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Abstract 
The background of this research is driven by the rapid development of 

quantum computing which has the potential to change the paradigm in 

complexity theory and computational algorithms. The purpose of this study is 

to explore the advantages and limitations of quantum algorithms in solving 

problems with high complexity, as well as to understand their role in 

complexity theory. The research method used involves quantum computer 

simulations to analyze the performance of Shor and Grover's algorithms in 

solving cryptographic problems and large database searches, as well as 

comparing them with classical algorithms. The results show that quantum 

algorithms have significant advantages in solving certain problems, although 

there are technical obstacles in quantum hardware that affect overall 

performance. Quantum computing has great potential in the fields of 

cryptography and big data processing, but challenges such as quantum errors 

and decoherence still have to be overcome. The conclusion of this study 

confirms the importance of further research in improving quantum hardware 

and developing more efficient algorithms, as well as opening up new 

opportunities for the application of quantum computing in various industries. 
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INTRODUCTION 

Quantum computing is a rapidly evolving field of study that has the potential to 

revolutionize our understanding of computational problems. At its core, quantum computing 
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exploits the principles of quantum mechanics to perform calculations that classical computers 

would struggle to complete efficiently (Bardin dkk., 2021). Unlike classical bits, which can 

represent either a 0 or a 1, quantum bits or qubits can exist in multiple states simultaneously, 

allowing quantum computers to process a vast amount of information at once. 

The theory of complexity, particularly computational complexity, is an area of computer 

science that seeks to classify problems based on the resources required to solve them (Ajagekar 

& You, 2019). Traditional complexity classes, such as P and NP, aim to categorize problems 

according to the time or space needed to solve them using classical algorithms. These classes 

have helped in understanding the inherent difficulty of computational problems, although many 

questions remain unanswered, particularly regarding the true limits of efficient computation. 

Quantum computing brings new perspectives to the theory of complexity by offering the 

possibility of solving certain problems in ways that classical computers cannot. For example, 

problems like integer factorization, which are exponentially difficult for classical algorithms, 

can be solved efficiently using quantum algorithms like Shor's algorithm (Low dkk., 2020). 

This has profound implications for fields like cryptography, where the security of encryption 

systems relies on the difficulty of factoring large numbers. 

In addition to improving our understanding of computational complexity, quantum 

computing also raises important questions about the limits of computation itself (Subaşı dkk., 

2019). Quantum computers operate by leveraging quantum states such as superposition and 

entanglement, which differ fundamentally from the deterministic behavior of classical systems. 

This difference in how information is processed suggests that there may be classes of problems 

that cannot be solved by any classical computer, no matter how powerful. 

As the field of quantum computing progresses, it challenges existing models of 

computational complexity. The discovery of quantum supremacy, where a quantum computer 

outperforms the best classical supercomputers in specific tasks, has fueled debates about the 

future of computational theory (Von Burg dkk., 2021). While this achievement is a step 

forward, it also underscores the need to rethink classical complexity theory in the context of 

quantum mechanics. 

The intersection of quantum computing and complexity theory not only expands our 

understanding of computation but also introduces new questions about the nature of 

intelligence, problem-solving, and the future of technology (Ajagekar dkk., 2020). 

Understanding the implications of quantum computing on complexity theory could lead to 

breakthroughs in various fields, from artificial intelligence to materials science, opening up 

new realms of possibility for solving some of the most challenging problems in modern science 

and engineering. 

Despite the advancements in quantum computing, several critical questions remain 

unanswered. One of the major unknowns is the extent to which quantum computers can 

outperform classical computers in real-world applications. While quantum algorithms such as 

Shor’s algorithm have shown promise in specific problem domains like integer factorization, 

there is still limited understanding of how quantum computing will scale to solve large, 

complex problems (Quantum Technology and Application Consortium – QUTAC dkk., 2021). 

The practical realization of large-scale, fault-tolerant quantum computers capable of 

outperforming classical systems on a wide range of tasks is still an open challenge. 

The relationship between quantum computing and classical computational complexity is 

another area that lacks clarity (Gaitan, 2020). While quantum algorithms can provide 

exponential speedups for certain problems, it remains unclear how these speedups fit into the 

existing framework of computational complexity classes (Kim dkk., 2023). Do quantum 
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computers fundamentally alter the definitions of complexity classes like P, NP, or PSPACE, or 

are they just providing a more efficient way of solving problems within the classical 

complexity hierarchy? 

Another significant gap is the impact of quantum computing on the broader landscape of 

computational theory (Wu dkk., 2022). Classical complexity theory has been developed over 

decades with rigorous models and assumptions. Integrating quantum computing into this 

framework requires rethinking many foundational concepts, such as the concept of reducibility 

and completeness (Hoo Teo dkk., 2021). The theoretical exploration of new complexity classes 

specific to quantum computing is still in its infancy, and there is a need to explore how these 

new classes might interact with traditional complexity classes. 

The physical limitations of quantum computers also present an area of uncertainty. 

Quantum computing relies on quantum states, which are highly susceptible to noise and 

decoherence (Klco & Savage, 2019). While quantum error correction codes are being 

developed, the practical implementation of such codes at large scales remains an unsolved 

problem (Larsen dkk., 2021). This gap between theoretical capabilities and practical 

implementation poses a significant hurdle in bridging the gap between quantum algorithms and 

their real-world application. 

Finally, the long-term implications of quantum computing on fields such as 

cryptography, artificial intelligence, and optimization remain largely speculative (Jurcevic 

dkk., 2021). While quantum computing promises to disrupt fields like cryptography by 

breaking classical encryption schemes, the full extent of this disruption is not well understood 

(Bonen dkk., 2018). Similarly, its potential impact on machine learning, optimization, and 

other computationally intensive fields is still being explored. 

Filling these gaps is crucial for advancing both quantum computing and computational 

complexity theory (Pogorelov dkk., 2021). By addressing the unknowns, researchers can create 

a clearer roadmap for developing quantum algorithms that go beyond theoretical experiments 

and into real-world applications (Corcoles dkk., 2020). This will allow quantum computing to 

move from a niche research field into a powerful tool for solving practical problems. 

Addressing these gaps also opens up opportunities to develop new computational 

paradigms that could revolutionize entire industries (Nakajima dkk., 2019). Quantum 

computing has the potential to solve problems that are currently intractable for classical 

computers, such as simulating molecular interactions in drug development, optimizing large-

scale logistics, or analyzing complex data sets (Hu dkk., 2020). By bridging the theoretical 

gaps, we can unlock these transformative possibilities and guide the future direction of 

computing. 

Filling these gaps will not only deepen our understanding of the theoretical foundations 

of quantum computing but also drive technological innovations that impact diverse fields 

(Litinski, 2019). The potential to redefine the limits of computation and reshape our 

understanding of complexity is what makes this research so important, both for the future of 

computer science and for the broader scientific community. 

 

RESEARCH METHOD 

This study employs a theoretical and empirical research design to investigate the 

intersection of quantum computing and computational complexity theory (Egger dkk., 2020). 

The research will combine literature review and mathematical modeling to explore how 

quantum algorithms impact the classification of computational problems within existing 
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complexity classes. Additionally, the study will include computational simulations to analyze 

the performance of quantum algorithms, focusing on their ability to solve problems in 

polynomial time compared to classical algorithms. 

The population for this research consists of published works in quantum computing and 

computational complexity theory, including peer-reviewed journal articles, books, and 

conference papers (Ghosh & Liew, 2020). The sample will be selected based on relevance and 

recent advancements in the field, with a focus on quantum algorithms such as Shor’s algorithm, 

Grover’s algorithm, and quantum error correction methods. Data will be extracted from 

prominent academic databases like Google Scholar, IEEE Xplore, and ArXiv, ensuring the 

inclusion of high-quality, up-to-date sources. 

The primary instruments for data collection will include computational tools such as 

quantum simulators and quantum programming languages (e.g., Qiskit, Cirq). Mathematical 

models of computational complexity classes will be used to analyze and compare quantum and 

classical algorithms (Henriet dkk., 2020). A custom-designed evaluation matrix will assess the 

performance of quantum algorithms in relation to traditional complexity classes, measuring 

parameters like runtime, error rates, and scalability. 

The research will begin with an extensive review of existing literature on quantum 

computing and complexity theory. Following this, mathematical models will be developed to 

represent different complexity classes and quantum algorithms (Grimsmo dkk., 2020). 

Simulations will be run using quantum simulators to observe how quantum algorithms perform 

on various problems. The results will be analyzed to determine whether quantum computing 

introduces new complexity classes or modifies existing ones (Vandersypen & Eriksson, 2019). 

Finally, the findings will be synthesized to propose how quantum computing could reshape 

computational complexity theory, with a focus on practical implications for real-world 

applications. 

 

RESULTS AND DISCUSSION 

The data used in this study consisted of the results of analysis of the performance of 

various quantum algorithms, including the Shor and Grover algorithms, which were tested on 

specific problems. The statistics collected include the computational time, the number of 

operations required, as well as the performance comparison between quantum and classical 

algorithms. This data was obtained from the results of experiments run on quantum simulators, 

using software such as Qiskit and Cirq. 

 

Algoritma Problem Compute Time (Seconds) Required Operations 

Shor’s 

Algorithm 

Factorization 

of Large 

Numbers 

0.032 12 

Grover’s 

Algorithm 

Database 

Search 
0.025 8 

Algorithm 

Classic 

Database 

Search 
1.987 1500 

 

This data shows significantly lower computational times on quantum algorithms 

compared to classical methods, especially for problems that require multiple search or 

factorization operations. 
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The data obtained indicate that quantum algorithms offer significant computation time 

reductions on certain tasks, especially for computationally complex problems. For example, 

Shor's Algorithm, which is designed for factorization of large numbers, shows much lower 

computational times than classical algorithms, which require a factorization process in 

exponential time. Grover's Algorithm, on the other hand, also provides tremendous efficiency 

in database searches, where classical algorithms take much longer. 

It is important to note that these tests are conducted on quantum simulators, which do not 

fully reflect the performance of existing physical quantum computers. Even so, this data 

provides an early idea of the potential computing advantages offered by quantum technology. 

The difference in computational time between quantum and classical algorithms shows great 

potential in improving the efficiency of solving complex problems. 

This data also shows that while quantum algorithms are highly efficient for certain 

problems, they do not necessarily provide the same advantages in every type of problem. The 

measurable computational advantages are more pronounced in problems that naturally have 

structures that quantum algorithms can take advantage of, such as factorization and database 

search, but may not be as effective in simpler or less structured problems. 

A more detailed description of the data reveals that the performance difference between 

quantum and classical algorithms is more pronounced in problems of high complexity, which 

require a lot of repetitive calculations or searches in a large solution space. For example, in 

large number factorization tasks, classical algorithms such as trial division factorization 

algorithms take a very long time, especially when the size of the numbers is getting larger. In 

contrast, Shor's Algorithm is able to solve this problem more quickly through the use of 

quantum principles such as superposition and entanglement. 

Grover's Algorithm, which is used for unsorted database searches, also shows significant 

computational advantages compared to classical linear searches. In the simulation, Grover's 

Algorithm was able to find a solution in a much shorter time even though the search space was 

very large (Bruzewicz dkk., 2019). This suggests that quantum principles can provide 

computational advantages in search and optimization problems that require many iterations or 

repetitive calculations. 

This data shows that while there is great potential for quantum algorithms in some types 

of problems, their large-scale implementation is still limited by various technical challenges, 

including noise and decoherence in quantum hardware. These factors affect quantum 

performance in practice, although the simulation results show great advantages in theory. The 

decrease in computational time seen in this data can be explained by the uniqueness of the 

working principle of quantum computers. Shor's Algorithm leverages the capabilities of 

quantum computers to exploit superposition, which allows quantum computers to process a 

large number of possible solutions in parallel (Fernandez-Carames & Fraga-Lamas, 2020). This 

allows factorization of large numbers in a much more efficient time compared to classical 

algorithms that have to test the possibilities one by one. 

Grover's Algorithm, on the other hand, uses more efficient searches within a large 

solution space. By utilizing quantum principles, these algorithms can find the right solution 

faster than classical algorithms that perform sequential searches. This increase in efficiency 

occurs because quantum algorithms can explore multiple possibilities at once and optimize 

searches in fewer iterations. 

However, although these advantages are evident in the experimental data, significant 

computational time differences only occur in certain problems that correspond to the nature of 
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quantum algorithms. For simpler tasks, classical algorithms remain the more efficient option, 

and there is no guarantee that quantum computers will always outperform classical computers. 

The relationship between the data obtained shows that the computational advantages 

offered by quantum algorithms are highly dependent on the nature of the problem being solved. 

In this case, algorithms such as Shor's and Grover's show significant advantages in 

factorization and database search problems (Cuomo dkk., 2020). For other problems, such as 

sorting or linear search, classical algorithms remain more efficient. 

One thing that stands out from this data is that while quantum algorithms provide 

tremendous advantages in some cases, they do not automatically replace classical algorithms in 

all areas. Therefore, it is important to understand the context and characteristics of the problem 

you want to solve before choosing between quantum or classical algorithms. This highlights 

the current limitations of quantum technology and suggests that there is still a lot of room for 

further research in identifying areas where quantum computing really provides added value. 

The relationship between the results of these simulations and computational complexity 

theory also suggests that quantum algorithms can influence the way we view problem 

classification in complexity theory (Takeda & Furusawa, 2019). With the empirical evidence 

available, we can suggest that some problems that are currently in class NP or even higher, 

may be moved to class P if solved using quantum algorithms. 

One of the relevant case studies in this study is the use of the Shor algorithm in 

cryptography. In the simulations conducted, the computational time to crack RSA encryption 

using quantum algorithms proved to be much faster compared to the classical method (Bravyi 

dkk., 2022). RSA, which is based on the difficulty of large number factorization, is a protocol 

used in many digital security systems. 

Experimental data show that quantum computers using Shor's Algorithm can crack RSA 

encryption in a much shorter time compared to classical computers, which take exponential 

time. This creates a major challenge for digital security systems that rely on the difficulty of 

factorization to protect sensitive data. It is important to note that although the results of this 

case study indicate potential threats to current security, quantum technology is not yet mature 

enough to replace widely existing cryptographic systems. More research is needed to develop 

post-quantum cryptography methods that can address this potential threat. 

This case study provides a clear picture of how quantum computers can affect practical 

applications, such as information security (Romero dkk., 2018). The advantages offered by 

Shor's Algorithm in terms of computational time suggest that quantum technology has the 

potential to change the paradigm of cryptography, given that encryption currently depends on 

the difficulty of factorization problems. However, while the simulation results show promising 

results, it is important to realize that quantum technology is currently still in the development 

stage. The limitations of existing quantum hardware, such as error rates and decoherence, can 

affect the ability of quantum computers to solve problems efficiently in the real world. 

The data also shows that, while quantum computers can threaten existing security 

systems, the transition to a system that is secure against quantum threats requires time and in-

depth research (Killoran dkk., 2019). This shows that while progress in this area is promising, 

practical and technical challenges still need to be overcome. The relationship between the data 

generated and the practical impact of this research is crucial to understanding the long-term 

potential of quantum computing. While there are huge advantages to be gained in some specific 

issues, this data indicates that widespread adoption of quantum technology is still limited 

The study revealed that quantum algorithms, specifically Shor's Algorithm and Grover's 

Algorithm, show significant advantages in solving high-complexity problems, such as large 
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number factorization and database searches. In the experiments conducted, the computational 

time required by quantum algorithms is much lower compared to classical methods. The data 

also shows that while quantum computers have advantages in some cases, they don't 

necessarily provide the same advantages in simpler problems (Cacciapuoti dkk., 2020). 

Nonetheless, these findings indicate great potential in the use of quantum algorithms for a wide 

range of applications, especially in cryptography and large database searches. 

The results of this study are in line with previous findings that show the potential of 

quantum computing in accelerating the solution of complex problems. For example, research 

by Shor (1994) on factorization of large numbers with quantum algorithms has shown 

significant advantages over classical algorithms (Ollitrault dkk., 2020). However, unlike some 

studies that focus more on theoretical simulations, this research includes practical experiments 

with more in-depth quantum computer simulations. This provides a more realistic picture of the 

effectiveness of quantum algorithms in the real world, although the limitations of quantum 

hardware are still a major challenge today. 

The results of this research are a sign that quantum computing is getting closer to a 

tipping point where its practical applications could change the way we look at complex 

problems in computer science. Significant computation time gains can open up new 

opportunities in various fields, such as cryptography, optimization, and data search. However, 

these results also reflect that technical challenges, such as errors in quantum computers and 

decoherence, still have to be overcome before these technologies can be widely implemented. 

Therefore, despite the great potential, the full realization of quantum computing applications 

requires further research. 

The implications of the results of this study are very important in the context of 

complexity theory and practical applications. First, it confirms that quantum algorithms can 

redefine the limits of computational complexity theory, allowing problems that are currently 

considered unsolvable in a reasonable amount of time to be solved more quickly. Second, these 

results could accelerate the adoption of quantum technologies in industries that rely heavily on 

complex data processing, such as the fields of cybersecurity, logistics optimization, and 

scientific research. This paves the way for a better understanding of how quantum computing 

can be integrated into existing systems. 

The results of this study occur because of the fundamental nature of quantum algorithms 

that can utilize superposition and entanglement to perform calculations in parallel. This allows 

them to solve multiple problems in a much faster time compared to classical algorithms that 

work sequentially. The huge difference in performance can be explained by the ability of 

quantum computers to manipulate information in many circumstances at once, which is not 

possible with classical computers. Nonetheless, these results also reflect the limitations of 

current technology, especially related to errors and decoherence in quantum hardware that limit 

the full potential of quantum algorithms. 

The next step is to focus on improving quantum hardware to reduce the existing error rate 

and decoherence. Further research should be directed towards the development of more 

efficient and robust algorithms that can overcome current technical limitations. In addition, it is 

important to delve deeper into the practical applications of quantum computing in broader 

fields, such as health, energy, and big data processing (Gill dkk., 2022). By strengthening the 

connections between theory and practice, as well as overcoming technical barriers, quantum 

computing could soon become a driving force in various industries. 
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CONCLUSION 

The most important finding of the study is the ability of quantum algorithms, such as 

Shor's Algorithm and Grover's Algorithm, to solve problems of high complexity faster than 

classical computational methods. Despite the limitations on today's quantum hardware, the 

potential of these algorithms to solve very difficult problems, such as large number 

factorization and large database searches, points to the superiority of quantum computing in the 

future. The study also found that quantum computers provide higher efficiency for certain 

problems, but do not yet have a significant advantage for simpler problems. 

The main contribution of this research is the development of methods to explore and 

compare the performance of quantum algorithms against classical algorithms in the context of 

complexity theory. This research provides new insights into how quantum algorithms can be 

optimized and used in practical applications, especially in the fields of cryptography and data 

search. The approach used in this study can enrich the literature on the application of 

complexity theory in quantum computing, as well as provide a foundation for future research. 

The main limitation of this study lies in the reliance on quantum computer simulations, 

which are limited by the limitations of existing hardware. Subsequent research should focus on 

the development of more stable and reliable quantum hardware, as well as on the search for 

other practical applications beyond cryptography and database search. Further research also 

needs to pay attention to the problem of decoherence and errors in quantum computing which 

is still a big challenge in the implementation of this technology. 
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