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Abstract: Sorting is a fundamental operation in computer science, used in databases, search engines, and machine learning. 

Classical sorting algorithms like QuickSort have been widely adopted due to their average-case efficiency. However, QuickSort 

suffers from a critical limitation: its worst-case time complexity degrades to O(n²) when a poor pivot is selected, particularly on 

sorted, reverse sorted, or nearly sorted data. Traditional pivot selection strategies rely on fixed rules that do not adapt to input 

characteristics. This paper proposes a hybrid approach that enhances QuickSort using a simple machine learning model for adaptive 

pivot selection. The method extracts statistical features from a small random sample of size √n, including distribution pattern, degree 

of sortedness, value range, and duplicate ratio. A lightweight classifier, trained offline, predicts a pivot position that leads to 

balanced partitions. We expect our approach to achieve 25–35% improvement on sorted and reverse sorted data, 20–25% on nearly 

sorted data, and 10–15% on duplicate-rich data, with only 1–2% overhead. The model is simple, easy to implement, and can be 

extended to other sorting algorithms. 
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Introduction: 

Sorting is a basic thing in computer science and data science. We use it in many places like database management, search engines, 

big data analysis, and machine learning. Without good sorting algorithms, these applications would be much slower [1]. 

Over the years, many classic sorting algorithms came out. Examples include Bubble Sort, Insertion Sort, Selection Sort, Merge Sort, 

Heap Sort, and QuickSort. Each one has pros and cons. For example, Insertion Sort is simple and works well on small data, but it's 

slow on large data because its time complexity is O(n²). On the other hand, Merge Sort is always O(n log n) but needs extra memory 

[2]. 

Among these, QuickSort is one of the most used in practice. Why? Because it's fast on average (O(n log n)) and works in-place 

without needing extra memory. But QuickSort has a big problem. Its performance can drop to O(n²) in the worst case. The main 

reason is how we pick the pivot. Traditional QuickSort uses fixed rules to pick the pivot, like taking the first element, the last element, 

or the middle element. These rules don't look at the input data [3]. 

The thing is, these fixed rules work fine when the data is random, but they fail badly in some cases. Like when the data is already 

sorted, reverse sorted, or nearly sorted. For example, if the data is already sorted and we pick the first element as the pivot, the 

partition becomes very unbalanced. The left side ends up empty and the right side gets all the other elements. This gives O(n²) time 

[4]. 

This problem matters more today. Data is huge and comes in many different patterns. Real-time sensor data, financial transactions, 

social media posts, and genomic sequences can be partially sorted, reverse sorted, full of duplicates, or completely random. Fixed 

algorithms can't handle all this variety [5]. 

In recent years, artificial intelligence, especially machine learning, has come a long way. One important thing about machine learning 

is that it can learn from data and adapt to different patterns. That makes it a good fit to help classic algorithms become smarter and 

more adaptive [6]. 

So, this paper suggests a hybrid approach that mixes AI with classic sorting to make it better. We focus on improving pivot selection 

in QuickSort using a simple machine learning model. The main idea is to use the model to look at a small sample of the data and 

predict a good pivot that leads to balanced partitions, instead of sticking to fixed rules. 

This research looks at QuickSort as a case study. Later on, this approach could be used for other sorting algorithms. 

The paper is organized like this. Section (2) presents the objectives. Section (3) defines the problem. Section (4) reviews related 

work. Section (5) describes the proposed method. Section (6) discusses expected results. Section (7) provides discussion and 

challenges. Section (8) concludes the paper. 
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Objectives: 

 Main Objectives: 

The main goal of this paper is to make QuickSort faster by using a simple machine learning model to pick a better pivot. 

 Specific Objectives: 

1- To understand why classical QuickSort sometimes becomes slow.  

We look at how the pivot is chosen in normal QuickSort. We also need to know which types of data cause problems, like sorted data, 

reverse sorted data, and nearly sorted data. 

-2 To build a simple AI model that can suggest a good pivot. 

The model takes a small random sample from the data. It looks at simple things like how the data is distributed and how sorted it 

already is. Then it predicts a pivot position that balances the partitions. 

3- To explain how the AI model and QuickSort work together. 

We describe the steps from sampling to sorting. We show where the AI model fits into the normal QuickSort process. 

4- To discuss how much improvement we expect and what we lose. 

We expect better performance on difficult data like sorted and reverse sorted arrays. We also need to consider the extra time the AI 

model takes, including sampling and prediction. 

           5- To talk about the limits of our method and what can be done next. 

The model needs to be trained first on different types of data. The sample size must be chosen carefully. This idea could be used for 

other sorting algorithms in the future. 

Problem Statement: 

QuickSort is one of the most used sorting algorithms because it's fast on average and works in-place. But it has a known weakness. 

When we pick a bad pivot, performance drops from O(n log n) to O(n²). Why? Because traditional QuickSort uses fixed rules to pick 

the pivot, like picking the first, last, or middle element. These rules don't look at the input data [7]. 

This problem gets worse with certain data types: 

1. Sorted data: If the array is already sorted and we pick the first element as the pivot, each partition is very unbalanced. 

2. Reverse sorted data: If we pick the last element as the pivot, the same problem happens. 

3. Nearly sorted data: Performance is still bad because the pivot often ends up near one end. 

4. Data with many duplicates: Standard QuickSort can also get slow. 

In modern data science, data is often not random. It comes in patterns that cause problems for fixed pivot selection. Examples include 

financial transactions (often sorted by date), sensor readings (often nearly sorted), and genomic sequences (with many repeats). So 

fixed pivot selection isn't enough for today's diverse data [8]. 

This research focuses on QuickSort as a case study. Later, this approach could be extended to other sorting algorithms.  

So, we need an adaptive method that changes pivot selection based on the input data. This research aims to solve this problem by 

using a simple machine learning model to predict a good pivot, making QuickSort more robust and efficient on different data types. 

Literature Review: 

A. QuickSort and Its Limitations 

Since its introduction by Tony Hoare in 1962, QuickSort has remained one of the most widely used sorting algorithms due to its 

excellent average-case performance of O(n log n) and its in-place sorting capability [4]. However, as discussed earlier, QuickSort 

suffers from a critical weakness: its performance degrades to O(n²) in the worst case when the pivot is chosen poorly. Traditional 

implementations use fixed pivot selection strategies, such as picking the first, last, or middle element, which do not adapt to the 

characteristics of the input data [2], [3]. 
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To mitigate this issue, several heuristic-based improvements have been proposed over the years. The median-of-three method selects 

the median of the first, middle, and last elements as the pivot, reducing the probability of worst-case behaviour on already sorted 

data. The random pivot selection strategy chooses a random element, making worst-case inputs unlikely. Additionally, IntroSort 

(introduced by Musser in 1997) switches to HeapSort when the recursion depth exceeds a certain threshold, guaranteeing O(n log n) 

worst-case complexity. Despite these improvements, these strategies remain fixed and do not truly adapt to the input data's structure 

[3]. This limitation becomes particularly problematic in modern data science applications where data arrives in diverse and 

unpredictable patterns [5]. 

B. Artificial Intelligence in Algorithm Optimization 

In recent years, researchers have begun exploring the use of artificial intelligence to optimize classical algorithms. A landmark 

achievement in this direction is AlphaDev, a deep reinforcement learning agent developed by DeepMind. AlphaDev formulates the 

task of discovering sorting algorithms as a single-player game, where the agent learns to assemble low-level CPU instructions into 

efficient algorithms. Remarkably, AlphaDev discovered sorting algorithms that outperform state-of-the-art human benchmarks. 

These algorithms have been integrated into the LLVM standard C++ library, replacing a component that had remained unchanged 

for over a decade. Specifically, AlphaDev achieved up to 70% faster performance for sorting short sequences and improved overall 

throughput by 1.7% [8], [4]. 

Another significant advancement is Learned Sort, introduced by Kristo et al. in 2020. Learned Sort uses machine learning models 

based on the cumulative distribution function (CDF) to predict the approximate position of each element in the sorted order. Instead 

of comparing elements pairwise like traditional algorithms, Learned Sort uses these predictions to place elements directly into 

buckets, then recursively sorts each bucket. This approach has been shown to outperform highly tuned sorting algorithms, including 

Radix Sort and comparison-based sorts, even when model training time is included in the total sorting time [7], [2]. Recent analysis 

has shown that Learned Sort can be viewed as a learning-augmented Sample Sort, where the CDF model selects the pivots [2]. 

C.Neural Network-Based Sorting 

The use of neural networks for sorting has also been explored. NN-sort, proposed by Zhu et al. in 2019, is a neural network-based 

method that leverages data distribution awareness for faster sorting. Unlike traditional comparison-based algorithms, NN-sort uses 

a trained neural network model to map unordered data elements to their ordered positions. The algorithm operates iteratively: a 

"roughly ordered" array is generated in each iteration, and data conflicts (where two elements map to the same position) are resolved 

in subsequent iterations. Experimental results on both synthetic and real-world datasets demonstrated that NN-sort achieves 

performance improvements of 2.18x to 10.9x over traditional sorting algorithms [3], [8]. 

D. Machine Learning for Pivot Selection in QuickSort 

Several studies have specifically focused on using machine learning to improve pivot selection in QuickSort. Kocamaz (2013) 

proposed a neural network-based model to select the most suitable sorting algorithm based on the characteristics of the input data. 

More recent work has explored using machine learning to predict optimal pivot positions in QuickSort by analysing statistical 

features extracted from a small sample of the data. 

The key idea behind these approaches is to extract simple features from the input data, such as distribution pattern, degree of 

sortedness, and value range. A pre-trained classifier then predicts a pivot position that is likely to produce balanced partitions. Studies 

have shown that such adaptive pivot selection can improve performance by 20-30% on large datasets compared to traditional 

QuickSort, particularly for challenging data patterns like sorted or nearly sorted arrays [7]. 

E. Summary. 

The literature clearly demonstrates that artificial intelligence has significant potential to improve classical sorting algorithms. While 

traditional methods rely on fixed strategies that do not adapt to input data, AI-enhanced approaches can learn from data and adjust 

their behaviour dynamically. AlphaDev represents a breakthrough in discovering entirely new algorithms from scratch, while 

Learned Sort and NN-sort demonstrate how machine learning models can be integrated into sorting pipelines to achieve substantial 

performance gains [7], [2]. 

However, most existing approaches are complex and require significant computational resources for training and inference. This 

paper builds on these works by proposing a simpler, lightweight hybrid approach that focuses specifically on improving pivot 

selection in QuickSort. Our method uses a small random sample and a simple classifier, making it easy to implement and integrate 

into existing systems while still achieving meaningful performance improvements on difficult data patterns. 
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Methodology: 

A. Overview 

Our hybrid approach combines QuickSort with a simple machine learning model for adaptive pivot selection. The process has three 

phases: (1) sampling and feature extraction, (2) pivot prediction using a pre-trained model, and (3) normal QuickSort with the 

predicted pivot. 

B. Sampling Strategy 

Before sorting, we take a small random sample from the data. The sample size is important. If it is too small, the prediction may be 

wrong. If it is too large, the overhead is high. Based on previous work, a sample size of about √n (square root of array size) gives a 

good balance. 

C. Feature Extraction 

From the sample, we extract these simple features: 

1. Distribution pattern: How the values are spread. 

2. Degree of sortedness: How close the sample is to being sorted. 

3. Value range: The minimum and maximum values. 

4. Duplicate ratio: How many duplicate values there are. 

These features are easy to compute and tell us about the data. 

D. Machine Learning Model 

We use a simple classifier trained offline on different data types (random, sorted, reverse sorted, nearly sorted, with duplicates). The 

classifier takes the features as input and outputs a recommended pivot position. This could be a small decision tree or neural network. 

E. Integration with QuickSort 

To use our method, we first check if the array is large enough. For small arrays, we use normal QuickSort to avoid overhead. For 

large arrays, we: 

 Take a random sample of size about √n. 

 Extract features from the sample. 

 Use the trained model to predict a good pivot. 

 Use that pivot in normal QuickSort. 

F. Training Phase 

The model is trained offline once. For each training example, we try different pivot positions and see which gives the most balanced 

partitions. The model learns to connect certain features with good pivot choices. 

Results: 

This section presents the expected results of applying a hybrid AI approach to enhance classical sorting algorithms. The proposed 

method combines traditional sorting algorithms with a simple machine learning model to improve performance 

A. Performance Comparison 

We compare traditional QuickSort with our AI-enhanced version. The AI model helps by predicting a good pivot based on input 

data characteristics. 

 QuickSort with AI-based pivot selection: Expected improvement of 25-35% on sorted and reverse sorted data. For 

random data, performance remains similar with less than 5% overhead. 
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B. Overhead Analysis 

Adding AI to QuickSort introduces some overhead. This overhead comes from three steps: 

1. Sampling: We take a random sample of size about √n (square root of the array size). This takes O(√n) time. 

2. Feature Extraction: We compute simple statistics from the sample like distribution, sortedness, and duplicate ratio. This 

also takes O(√n) time. 

3. Prediction: We run the machine learning model to predict a good pivot. This is very fast because the model is small. 

For large arrays (e.g., 1 million elements), the sample size is about 1000 elements. The total overhead is expected to be about 1-2% 

of the total sorting time. For small arrays (less than 1000 elements), we can turn off the AI model and use normal QuickSort to 

avoid overhead. 

Table 1: Expected Results by Data Type 

Data Type Traditional QuickSort AI-Enhanced 

QuickSort 

Improvement 

Sorted O(n²) slow O(n log n) fast 30-35% 

Reverse sorted O(n²) slow O (n log n) fast 30-35% 

Nearly sorted O(n²) slow O(n log n) fast 20-25% 

Random O(n log n) O(n log n) 5-10% 

Duplicate-rich Slow Faster 10-15% 

Small data (<1000) Good Similar 0-5% 

Large data (>1M) Good Better 15-20% 

Table 2. Comparison with Other Methods 

Method Key Achievement Our Advantage 

AlphaDev (DeepMind) 70% faster, very complex Our approach is much simpler 

NN-sort Neural network selection, complex Our approach is lightweight 

Our hybrid approach 25-35% improvement, 1-2% 

overhead 
Simple, easy to implement 
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Our hybrid approach is simpler and more practical than AlphaDev and NN-sort. We keep the original QuickSort structure and only 

improve pivot selection, making it easy to integrate into existing systems. 

F. Summary of Expected Results 

Based on our hybrid AI approach that combines QuickSort with a simple machine learning model for adaptive pivot selection, we 

expect the following outcomes: 

1. 25-35% improvement on sorted and reverse sorted data compared to traditional QuickSort 

2. 20-25% improvement on nearly sorted data 

3. 10-15% improvement on duplicate-rich data 

4. 5-10% improvement on random data 

5. 1-2% overhead for sampling, feature extraction, and prediction 

6. Better scalability for large datasets (over 1 million elements) 

These expected results suggest that even a simple hybrid AI approach can significantly enhance QuickSort performance across 

different data types, with minimal additional cost. The most significant gains are achieved on the data patterns where traditional 

QuickSort performs poorly (sorted, reverse sorted, and nearly sorted data), while performance on random data remains almost the 

same with very little overhead. 

Discussion: 

B. Discussion of Our Hybrid Approach 

Our hybrid approach has several good points. First, it keeps QuickSort simple and in-place while adding an adaptive way to pi

ck pivots. Second, the AI model is lightweight with minimal overhead (1-2%). Third, the approach is flexible and can be used f

or other sorting algorithms later. 

But there are also limits. The model needs to be trained first on different types of data. If the input data has a pattern the model 

hasn't seen before, the prediction might not be optimal. Also, our approach helps most for large arrays. For small arrays (less th

an 1000 elements), the overhead may not be worth it, so we can turn off the AI model. 
 

C. Challenges 

There are still challenges to solve: 

 Computational Costs: Training the machine learning model for pivot selection requires computational resources and time, 

although this is done only once offline. 

 System Integration: Incorporating AI-driven sorting methods into existing infrastructure can be complex, particularly for 

systems that rely on traditional sorting algorithms. 

 Generalization: The model must generalize well to unseen data distributions. If the training data is not representative, the 

model may perform poorly on new data types. 

 Sample Size Trade-off: Choosing the right sample size is critical. Too small a sample leads to poor predictions, while too 

large a sample adds unacceptable overhead. 

 Energy Consumption: As AI models grow in complexity, their energy consumption becomes a concern, especially at large 

scale. Our lightweight model aims to minimize this issue. 

Fixing these challenges will need more work on optimizing AI models for sorting, building lightweight and efficient implement

ations, and exploring hybrid approaches that mix AI 
with traditional methods. 
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Conclusion: 

This paper looked at how artificial intelligence can help improve sorting algorithms. We focused on fixing the main problem with 

QuickSort: it uses fixed rules to pick the pivot, which makes it slow on sorted, reverse sorted, and nearly sorted data. 

We proposed a hybrid approach that mixes QuickSort with a simple machine learning model. The model takes a small random sample 

of size √n from the data, pulls out simple features (distribution, sortedness, value range, duplicate ratio), and predicts a good pivot. 

This adaptive approach is expected to give 25-35% improvement on sorted and reverse sorted data, 20-25% on nearly sorted data, 

and 10-15% on duplicate-rich data, with only 1-2% overhead. 

What we brought in this paper: (1) a new way to combine AI with sorting, (2) a simple machine learning model for picking pivots 

in QuickSort, (3) a clear method for pulling out features from data samples, and (4) a discussion of expected improvements and 

trade-offs. 

Earlier work like AlphaDev, Learned Sort, and NN-sort shows that AI can really help improve classic algorithms [4], [5], [6], [7]. 

Our approach builds on that work but is simpler and easier to put into existing systems. 

In the future, this idea could be used for other sorting algorithms like Merge Sort and Heap Sort, and also for other areas like 

searching and graph algorithms. We could also try more advanced AI methods like reinforcement learning to make the model adapt 

without needing pre-training. 
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Appendix: Python Implementation: 

In this appendix, we developed the Python code with the assistance of artificial intelligence (AI) tools to help in writing, optimizing, 

and explaining the implementation of the hybrid sorting algorithm proposed in this paper. 
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When we ran this code on reverse-sorted arrays of different sizes, we got the following results: 

- Array size 1000: 0.0862 seconds 

- Array size 5000: 0.2576 seconds 

- Array size 10000: 0.4644 seconds 
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These results show that our AI-enhanced QuickSort handles worst-case data efficiently. The time increases slowly as the array gets 

larger, which means the algorithm avoided the O(n²) problem that normal QuickSort faces with reverse-sorted data. 

These preliminary results from our Python implementation support the expected improvements discussed earlier. 
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