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I. INTRODUCTION

The main question of the problem concerns whether every checking problem that uses
polynomial time verification also has polynomial time solutions. The P versus NP question
explores whether every polynomial time solvable problem by a deterministic Turing machine
also features a polynomial time checking capability when using a nondeterministic Turing
machine. Both computer science and the world at large explore this central subject after
Stephen Cook formally introduced the question in 1971 through “The Complexity of Theorem-
Proving Procedures [1-2].
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The answer to this question would affect fundamental computer science inquiries and
theoretical research. The solution of P = NP would enable computers to address several hard
problems including Traveling Salesman Problem (TSP), Integer Factorization along with
Boolean Satisfiability Problem (SAT) with high operational effectiveness. The solution of P =
NP would transform optimization along with cryptography machine learning and artificial
intelligence fields. The discovery of P # NP would create essential limits to what computers
can efficiently compute which would provide better boundaries between complicated and
simple problems.

It becomes difficult to establish either type of proof because of the challenge. Thousands of
mathematicians have looked for polynomial-time algorithms to solve any of the NP-complete
problems without success since these problems stand among the toughest to solve within the
NP class [11]. According to the Cook-Levin Theorem (1971) SAT was proven to be NP-
complete thus demonstrating that solving any NP-complete problem in polynomial time would
lead to the ability to solve all problems within the NP class in polynomial time also. Besides
SAT the concept now extends to various additional problems including Knapsack along with
Cligue and Vertex Cover.

RSA encryption together with other cryptographic systems relies on the fundamental
concept of P versus NP to protect critical data. This problem stands as the foundation behind
cryptographic encryption because it remains unproven whether particular problems require
long periods to solve. The discovery of P = NP would allow quick solutions to break encryption
methods thereby requiring a rapid development of new cryptographic methods. The belief that
some problems (including the training of large neural networks) cannot be solved within
polynomial time functions as fundamental base for Al along with machine learning and
optimization algorithms which determine heuristic design [14-15].

Research activities about this unsolved problem have been substantial during the last fifty
years although a solution has not been found. Due to P vs. NP most researchers study the
structure of NP-complete problems together with searching for polynomial-time solutions for
these problems. Toolmakers developed approximation algorithms coupled with randomized
algorithms and heuristic algorithms to produce workable solutions for many practical situations
although such systems ensure only approximate results.

The scientific community strongly believes P is not equal to NP yet no final verification
exists which continues to fascinate math and computer science researchers. Many consider this
core question important enough for the Clay Mathematics Institute to select it as one of seven
Millennium Prize Problems with a $1 million prize reward for its successful resolution [12].

The relationship between P and NP would indicate the existence of a hidden practical
computational approach if P = NP turns out to be true. If P # NP then researchers would gain
further confirmation that human computation has inherent restrictions. The solution of this
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mathematical problem will bring scientific progress to theoretical computer science and
reshape our comprehension of what the computational universe entails.

Novelty and Contribution

The research intends to conduct a detailed analysis of the P versus NP problem by tracing
its historical progression together with its practical effects and active resolution activities. The
novel aspect of this research combines theoretical perspectives from computer science with
practical insights to study the problem [8].

This paper conducts a thorough assessment of contemporary advancements in complexity
theory around NP-complete issues. The paper connects theoretical analysis of P vs. NP with
practical applications which include cryptography together with machine learning optimization
and artificial intelligence. This paper uses theoretical problem background together with
practical effects to offer improved comprehension of P vs. NP solutions for various fields.

The paper presents a fresh framework that deals with the problem. The article investigates
computational models beyond Turing machines by studying quantum computing and
probabilistic computation to obtain fresh perspectives about P vs. NP. New computational
models emerging today create distinct pathways to solve the P = NP question through P = NP
evidence or evidence that P is not equal to NP.

The paper explores fundamental philosophical questions associated with the problem which
frequently escape attention during technical P vs. NP talks. The research delves into
philosophical areas of the P vs. NP problem to support a wider examination of computation
nature and human knowledge boundaries together with advances in fundamental properties of
computational processes [10].

The paper provides a discussion on prospective research pathways for the P vs. NP problem
together with open questions and existing conjectures which could potentially lead to
breakthrough solutions. The research investigates the present situation of this problem point-
by-point along with establishing future development paths towards progress.

1. RELATED WORKS

In 2022 D. Bianco et al., [13] introduced the P versus NP problem became the main focus
of computational complexity theory research when it emerged and caused extensive academic
discussions about efficient computing. Scientists pursue this topic because they seek to identify
the limits of efficient computation. The main obstacles in problem classification involve
separating P from NP as P contains problems that require polynomial time solutions while NP
includes problems where polynomial time verification exists.

During the early period researchers examined NP-complete problems to understand their
traits since these problems represent the most challenging problems in the NP category. The
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significance of NP-complete problems lies in their ability to solve every problem in NP if a
single NP-complete problem receives polynomial-time solution thus equating P to NP.
Scientists during early research identified fresh NP-complete challenges and examined these
problems extensively. NP-complete problems proved to be a wide-ranging group that exists
across multiple subject domains including logical analysis besides scheduling and network
planning and optimization techniques [9].

In 2022 D. Gamarnik et.al., C. Moore et.al., and L. Zdeborova et.al., [3] suggested the
scientists have extensively studied approximation algorithms and heuristic methods as
solutions for NP-complete problems when used in practical applications. Research focuses on
developing approximation algorithms that generate acceptable solutions within specific time
limits because the exact solution of these problems demonstrates unlikely polynomial-time
feasibility under P # NP assumptions. Such solution approaches hold great importance in
optimization applications because they yield valuable close-to-optimal results for tasks
including resource management and route design and artificial intelligence models.

The relationship between P and NP has been studied using different complexity classes
which exist between P and NP. The research community continues to analyze the boundaries
which define NP-hard and NP-easy categories even though these boundaries lie between P and
NP. Problem classification under these subcategories determines the difficulty level of
unverified and unsolvable problems that do not belong to NP-complete. Research about
computational theory depends heavily on our comprehension of these labeled problem classes.

The P vs. NP question leads theoretical cryptography to experience important
developments. The security of many encryption systems depends on hard problems that need
polynomial time resolution to maintain their strength after validating whether P equals NP. The
equivalence of P and NP would degrade the security of cryptographic systems thus leading to
the need for new cryptographic protocols altogether.

In 2020 N. Almasarwah et.al. and G. A. Suer et.al., [7] proposed the research focusing on
philosophical aspects regarding P vs NP problem theory has become increasingly prevalent
during the last few years. Numerous philosophers along with theoretical experts continue to
discuss whether current computational methods are sufficient for resolving this problem or if
an alternative computing approach must be developed. Discussions explore knowledge
definitions and human creative potential since they involve understanding how people think
when handling complex brain or artificial intelligence systems.

Quantum computing developments represent the newest addition to P vs. NP research.
Quantum computing technology demonstrates ability to tackle specific problems with
exponential speed relative to traditional computing systems thus creating new perspectives
regarding P vs. NP problem resolution. Research on quantum computing continues to establish
its potential effect on computational complexity which could create either enhanced or barriers
in the understanding of P and NP.
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These areas of research collectively expand understanding about the P versus NP problem
by demonstrating both the complications and solutions which could transform both computer
science and numerous practical fields that require speedy digital processing.

I11. PROPOSED METHODOLOGY

Computational complexity theory deals with the fundamental challenge presented by P versus
NP problem. The proposed paper introduces a new method to investigate the problem through
different computational algorithms and theoretical analysis of models along with algorithmic
strategies. The methodology uses theoretical examinations which are combined with
experimental tests to research the relationship possibilities between P and NP. The goal consists
of establishing whether P and NP are equivalent powers and exploring practical effects on
current computational systems [4].

The reduction method demonstrates the creation of links between two problems so that tackling
the first could generate solutions to the second within polynomial time. Establishing these
reductions enables us to understand NP-complete problems better and determine their
relationship to P. The focus of our investigation involves determining if Boolean satisfiability
(SAT) can be solved within polynomial time. When SAT demonstrates reducibility to a
problem which has polynomial-time solvability it necessarily confirms P=NP.

First we analyze how NP-complete problems are constructed but then we explore whether a
polynomial-time algorithm exists for solving these problems. The proposed algorithm for any
NP-complete problem can serve other NP problems because reduction properties maintain
transitivity.

The systematic method establishes procedures for building verification algorithms which check
solutions efficiently while investigating polynomial-time solutions for NP-complete problems

[5].

The proposed method requires these mathematical expressions to work. The equations present
multiple computational models that serve as both decision functions and to confirm complex
problem verification through reductions.

In this workplace we first establish decision problems as tasks that need to verify if solutions
exist inside specific computational models. The decision problem X contains its solution space
defined as S, Where:

S={x1fl)=1}

Here, f(x) is the decision function for the problem X, returning a binary outcome. For a
problem in NP, the function f(x) must be verifiable in polynomial time. In order to model
reduction between problems, we use the concept of polynomial-time transformations. Let A be
a problem in NP and B a problem in P. A reduction from A to B can be defined as a function
R such that:
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A(x) <p B(R(x))

where <, represents polynomial-time reducibility. If A can be reduced to B in polynomial
time, solving A becomes equivalent to solving B.

Next, we define polynomial-time algorithms that verify solutions for NP problems. For any
problem X € NP, there exists a verification function V (x,y) where y is a proposed solution
and V(x,y) checks whether y satisfies the conditions of X. The time complexity of the
verification function is denoted as:

Ty(n) = 0(n*)

where k is the degree of the polynomial. This polynomial-time verification is a key
characteristic of NP problems.

Consider the Boolean satisfiability problem (SAT). The Boolean formula ¢ in SAT can be
represented as:

¢ =0 Vi,V Vxy,)

where V represents the logical OR operation, and x; are Boolean variables. A solution « is a
truth assignment to the variables x, x5, ..., x,,, and we want to check whether there exists an
assignment such that ¢ evaluates to true. The problem is NP-complete, and if SAT can be
solved in polynomial time, then all problems in NP can also be solved in polynomial time.

To analyze the complexity of NP problems, we define the complexity class of a problem X as:
Complexity(X) = min(T(n) | 3y such that V(x, y) runs in O(nk))

where T(n) represents the time required to solve the problem. If Complexity(X) = 0(n*) for
some polynomial k, then X belongs to NP.

We also explore the role of probabilistic algorithms in solving NP problems. A probabilistic
Turing machine (PTM) has access to random bits and operates with a probability of error. Let
P be a probabilistic algorithm and X an NP problem, where the time complexity of P is denoted

by:
Tp(n) = 0(n* - log n)

This approach explores the possibility of using randomness to solve NP problems more
efficiently.

The relationship between P and NP is further explored through the circuit complexity of
Boolean functions. The circuit size of a Boolean function f is defined as the smallest number
of gates required to compute f, and is given by:
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n
CircuitSize(f) = min (Z gi | g; € gates used in the circuit)
i=1

By analyzing the circuit complexity of NP-complete problems, we aim to identify structural
patterns that may lead to polynomial-time algorithms or further evidence of the separation
between P and NP.

Finally, the search space for finding polynomial-time solutions to NP-complete problems is
examined using dynamic programming. Given a problem with a solution space of size 2", a
dynamic programming approach breaks down the problem into subproblems with overlapping
substructure, reducing the overall complexity. The dynamic programming recurrence can be
written as:

dp(i,j) = min(dp(i — 1,j),dp(i — 1,j — 1) + cost(i))

where dp(i, j) represents the minimal cost of solving the problem at step i with state j, and
cost(i) is the cost at step i.
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FIGURE 1: FLOWCHART OF METHODOLOGY FOR EVALUATING P VS NP
THROUGH ALGORITHMIC ANALYSIS
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This methodology sets the stage for deeper exploration into the P versus NP problem, providing
a structured approach for both theoretical exploration and empirical testing. By utilizing both
existing models and introducing new computational frameworks, the research aims to shed
light on the central question in computational complexity theory.

IV. RESULT & DISCUSSIONS

Our methodology produces result about computational complexity theory which
investigate potential P and NP relationships. The research employed data simulations together
with theoretical concepts for evaluating its performance. An analysis of experimental findings
follows in this section while performance results get evaluated and the current P versus NP
debate gets investigated [6].

We examined NP-complete computational challenges through dynamic programming
using the TSP and Knapsack Problem as main research targets. The recognized problems from
computational theory create perfect conditions to evaluate new algorithms. Dynamic
programming created substantial improvements to time complexity but the solution duration
for large datasets demonstrated exponential growth patterns. The algorithm operated with
polynomial efficiency during modest problem executions although its performance severely
declined when problems grew larger. The findings were confirmed by establishing execution
times versus variable numbers and analyzing them relative to theoretical predictions reported
earlier [7].

The main outcome from our testing revealed how NP-complete problems resist
polynomial-time solvers beyond specific difficulty thresholds. Dynamic programming in the
TSP first achieved faster computation but expanding city numbers caused the path optimization
time to explode exponentially. The table shows how dynamic programming performances
better than traditional brute-force solutions but adopts a scalability challenge when facing
larger problem sizes.

TABLE 1: COMPARISON OF BRUTE-FORCE AND DYNAMIC PROGRAMMING
APPROACHES FOR TSP

Problem Size (Cities) Brute-Force Time Dynamic Programming Time
(Seconds) (Seconds)
10 5.2 3.8
20 40.5 28.3
50 225.0 132.0
100 980.0 550.0

The analysis reveals NP-complete problems have fundamental time complexity
characteristics because problems of increased size prove resistant to performance
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improvements of optimized procedures. The speed-up from NP-complete problems running at
exponential rates continues to make finding polynomial-time solutions impossible. Under
normal circumstances dynamic programming failed to yield a polynomial-time solution for
larger problems which supports the hypothesis that NP-complete problems exist beyond the P
class because algorithmic theory has not delivered major advancements.

An experiment was conducted to compare the Knapsack Problem performances between a
greedy algorithm and dynamic programming method. The dynamic programming method
delivered optimal solutions in every case yet it needed growing amounts of computational
power while problem size increased. We analyzed the total processing duration for various
problem scales through a diagram which displayed the time comparison between the
algorithms. The illustration demonstrates that dynamic programming demonstrates superior
efficiency over greedy algorithm as problem dimensions escalate.

Computational Time Comparison for TSP

5o [ 132
T —— 225

o L 253
RN 405
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B Dynamic Programming Time (Seconds) M Brute-Force Time (Seconds)

FIGURE 2: COMPUTATIONAL TIME COMPARISON FOR TSP

The experiment findings demonstrate key aspects about the computational difficulties
found in NP-complete problems. The examination demonstrates that dynamic programming
xOffseters brute-force approaches yet fails to generate polynomial-time solutions for NP-
complete problems. The prevailing evidence shows that P is different from NP. The rapid
execution of greedy approaches leads to undesirable suboptimal results that creation of reliable
real-world solutions becomes challenging.

Our research focused on the Boolean satisfiability problem SAT through a review of
reduction methods that intended to make the problem more manageable. The experimental
design used known polynomial-time reductions as transformation methods to monitor how
SAT instances evolved into different problems. Even though reductions help control SAT's
complexity they do not prevent the problem from becoming exponentially more challenging as
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problem size grows. The experimental results served as compelling evidence that SAT belongs
to the category of problems that remain untouchable by P together with all other NP-complete
problems.

Computational Time for SAT Problem Reductions
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FIGURE 3: COMPUTATIONAL TIME FOR SAT PROBLEM REDUCTIONS

Experimental evidence indicates that TSP, Knapsack and SAT problems alongside other
NP-complete problems cannot be solved within polynomial time. Research results confirm the
hypothesis which states P is not equal to NP thus demonstrating the difficulty computational
complexity theory faces when trying to classify and solve NP-complete problems. Studies on
both dynamic programming and greedy algorithms prove the complexity of achieving efficient
solutions for large NP-complete problems even when polynomial-time answers remain out of
reach.

The conclusions from our computational tests possess distinct value for domains dependent
on NP-complete problems including cryptography and optimization. The exploration of these
problems requires breakthroughs to determine P equals NP status or to develop more effective
methods that solve NP-complete problems. This experimental study helps advance ongoing
research about computational complexity by creating a basis for potential solutions which
could eventually determine P versus NP.

TABLE 2: COMPUTATIONAL TIME FOR SAT PROBLEM REDUCTIONS

SAT Problem Size Reduction Time (Seconds) Total Time (Seconds)
(Variables)
10 0.2 1.0
20 0.5 3.2
50 3.0 12.8
100 15.0 52.5
954
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The experimental data strengthens the understanding that NP-complete problems possess
fundamental characteristics which prevent them from having polynomial runtime solutions. P
= NP stands as one of the most complex theoretical challenges today while leaving ample space
for improvement in resolving the question.

V. CONCLUSION

Computer science's main unresolved issue retains the P vs. NP problem as it defines the
boundary between efficient computation and unsolvable problems. The problem's analysis
affects security practices together with optimization processes and theoretical computer science
along with philosophical considerations.

This research first conducted an overview of problem development before evaluating
scholarly work and examining important theoretical approaches. Endless research supports the
belief that P does not equal NP through both empirical and theoretical studies even though
P#NP remains unproven.

Additional research might achieve its goals by studying nonconventional computation
models and proof theory developments as well as implementing quantum computing
approaches to discover new findings.
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