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Abstract: Computing has completely changed the way we live, work, and connect with the world. From
the phones in our pockets to the most powerful supercomputers, classical computing has been at the
heart of every digital innovation for decades. But as the problems we're trying to solve get more
complex, we're starting to bump into the limits of what classical computers can do. That’s where
quantum computing comes in.

Quantum computers work in a completely different way—using strange but powerful ideas from quantum
physics, like superposition and entanglement. These machines have the potential to solve certain
problems way faster than classical computers ever could. Still, they come with their own set of
challenges, especially when it comes to building stable and scalable systems.

In this paper, we're going to break down what makes classical and quantum computing different, where
each one shines, where they fall short, and how they might work together in the future. Rather than
replacing classical computers, quantum systems are more likely to work alongside them—creating a new
kind of partnership that could push computing to exciting new levels..
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L. INTRODUCTION

Computing has significantly evolved from its early beginnings with mechanical devices. These days, classical
computers are behind pretty much everything—our communication systems, businesses, entertainment, and more. But
as our tech needs keep growing, and Moore’s Law (which says computers get faster and smaller over time) starts to hit
its limits, a new kind of computing is stepping into the spotlight: quantum computing. So what makes quantum
computing so different? This paper dives into that question by taking a closer look at both classical and quantum
computing—how they work, how they compare, and what they each bring to the table in real-world and theoretical
scenarios.

I1. CLASSICAL COMPUTING: HOW IT WORKS
At the core of classical computing is a simple idea: everything boils down to Os and 1s. These bits, the building blocks
of classical computers, are used to represent and process all types of data using something called Boolean logic. By
combining these bits through logic gates like AND, OR, and NOT, computers can handle everything from basic
arithmetic to highly complex simulations.

2.1 Architecture

Most classical computers operate on the Von Neumann architecture, which features a central processing unit (CPU) to
handle computations, memory for storing data, input/output components for interaction, and a control unit to manage
and coordinate all tasks.

2.2 Challenges and Limitations
Even though classical computing keeps getting faster and more powerful, it’s hitting a few walls:
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We're reaching physical limits in how small we can make chips.

Smaller chips mean more heat and energy use, which isn’t sustainable.

Some problems—Ilike cracking encryption or solving huge optimization puzzles—take way too long or too many
resources for classical machines to handle efficiently.

III. A NEW FRONTIER: QUANTUM COMPUTING
Quantum computing flips the script entirely. Instead of bits, it uses qubits—units that can be 0, 1, or even both at the
same time thanks to quantum superposition. Add in other quantum effects like entanglement and interference, and you
get a whole new kind of computation that can explore many possibilities at once.

3.1 Qubits and Superposition
Imagine a light switch that can be both on and off at the same time—that’s kind of what a qubit is like. This strange
behavior, called superposition, allows quantum computers to consider multiple solutions all at once.

3.2 Entanglement and Interference

Quantum entanglement causes qubits to become interdependent, so that a modification in one qubit's state instantly
influences the other, even if they are separated by great distances. Quantum algorithms then utilize interference to
enhance the probability of correct outcomes while suppressing the wrong ones.

IV. CLASSICAL VS. QUANTUM: SIDE-BY-SIDE

|Feature HClassical Computing HQuantum Computing |
|Basic Unit HBit (Oorl) HQubit (can be 0 and 1 simultaneously) |
P -

SE;)liz essing Step-by-step or limited parallelism Huge parallelism through superposition

Uses standard gates such as AND, OR, and|

Logic Gates Utilizes specialized gates like Hadamard and CNOT

NOT
Speed Efficient for general-purpose computing|Extremely fast for specific problems, such as integer
P tasks factorization.
Error . .
. Low error rates, easy to correct High error rates, needs advanced correction
Sensitivity
Decoherence HNot an issue HBig challenge—qubits are super delicate

V. WHAT THEY’RE GOOD AT
5.1 Classical Computing
Everyday software (documents, browsers, apps)
Managing databases and websites
General-purpose Al and machine learning
Simulating physical systems (e.g., weather forecasts)

5.2 Quantum Computing

Breaking complex encryption methods (like RSA)
Simulating molecules for drug design

Solving huge optimization problems in logistics or finance
Exploring new materials and chemical reactions
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VI. PERFORMANCE BREAKDOWN
A. Speed & Scalability
Classical Systems: Supercomputers today can do over a quadrillion (10'®) operations per second. But there's a
ceiling—they struggle with heat and energy limits.
Quantum Systems: Quantum computers like Google's Sycamore have shown they can solve certain problems in
seconds—tasks that would take classical machines thousands of years. Their real magic lies in scalability: every added
qubit doubles the system’s power, unlike classical computers, which scale much more slowly.
Example: A 50-qubit quantum computer can simultaneously explore over a quadrillion states—something classical
computers can’t even attempt.
Benchmarks:
Google's Sycamore quantum processor completed a computation in just 200 seconds—a task estimated to take a
supercomputer around 10,000 years to finish.
D-Wave's Annealer: Completed certain optimization problems up to 3 million times faster than classical alternatives.

B. Handling Errors

Classical Computers: Use redundancy (backups and checks) to detect and fix errors pretty easily.

Quantum Computers: Much trickier. Qubits are super sensitive to noise and interference. Scientists use things like
surface codes to correct these errors, but it's still a huge hurdle to scale quantum computers effectively.

VII. CURRENT LIMITATIONS OF QUANTUM COMPUTING
Although full of potential, quantum computing remains at an early stage of development.
- Hardware unreliability: Qubits are delicate and easily affected by decoherence.
- Error rates: Quantum systems require error correction methods that are not yet scalable.
- Cryogenic requirements: Most quantum computers need near absolute-zero temperatures to operate.
- Scalability issues: Current systems are limited to a small number of qubits.

VIII. QUANTUM-CLASSICAL HYBRID APPROACHES
Given the challenges of quantum computing, many researchers advocate hybrid models, where classical systems handle
general-purpose tasks and quantum systems tackle specialized problems. This pragmatic approach is already being
explored in quantum machine learning and quantum annealing.

IX. FUTURE PROSPECTS
A. Classical Computing
Innovations in chip design and neuromorphic computing will sustain classical computing’s dominance [1].

B. Quantum Computing
Quantum computing is advancing, with milestones like quantum supremacy [5].
Hybrid quantum-classical systems may bridge current gaps [3].

X. CONCLUSION
While classical computing remains the backbone of today’s digital world, quantum computing introduces a
fundamentally different framework that could redefine what is computationally possible. The race is not about replacing
one with the other, but about leveraging both where they excel. With the continuous advancement of technology, our
comprehension of computation must also adapt. Future developments are expected to favor hybrid systems that
integrate the high-speed capabilities of quantum computing with the reliability of classical methods.
Continued research will determine quantum computing’s full impact, but classical systems remain indispensable.
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