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Binary heaps are fundamental data structures widely used in algorithms,
especially in priority queues, heapsort, and graph algorithms like Dijkstra's
shortest path. Understanding how to implement a binary heap using array
representation and analyzing its time complexity is essential for efficient
algorithm design and optimization. This article explores the implementation
details of binary heaps with arrays and delves into the time complexity
involved in various heap operations, providing a comprehensive guide for
programmers and computer science enthusiasts.

Understanding Binary Heaps

What Is a Binary Heap?

A binary heap is a complete binary tree that satisfies the heap property. It
can be either:

e Max—-Heap: where each parent node is greater than or equal to its
children.

e Min-Heap: where each parent node is less than or equal to its children.

Binary heaps are often implemented as arrays due to their complete binary
tree structure, which allows for efficient storage and access.

Properties of a Binary Heap

e Complete binary tree: All levels are fully filled except possibly the
last, which is filled from left to right.

e Heap property: Parent nodes satisfy the heap condition (max or min).

e Array representation: The tree's nodes are stored in an array, with
specific index relations between parent and children.



Implementing a Binary Heap Using Array
Representation

Array Representation Fundamentals

Binary heaps are represented as arrays to optimize space and access time. The
elements are stored level by level, from left to right. The parent-child
relationships are maintained through index calculations:

e Parent index: (i1 - 1) / 2
e Left child index: 2 1 + 1

e Right child index: 2 1 + 2

This structure allows for easy navigation between parent and children without
additional pointers, making operations efficient.

Basic Operations in Array-Based Binary Heap

1. Insert: Add a new element at the end of the array, then "heapify up" to
restore heap property.

2. Extract (Remove) Max/Min: Remove the root element, replace it with the
last element, then "heapify down" to maintain order.

3. Heapify: A process to restore the heap property by adjusting node
positions.

Implementing Insert Operation

Steps to insert an element:

1. Add the element at the end of the array.
2. Compare it with its parent; if it violates the heap property, swap.

3. Repeat until the heap property is restored or the element reaches the
root.



Sample pseudocode:

function insert(heap, value):

append value to heap array

index = position of the inserted value

while index > 0:

parentIndex = (index - 1) // 2

if heap[parentIndex] < heap[index]: // For max-heap
swap heap[parentIndex] and heap[index]

index = parentIndex

else:

break

Implementing Extract-Max/Min Operation

Steps to remove the root:

1. Save the root wvalue to return later.
2. Replace the root with the last element in the array.
3. Remove the last element.

4. "Heapify down" from the root to restore heap property.

Sample pseudocode:

function extract(heap):

if heap is empty:

return null

rootValue = heap[0]
heap[0] = heap[last index]
remove last element
heapifyDown(heap, 0)
return rootValue

function heapifyDown(heap, index):
size = length of heap

largest = index

left = 2 index + 1

right = 2 index + 2

if left < size and heap[left] > heap[largest]:
largest = left

if right < size and heap[right] > heap[largest]:
largest = right



if largest != index:
swap heap[index] and heap[largest]
heapifyDown(heap, largest)

Time Complexity Analysis of Heap Operations

Insertion Operation

The insertion involves adding the element at the end of the array and then
"heapifying up." Each swap moves the element one level up in the tree.

e Worst—-case complexity: O(log n)

e Best-case complexity: O(1l) (if the inserted element is already in
correct position)

Extraction (Removing Root)

The removal replaces the root with the last element and "heapifies down." The
process may traverse from the root to a leaf.

e Worst-case complexity: O(log n)

e Best—-case complexity: O(1l) (if the heap property is already maintained)

Heapify Operation

Heapify ensures the heap property is maintained after insertion or removal.
It can be performed either upwards ("heapify up") or downwards ("heapify
down") .

e Time complexity: O(log n)

Building a Heap from an Unsorted Array

Constructing a heap from an arbitrary array can be done efficiently using the
"heapify" method in a bottom-up manner.



e Algorithm: Start from the last non-leaf node and heapify down each node.

e Time complexity: O(n)

Applications of Binary Heaps

Priority Queues

Binary heaps enable efficient implementation of priority queues, providing
quick access to the highest or lowest priority element.

Heapsort Algorithm

Heapsort sorts an array by first building a heap and then repeatedly
extracting the root to produce a sorted array, operating in O(n log n) time.

Graph Algorithms

Algorithms like Dijkstra's shortest path and Prim's minimum spanning tree
rely on priority queues implemented via binary heaps for efficiency.

Advantages of Array-Based Implementation

e Space-efficient, no need for pointers or node objects.
e Fast access to parent and children through index calculations.

e Simplifies implementation and improves cache performance.

Conclusion

Implementing a binary heap using array representation is a fundamental skill
in computer science, enabling efficient priority queue operations and sorting
algorithms. The array-based approach simplifies the structure by leveraging
index calculations to maintain parent-child relationships, leading to
efficient insertions, deletions, and heap construction. Understanding the
time complexity of these operations—primarily O(log n)—is crucial for
optimizing algorithms that depend on heaps. Whether you're developing a high-
performance scheduler, implementing sorting routines, or working on graph



algorithms, mastering binary heaps and their array representations provides a
powerful tool in your programming arsenal.

Frequently Asked Questions

What is a binary heap and how is it represented using
an array?

A binary heap is a complete binary tree that satisfies the heap property
(max—heap or min-heap). It is efficiently represented using an array where
the parent and child relationships are maintained through index calculations:
for a node at index i, its parent is at index floor((i-1)/2), the left child
at 2i+1, and the right child at 2i+2.

How do you insert a new element into a binary heap
stored as an array?

To insert, append the new element at the end of the array (bottom-most,
rightmost position), then perform 'heapify-up' (bubble-up) by swapping it
with its parent until the heap property is restored.

What is the time complexity of inserting an element
into a binary heap?
The insertion operation has a time complexity of O(log n), where n is the

number of elements in the heap, due to the height of the heap and the
potential number of swaps during 'heapify-up'.

How do you delete the root element from a binary
heap, and what is its time complexity?

To delete the root, replace it with the last element in the array, remove the
last element, then perform 'heapify-down' to restore the heap property. The
time complexity is O(log n) because of the height of the heap and the swaps
needed during 'heapify-down'.

Why is understanding the time complexity of heap
operations important in algorithm design?

Understanding the time complexity helps in analyzing the efficiency of
algorithms like heap sort or priority queue operations, enabling developers
to optimize performance and select appropriate data structures for specific
applications.

What is the difference between a max-heap and a min-
heap in terms of array representation?

In a max—heap, each parent node is greater than or equal to its children,
making the maximum element at the root. In a min-heap, each parent is less
than or equal to its children, with the minimum element at the root. Both are
represented similarly in arrays, with the heap property dictating the order.



How does the array representation facilitate
efficient heap operations compared to pointer-based
tree structures?

Array representation allows direct calculation of parent and child indices
using simple arithmetic, eliminating the need for pointers and enabling
efficient, cache-friendly access to elements, which simplifies implementation
and improves performance of heap operations.

Additional Resources

Binary Heap Implementation and Its Time Complexity Analysis

A binary heap is a fundamental data structure that plays a pivotal role in a
variety of algorithms, especially those related to priority queues and
sorting mechanisms like heapsort. Its significance stems from its efficient
operations that ensure quick access to the minimum or maximum element,
depending on whether it is a min-heap or max-heap. Implementing a binary heap
using an array representation is not only straightforward but also highly
efficient, facilitating constant-time access to parent and child nodes
through index calculations. Along with implementation, understanding the time
complexity of heap operations is crucial for optimizing algorithms that
leverage this data structure. This article provides a comprehensive overview
of how to implement a binary heap using arrays and delves into the analysis
of its operational complexities.

Implementing a Binary Heap Using Array
Representation

Implementing a binary heap via an array is a popular approach due to its
simplicity and efficiency. Unlike pointer-based implementations that use
linked nodes, array representation leverages mathematical relationships to
organize the heap structure, reducing memory overhead and simplifying
navigation.

Array Representation Basics

In an array-based binary heap:

— The root element is stored at index 0.
- For any element at index "1
- Its parent is located at “~ (i - 1) / 2° (integer division).
- Its left child is at "2 1 + 1°.

- Its right child is at "2 i + 2.

This relationship allows for easy traversal and modification of the heap
without explicit pointers, making array-based implementation both space-
efficient and performant.



Steps to Implement a Binary Heap

1. Initialization
— Create an array to hold heap elements.
- Maintain a variable to track the current size of the heap.

2. Insertion (Insert Operation)

— Add the new element at the end of the array.

— "Heapify-up" or "bubble-up" the element to restore the heap property:

— Compare the inserted element with its parent.

— If the heap property is violated (e.g., in a min-heap, if the child is
smaller than the parent), swap them.

— Continue this process until the heap property is restored or the root is
reached.

3. Deletion (Extract Min/Max)
— Remove the root element (minimum in min-heap or maximum in max-heap) .
— Replace it with the last element in the array.
— Reduce the size of the heap.
— "Heapify-down" or "bubble-down" the root element:
— Compare the root with its children.
— Swap it with the smaller (for min-heap) or larger (for max-heap) child if
the heap property is violated.
— Continue until the heap property is satisfied.

4. Heapify (Build Heap)

- Given an arbitrary array, transform it into a heap.

— This can be done efficiently by performing "heapify-down" starting from the
last non-leaf node up to the root.

Sample Implementation in Pseudocode

" "plaintext
class BinaryHeap:
array = []
size = 0

function insert (element) :
array[size] = element
size += 1

heapifyUp(size - 1)

function heapifyUp (index) :

while index > 0 and array[parent (index)] > array[index]:
swap (array[parent (index) ], array[index])

index = parent (index)

function extractMin () :

if size ==

return null

minElement = array[0]
array[0] = arrayl[size - 1]
size -= 1

heapifyDown (0)
return minElement



function heapifyDown (index) :
smallest = index

left = 2 index + 1

right = 2 index + 2

if left < size and array[left] < array[smallest]:
smallest = left

if right < size and arrayl[right] < array[smallest]:
smallest = right

if smallest != index:

swap (array[index], arrayl[smallest])

heapifyDown (smallest)

Features of Array-Based Binary Heap:

— Simple and intuitive implementation.

— Efficient parent-child navigation through index calculations.
— Reduced memory overhead compared to node-based structures.

Pros:

- Fast access to the minimum/maximum element.

- Efficient insert and delete operations (O(log n)).
- Compact storage, no need for additional pointers.

Cons:

- Fixed-size array requires resizing if capacity is exceeded.

— Not as flexible as pointer-based trees for dynamic restructuring.
— Can be less intuitive for understanding tree structures visually.

Understanding The Time Complexity Of Heap
Operations

Analyzing the time complexity of binary heap operations is essential for
evaluating its efficiency in different applications. The core
operations—insert, delete (extract min/max), and heapify—have well-understood
time bounds, which are pivotal in algorithm analysis.

Insertion Operation

- Average and Worst-Case Time Complexity: O(log n)

Explanation:

— When inserting an element, it is initially added to the end of the array.

— The "heapify-up" process compares the new element with its parent and swaps
if necessary.

— Since the height of a complete binary tree (and thus the heap) is "log n’,
the number of comparisons or swaps in the worst case is proportional to the
height.

- Therefore, insertion takes O(log n) time.



Extraction of Min/Max

- Average and Worst-Case Time Complexity: O(log n)

Explanation:

- Removing the root involves replacing it with the last element.

— The "heapify-down" process compares the new root with its children and
swaps if the heap property is wviolated.

- Similar to insertion, since the process traverses the height of the heap,
it takes O(log n) time.

Building a Heap from an Arbitrary Array

— Time Complexity: O (n)

Explanation:

— Although heapify-down for a single node takes O(log n), performing this
starting from the last non-leaf node up to the root results in an overall
linear time operation.

— This is because the number of nodes at each level decreases exponentially,
balancing the total amount of work.

Other Operations

— Peek (Accessing Min/Max): O(1)
— Simply return the root element stored at index O.
— Heapify (for building or restoring heap property): O(n)

Summary and Conclusion

Implementing a binary heap using an array is a foundational technique that
combines simplicity with efficiency. Its straightforward index-based
navigation allows for rapid insertion, deletion, and retrieval of the minimum
or maximum element, making it invaluable for priority qgqueues, heap sort, and
other applications. The key to maximizing its performance lies in
understanding and exploiting its inherent time complexities: O(log n) for
insertions and deletions, O(n) for heap construction, and O(l) for peeking at
the root.

The array-based implementation's advantages include reduced memory overhead,
ease of implementation, and fast access times. However, it does have
limitations, such as the need for resizing in dynamic contexts and less
flexibility compared to pointer-based trees.

In practical scenarios, selecting the appropriate heap type (min-heap or max-
heap), understanding the operation costs, and choosing the right
implementation strategy are essential for optimizing algorithm performance.
The binary heap remains a crucial component in the toolkit of computer
scientists and software engineers, providing a robust structure for
efficiently managing prioritized data.

By mastering the implementation and analysis of binary heaps, developers can
design algorithms that are both performant and resource-conscious, enabling



efficient handling of large-scale data processing tasks and complex
algorithmic solutions.
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