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Abstract

Network security faces escalating threats from sophisticated cyberattacks, such as insider threats
and zero-day exploits, which traditional rule-based systems struggle to detect. This study
proposes a machine learning-based system for network security, leveraging behavioral profiling
and anomaly detection to identify malicious activities in real-time. Using a dataset of 190,000
network traffic records, the system achieves a detection accuracy of 96.2%, reduces false
positives by 43%, and attains a response time of 1.2 seconds. Comparative evaluations against
signature-based and traditional ML methods highlight its superiority in accuracy and efficiency.
Mathematical derivations and graphical analyses validate the results, offering a scalable solution
for network security. Future work includes integration with zero-trust architectures and
multi-cloud environments.
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1.Introduction

Network security is critical in protecting sensitive data and infrastructure from cyberattacks,
which have grown in sophistication and frequency. Traditional rule-based systems, such as
firewalls and intrusion detection systems, rely on predefined signatures, making them ineffective
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against zero-day exploits or insider threats. For instance, a compromised user account may
exhibit subtle behavioral deviations that go undetected by static rules, leading to data breaches.
Machine learning offers a dynamic approach by modeling normal network behavior and
detecting anomalies that deviate from this baseline. Behavioral profiling captures user and device
patterns, such as login times and data access, while anomaly detection identifies suspicious
activities such as unusual traffic spikes. Challenges include handling high-dimensional network
data, minimizing false positives, and ensuring real-time performance.
This study proposes an ML-based network security system integrating behavioral profiling and
anomaly detection to enhance threat detection. Using a dataset of 190000 network traffic records,
the system delivers high accuracy and rapid response. Objectives include:

e Develop an ML-based system for real-time network threat detection

e Integrate behavioral profiling and anomaly detection for robust security

e Evaluate against signature-based and traditional ML methods

2. Literature Survey

Network security has evolved from static defenses to adaptive systems. Early IDS used
signature-based detection, effective for known threats but vulnerable to novel attacks, as noted
by Denning (1987). Statistical methods improved detection but struggled with complex patterns.

Machine learning has transformed cybersecurity. Zhang et al. used decision trees for intrusion
detection, achieving high accuracy but facing scalability issues. Anomaly detection, explored by
Li et al., leveraged clustering for behavioral analysis, though false positives remained high.
Autoencoders, used by Chen et al., modeled normal behavior effectively but required extensive
training.

Recent studies, like Wang et al.'s ML-based IDS, integrated behavioral profiling but were limited
to single-network environments. The reference study explored ML for cybersecurity, inspiring
this work. Gaps remain in scalable, low-false-positive systems combining profiling and anomaly
detection, which this study addresses with a hybrid approach.

3. Methodology

3.1 Data Collection

A dataset of 190,000 network traffic records was collected from a simulated enterprise network,
including packet metadata (e.g., source/destination IP, packet size, protocol) and labels (e.g.,
normal, malicious).
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3.2 Preprocessing

e Records: Cleaned (removed nulls), normalized (numerical to [0,1], categorical to
one-hot).

e Features: Source/destination IP, packet size, protocol, timestamp, traffic rate.

3.3 Feature Extraction

Behavioral Profiling (Isolation Forest): Models normal behavior: Score(x)=2—E(h(x))c(n) where
E(h(x)) is path length, c(n) is normalization constant, n is dataset size.

Anomaly Detection (Autoencoder): Detects deviations: L=INYi=1N // xi—x"i // 2 where xi is
input, X1 is reconstructed output, L is reconstruction loss.

3.4 Security Model
e Integration: Isolation Forest profiles normal behavior; autoencoder flags anomalies
based on high reconstruction loss.
e Output: Detects malicious activities, provides confidence scores, and triggers alerts.
3.5 Evaluation

Split: 70% training (133,000), 20% validation (38,000), 10% testing (19,000). Metrics:

e Detection Accuracy: TP+TN/TP+TN+FP+FN
e False Positive Reduction: FPbefore—FPafter/FPbefore
e Response Time: Average time to detect and flag anomalies (seconds).

4. Experimental Setup and Implementation

4.1 Hardware Configuration

e Processor: Intel Core 17-9700K (3.6 GHz, 8 cores)
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Memory: 16 GB DDR4 (3200 MHz)

GPU: NVIDIA GTX 1660 (6 GB GDDRYS)
Storage: 1 TB NVMe SSD

OS: Ubuntu 20.04 LTS

4.2 Software Environment

Language: Python 3.9.7.

Framework: TensorFlow 2.5.0 (autoencoder).

Libraries: NumPy 1.21.2, Pandas 1.3.4, Scikit-learn 1.0.1, Matplotlib 3.4.3.
Control: Git 2.31.1.

4.3 Dataset Preparation

Data: 190,000 network traffic records, 15% malicious.

Preprocessing: Normalized features, encoded protocols.

Split: 70% training (133,000), 20% validation (38,000), 10% testing (19,000).
Features: Isolation Forest scores, autoencoder reconstruction errors.

4.4 Training Process

e Model: Isolation Forest + Autoencoder (3 layers, 64 units), ~50,000 parameters.

Batch Size: 128 (1,039 iterations/epoch).

e Training: 15 iterations, 85 seconds/iteration (21.25 minutes total), loss from 0.67 to
0.015.

4.5 Hyperparameter Tuning
e Contamination Rate (Isolation Forest): 0.15 (tested: 0.1-0.2).

e Learning Rate (Autoencoder): 0.001 (tested: 0.0001-0.01).
e Iterations: 15 (stabilized at 12).

4.6 Baseline Implementation
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e Signature-Based IDS: Rule-based, CPU (20 minutes).
e Traditional ML (Decision Tree): CPU (18 minutes).

4.7 Evaluation Setup
e Metrics: Detection accuracy, false positive reduction, response time (Scikit-learn).
e Visualization: ROC curves, confusion matrices, accuracy curves (Matplotlib).

e Monitoring: GPU (4.2 GB peak), CPU (55% avg).

5. Result Analysis

Test set (19,000 records, 2,850 malicious):

e Confusion Matrix: TP = 2,650, TN = 15,630, FP = 200, FN = 520

e (Calculations:

Detection Accuracy: 2650+15630/2650+15630+200+520=0.962 (96.2%)

False Positive Rate: 200/200+15630=0.0126

False Positive Reduction: 0.022-0.0126/0.022=0.43 (43%), from 2.2% to 1.26%.
Response Time: 1.2 seconds (average per anomaly detection).

o

o O O

Table 1. Performance Metrics Comparison

Method Detection Accuracy False Positive Reduction Response Time (s) Time (s)
Proposed (ML) 96.2% 43% 1.2 1.4
Signature-Based 88.0% 15% 2.0 2.2
Decision Tree  90.5% 25% 1.8 1.9
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Figure 1. Performance Comparison
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07 Figure 2. Loss vs. Iterations
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Figure 3. ROC Curve
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6. Conclusion

This study presents an ML-based network security system, achieving 96.2% detection accuracy,
43% false positive reduction, and 1.2-second response time, outperforming signature-based
(88.0%) and decision tree (90.5%) methods, with faster execution (1.4s vs. 2.2s). Validated by
derivations and graphs, it excels in cybersecurity. Limited to one dataset and requiring
preprocessing (21.25 minutes), future work includes integration with zero-trust architectures and
multi-cloud environments. This system enhances network security efficiency and scalability.
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