node implements Comparable<Node> {
int x, y, g, h, £f;
Node parent;
Node(int x, int y) {

this.x = x;

this.y = y;
this.g = 0;
this.h = 0;
this.f = 0;

}

public int compareTo(Node other) { return this.f - other.f; }

static int heuristic(int x1, int y1, int x2, int y2) {

return Math.abs(xl - x2) + Math.abs(yl - y2); // Manhattan distance

static void aStarSearch(int[][] grid, int[] start, int[] goal) {
int rows = grid.length, cols = grid[0].length;
PriorityQueue<Node> open = new PriorityQueue<>();
boolean[] [] closed = new boolean[rows] [cols];
Node startNode = new Node(start[0], start[1]);
Node goalNode = new Node(goall[0], goalll]);
startNode.h = heuristic(start[0], start[1], goall[O], goalll]);
startNode.f = startNode.h;

open.add(startNode) ;

int[1[] dirs = {};
while (!open.isEmpty()) {

Node current = open.poll();



if (current.x == goall[0] && current.y == goall[l]) {
printPath(current) ;
return;

}

closed[current.x] [current.y] = true;

for (int[] dir : dirs) {

int newX = current.x + dir[0], newY = current.y + dir[1];

if (newX >= 0 && newX < rows && newY >= 0 && newY < cols && grid[newX] [newY]

Node neighbor = new Node(newX, newY);
neighbor.g = current.g + 1;

neighbor.h = heuristic(newX, newY, goall[0], goall1l);

neighbor.f = neighbor.g + neighbor.h;
neighbor.parent = current;

open.add(neighbor) ;

}

System.out.println("No path found!");

static void printPath(Node node) {

List<int[]> path = new ArrayList<>();
while (node != null) {
path.add(new int[]{node.x, node.y});
node = node.parent;
}
Collections.reverse(path);
System.out.println("Path:");

for (int[] p : path) System.out.println("(" + p[0] + ", " + p[1] + ")");

public static void main(String[] args) {

int[J[] grid = {

{0, 0, 0, 0},
{o? 1’ 13 O},
{0, 0, 0, O}

};
int[] start = {0, 0}, goal = {2, 3};

aStarSearch(grid, start, goal);

=1 && !closed[:



Output:

Path:

(0, 0)
(1, 0
(2, 0
2, D
2, 2)
2, 3)

2. Monte Carlo Simulation: Probabilistic Estimation

Monte Carlo methods use random sampling to estimate results, like approximating m by simulating points

in a square and circle.

Java Implementation

import java.util.Random;

public class MonteCarlo {
static double estimatePi(int points) {
Random rand = new Random() ;
int insideCircle = O;
for (int i = 0; i < points; i++) {
double x = rand.nextDouble();
double y = rand.nextDouble() ;
if (x * x + y *x y <= 1) insideCircle++; // Inside unit circle
}

return 4.0 * insideCircle / points; // Ratio * 4 approzimates

public static void main(String[] args) {
int points = 1000000;
double pi = estimatePi(points);
System.out.println("Estimated with " + points + " points: " + pi);

System.out.println("Actual : " + Math.PI);
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Output (varies due to randomness):

Estimated with 1000000 points: 3.1418
Actual : 3.141592653589793
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