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Abstract : 

Zero-day attacks pose a significant threat to modern digital infrastructures due to 

their ability to exploit previously unknown vulnerabilities and evade traditional signature-

based security mechanisms. The increasing complexity and interconnectedness of networked 

systems, web applications, and host environments have further intensified the need for 

proactive and intelligent defense strategies. In recent years, Artificial Intelligence (AI) has 

emerged as a promising approach for predicting zero-day attacks by learning behavioral 

patterns and identifying anomalies indicative of malicious activity. 

This paper presents a comprehensive study of AI-based zero-day attack prediction 

techniques across network, web application, and system-level environments. A structured 

taxonomy is introduced to categorize existing approaches based on learning paradigms, 

model architectures, and deployment layers. The study further provides a comparative 

analysis of machine learning, deep learning, and hybrid techniques, highlighting their 

effectiveness, limitations, and domain-specific challenges. In addition, a unified conceptual 

architecture is proposed to integrate cross-layer intelligence and enhance early prediction 

capabilities through behavioral correlation. 

The analysis reveals that while AI-driven models demonstrate strong potential in 

identifying unknown attack behaviors, challenges related to data scarcity, false positives, 

model interpretability, and scalability continue to affect real-world deployment. The findings 

of this research offer valuable insights for researchers and practitioners and contribute 

toward the development of adaptive, reliable, and proactive cybersecurity solutions for 

mitigating zero-day threats in complex digital environments. 

----------------------------------------------------------------------------------------------------------------

Introduction : 

The increasing reliance on digital technologies, cloud platforms, and interconnected 

computing systems has transformed the way organizations operate and exchange information. 

While this transformation has enhanced efficiency and accessibility, it has also introduced 

new security challenges, particularly in the form of sophisticated cyber threats. Among these 

threats, zero-day attacks represent one of the most critical concerns, as they exploit 

previously undisclosed vulnerabilities for which no immediate defensive measures or security 

patches are available. 
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Conventional cybersecurity solutions, including signature-based intrusion detection 

systems, firewalls, and rule-driven security mechanisms, are primarily designed to identify 

known attack patterns. Although effective against previously observed threats, these 

approaches often struggle to detect novel and evolving attack behaviors. As a result, zero-day 

attacks can remain undetected for extended periods, potentially causing significant damage to 

networks, web applications, and system resources. This limitation has encouraged the 

exploration of more adaptive and intelligence-driven security strategies. 

In recent years, Artificial Intelligence (AI) and Machine Learning (ML) techniques 

have gained considerable attention in the field of cybersecurity due to their ability to analyze 

large volumes of data, identify complex patterns, and adapt to changing threat environments. 

Unlike traditional methods, AI-based security models emphasize behavioral analysis and 

anomaly detection, enabling the identification of suspicious activities that deviate from 

normal operational patterns. This capability makes AI particularly suitable for the prediction 

and early detection of zero-day attacks, where prior knowledge of attack signatures is 

unavailable. 

The application of AI-based zero-day prediction techniques varies across different 

layers of the cyber ecosystem. At the network level, models focus on traffic behavior, flow 

characteristics, and protocol-level anomalies. In web applications, prediction mechanisms 

analyze request patterns, input payloads, and application-level interactions to identify 

abnormal behavior. At the system level, host-based features such as system calls, process 

execution patterns, and resource utilization are examined to detect potential intrusions. Each 

of these layers presents distinct challenges related to data representation, feature extraction, 

and model selection, highlighting the need for a unified and structured analytical approach. 

Although numerous studies have proposed AI-driven solutions for zero-day attack 

detection and prediction, much of the existing research addresses individual domains in 

isolation. Additionally, challenges such as high false-positive rates, limited interpretability of 

models, and reduced performance in dynamic real-world environments remain significant 

concerns. These issues indicate that further analysis and comparative evaluation are required 

to understand the practical effectiveness and limitations of current AI-based techniques. 

This paper presents a comprehensive study of AI-based zero-day attack prediction 

techniques across network, web application, and system environments. The objective is to 

systematically categorize existing approaches, analyze their underlying methodologies, and 

compare their strengths and limitations. By providing a cross-domain perspective, this study 

aims to contribute toward the development of more reliable, scalable, and proactive 

cybersecurity solutions capable of addressing emerging zero-day threats. 

Zero-day attack landscape and threat characteristics : 

Zero-day attacks occupy a unique and critical position within the broader 

cybersecurity threat landscape. Unlike conventional attacks that exploit known 

vulnerabilities, zero-day attacks take advantage of security flaws that are unknown to 
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software vendors, system administrators, and security researchers at the time of exploitation. 

This absence of prior knowledge makes zero-day threats particularly difficult to detect, 

analyze, and mitigate using traditional security mechanisms. 

From a threat perspective, zero-day attacks are often strategically designed to 

maximize impact while minimizing visibility. Adversaries typically invest significant effort 

in identifying unknown vulnerabilities through advanced techniques such as fuzzing, reverse 

engineering, and code analysis. Once discovered, these vulnerabilities may be exploited 

immediately or preserved for targeted attacks against high-value systems. As a result, zero-

day attacks are frequently associated with advanced persistent threats (APTs), cyber 

espionage campaigns, and highly coordinated intrusion activities. 

The zero-day attack lifecycle generally consists of multiple stages, including 

vulnerability discovery, exploit development, initial compromise, lateral movement, and 

persistence. During the early stages, malicious activities often exhibit subtle behavioral 

changes that closely resemble legitimate system operations. This characteristic significantly 

reduces the effectiveness of signature-based detection systems, which depend on previously 

observed attack patterns. Consequently, zero-day threats are capable of remaining undetected 

for extended periods, increasing the potential for data breaches, service disruption, and 

unauthorized access. 

Zero-day attacks can manifest across different layers of the computing environment, 

each presenting distinct threat characteristics. At the network level, zero-day attacks may 

involve anomalous traffic flows, protocol misuse, or stealthy command-and-control 

communications. These attacks often exploit weaknesses in network configurations or 

communication protocols, making detection challenging in high-throughput environments. At 

the web application level, zero-day threats commonly target application logic flaws, input 

validation errors, or framework-level vulnerabilities. Such attacks may appear as legitimate 

user requests, further complicating detection efforts. At the system or host level, zero-day 

attacks often exploit kernel vulnerabilities, privilege escalation flaws, or memory corruption 

issues, resulting in abnormal system calls, process behaviors, or resource usage patterns. 

The increasing integration of cloud computing, Internet of Things (IoT) devices, and 

distributed architectures has further expanded the zero-day attack surface. Modern systems 

generate large volumes of heterogeneous data, including network logs, application logs, and 

system-level events. While this data richness offers opportunities for advanced analysis, it 

also introduces challenges related to data volume, velocity, and variability. Effective zero-day 

attack prediction, therefore, requires intelligent mechanisms capable of correlating 

information across multiple layers and adapting to continuously evolving environments. 

Understanding the characteristics and behavior of zero-day attacks is essential for 

designing effective prediction and defense mechanisms. Rather than relying solely on known 

indicators of compromise, modern security solutions must focus on identifying deviations 

from established behavioral baselines. This shift in perspective forms the foundation for AI-

based zero-day attack prediction techniques, which aim to model normal system behavior and 
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detect early signs of malicious activity. The following section builds upon this understanding 

by presenting a structured taxonomy of AI-driven approaches used for zero-day attack 

prediction across network, web application, and system domains. 

Taxonomy of ai-based zero-day attack prediction techniques : 

The application of Artificial Intelligence to zero-day attack prediction has evolved 

into a diverse and multifaceted research area. Due to the complexity and variability of zero-

day threats, no single technique can effectively address all attack scenarios. Consequently, 

existing research proposes a wide range of AI-driven approaches, each characterized by 

distinct learning paradigms, data requirements, and operational objectives. To provide a 

structured understanding of this domain, this section presents a taxonomy of AI-based zero-

day attack prediction techniques across network, web application, and system-level 

environments. 

At a high level, AI-based zero-day prediction techniques can be broadly categorized 

based on their learning strategy, level of supervision, and deployment layer. These 

dimensions collectively define how models learn from data, adapt to unknown threats, and 

operate within different cybersecurity contexts. 

A. Learning Paradigm–Based Classification : 

One of the primary dimensions in the taxonomy is the learning paradigm employed by 

AI models. 

Supervised learning approaches rely on labeled datasets that contain examples of 

both benign and malicious behavior. Techniques such as Support Vector Machines (SVM), 

Random Forests, Decision Trees, and Neural Networks are commonly used in this category. 

While supervised models often achieve high accuracy on known attack patterns, their 

performance may degrade when exposed to entirely new zero-day behaviors due to their 

dependence on historical labels. 

Unsupervised learning approaches address this limitation by learning the 

underlying structure of normal system behavior without requiring labeled attack data. 

Clustering algorithms, statistical models, and autoencoders are frequently employed to 

identify anomalies that deviate from established baselines. These methods are particularly 

well-suited for zero-day attack prediction, as they can detect previously unseen behaviors. 

However, they may also suffer from higher false-positive rates if normal behavior is highly 

dynamic. 

Semi-supervised learning approaches combine elements of both supervised and 

unsupervised learning. These techniques typically train models using a small set of labeled 

data alongside a larger pool of unlabeled data. Semi-supervised methods aim to improve 

generalization while reducing labeling costs, making them suitable for real-world 

environments where labeled zero-day data is scarce. 
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B. Model Architecture–Based Classification : 

Another important dimension of the taxonomy is the underlying model architecture. 

Traditional machine learning models, such as k-Nearest Neighbors, Naïve Bayes, 

and ensemble methods, are widely used due to their interpretability and lower computational 

requirements. These models often rely on carefully engineered features and domain expertise. 

In contrast, deep learning–based approaches automatically learn hierarchical feature 

representations from raw or minimally processed data. Models such as Convolutional Neural 

Networks (CNNs), Recurrent Neural Networks (RNNs), Long Short-Term Memory (LSTM) 

networks, and autoencoders have demonstrated strong capabilities in capturing temporal and 

spatial patterns associated with zero-day attacks. Deep learning models are particularly 

effective in high-dimensional environments, such as network traffic analysis and system call 

sequences. 

Hybrid models integrate multiple AI techniques to leverage their complementary 

strengths. For example, autoencoders may be used for feature extraction, followed by 

classification using supervised learning models. Hybrid architectures aim to balance detection 

accuracy, adaptability, and computational efficiency. 

C. Deployment Layer–Based Classification : 

AI-based zero-day attack prediction techniques can also be classified according to the 

layer at which they are deployed. 

Network-level prediction techniques focus on analyzing traffic flows, packet 

metadata, and communication patterns. These approaches are effective for detecting large-

scale or distributed attacks but may lack visibility into application-specific behavior. 

Web application–level prediction techniques analyze HTTP requests, user 

interaction patterns, and application logs to identify logical anomalies and malicious 

payloads. These techniques are particularly important for protecting dynamic and data-driven 

applications. 

System-level prediction techniques operate at the host level and monitor system 

calls, process activities, and resource utilization. Such approaches provide fine-grained 

visibility and are effective in detecting low-level exploitation attempts, including privilege 

escalation and malware execution. 

Taxonomy Diagram Description (IEEE Style) : 
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AI-based zero-day attack prediction techniques in network environments : 

Network infrastructures form the backbone of modern digital systems and are often 

the primary target of cyber attacks due to their critical role in data transmission and 

connectivity. Zero-day attacks at the network level are particularly challenging to detect, as 

malicious traffic is frequently designed to mimic legitimate communication patterns. 

Consequently, AI-based prediction techniques have gained significant attention for their 

ability to analyze large volumes of network data and identify subtle behavioral anomalies 

indicative of previously unseen attacks. 

A. Network-Level Feature Representation : 

Effective zero-day attack prediction in network environments depends heavily on the 

quality of feature representation. Commonly used features include traffic flow statistics, 

packet header information, protocol usage patterns, session durations, and temporal behavior. 

Rather than relying on payload inspection alone, many AI-based approaches emphasize deep 

traffic analysis to preserve privacy and ensure scalability. Behavioral features, such as 

deviations in traffic volume or irregular communication sequences, play a critical role in 

identifying zero-day threats. 

B. Machine Learning–Based Network Prediction Techniques : 

Traditional machine learning models have been widely adopted for network-level 

zero-day attack prediction due to their interpretability and relatively low computational 

overhead. Algorithms such as Support Vector Machines, Random Forests, and k-Nearest 

Neighbors are commonly used to classify network traffic based on extracted features. 

Ensemble learning techniques, in particular, have demonstrated improved robustness by 

combining multiple classifiers. While these approaches perform well in controlled 

environments, their effectiveness may decline when exposed to highly dynamic network 

conditions or novel attack patterns. 

C. Deep Learning–Based Network Prediction Techniques : 
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Deep learning models have shown considerable promise in addressing the limitations 

of traditional machine learning techniques. Convolutional Neural Networks are frequently 

employed to capture spatial patterns in network traffic, while Recurrent Neural Networks and 

Long Short-Term Memory models are used to model temporal dependencies in traffic 

sequences. Autoencoders are particularly popular for zero-day prediction, as they learn 

normal traffic behavior and flag deviations as potential anomalies. These models offer 

improved generalization capabilities; however, they often require substantial computational 

resources and large training datasets. 

D. Hybrid and Adaptive Network Prediction Approaches : 

To balance accuracy and efficiency, several studies propose hybrid network 

prediction models that integrate both machine learning and deep learning components. For 

instance, deep autoencoders may be used for feature extraction, followed by supervised 

classifiers for final decision-making. Adaptive learning mechanisms, including online 

learning and incremental model updates, further enhance the ability of these systems to 

respond to evolving zero-day threats in real time. 

Table I: Comparison of AI-Based Network-Level Zero-Day Attack Prediction Techniques 

Technique Type Common Models Key Features 

Used 

Advantages Limitations 

Supervised ML SVM, Random 

Forest, KNN 

Flow statistics, 

protocol features 

High accuracy on 

known patterns, 

interpretable 

Limited 

generalization to 

unseen attacks 

Unsupervised 

ML 

k-Means, 

Isolation Forest 

Traffic deviation 

metrics 

Effective for 

unknown attacks 

Higher false-

positive rates 

Deep Learning CNN, LSTM, 

Autoencoder 

Temporal and 

spatial traffic 

patterns 

Strong anomaly 

detection 

capability 

High 

computational 

cost 

Hybrid Models Autoencoder + 

RF/SVM 

Learned and 

engineered 

features 

Balanced 

performance and 

adaptability 

Increased system 

complexity 

AI-based zero-day attack prediction techniques in web application environments : 

Web applications play a central role in delivering services across various domains, 

including e-commerce, healthcare, education, and financial systems. Due to their exposure to 

the internet and reliance on user-generated input, web applications are frequent targets of 

cyber attacks. Zero-day attacks in web environments often exploit unknown flaws in 

application logic, frameworks, or third-party libraries, making their detection particularly 

challenging using conventional rule-based security mechanisms. 
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A. Characteristics of Web Application Zero-Day Attacks : 

Web-based zero-day attacks typically manifest through malicious HTTP requests that 

closely resemble legitimate user interactions. These attacks may involve novel forms of input 

manipulation, unauthorized access to application functions, or exploitation of backend 

services. Since payload signatures for such attacks are unavailable, traditional web 

application firewalls often fail to identify them. As a result, prediction techniques must focus 

on behavioral analysis rather than static pattern matching. 

B. Feature Extraction for Web-Level Prediction : 

AI-based web application security systems rely on a diverse set of features derived 

from request and response data. Common features include URL structures, request 

parameters, header information, session behavior, access frequency, and user navigation 

patterns. Temporal features, such as request sequencing and session duration, are particularly 

valuable for identifying abnormal behavior. These features enable AI models to distinguish 

between benign users and potentially malicious actors, even in the absence of known attack 

signatures. 

C. Machine Learning Approaches for Web Application Prediction : 

Supervised machine learning techniques, including Decision Trees, Random Forests, 

and Support Vector Machines, are frequently employed for web-based attack prediction when 

labeled datasets are available. These models are effective in learning complex decision 

boundaries based on engineered features. However, their dependency on labeled data limits 

their ability to generalize to entirely new attack types. Unsupervised approaches, such as 

clustering and statistical anomaly detection, are therefore often adopted to complement 

supervised methods. 

D. Deep Learning and Hybrid Web Prediction Models : 

Deep learning techniques have gained increasing attention in web application security 

due to their ability to learn representations directly from raw or semi-structured data. 

Recurrent Neural Networks and Long Short-Term Memory models are commonly used to 

analyze sequences of user requests, while autoencoders are employed to model normal user 

behavior. Hybrid models that combine deep feature extraction with traditional classifiers aim 

to improve prediction accuracy while maintaining interpretability. 

Table II: Comparison of AI-Based Web Application Zero-Day Attack Prediction Techniques 
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Technique 

Type 

Common 

Models 

Features 

Analyzed 

Strengths Challenges 

Supervised 

ML 

DT, RF, SVM Request 

parameters, 

session data 

Accurate for 

known behaviors 

Limited zero-day 

generalization 

Unsupervised 

ML 

Clustering, 

Statistical 

Models 

Behavioral 

deviations 

Effective for 

unknown attacks 

Sensitive to noise 

Deep 

Learning 

LSTM, 

Autoencoder 

Request 

sequences, 

navigation 

patterns 

Captures 

temporal 

dependencies 

Requires large 

datasets 

Hybrid 

Models 

AE + Classifier Combined 

behavioral 

features 

Improved 

prediction 

accuracy 

Increased 

complexity 

 

AI-based zero-day attack prediction techniques in system-level environments : 

System-level or host-based environments represent the final and often most critical 

layer of defense against cyber attacks. Zero-day attacks at this level typically exploit 

vulnerabilities within operating systems, kernels, device drivers, or system services. Such 

attacks may lead to privilege escalation, unauthorized code execution, or persistent 

compromise. Due to their low-level nature, system-based zero-day attacks often generate 

subtle behavioral changes that are difficult to detect using traditional security tools. 
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A. Nature of System-Level Zero-Day Attacks : 

System-level zero-day attacks frequently involve abnormal execution flows, memory 

manipulation, or misuse of system privileges. Unlike network or web-based attacks, these 

threats operate close to the operating system core, making them less visible to perimeter-

based defenses. Malicious activities may appear as legitimate processes, thereby evading 

signature-based antivirus solutions. As a result, prediction techniques must focus on 

behavioral monitoring and anomaly detection at the host level. 

B. Feature Representation for Host-Based Prediction : 

AI-based system-level prediction techniques rely on fine-grained features extracted 

from host activities. Commonly analyzed features include system call sequences, process 

creation patterns, file access behavior, registry modifications, memory usage statistics, and 

CPU utilization trends. Temporal relationships between system calls are particularly valuable 

for modeling normal execution behavior and identifying deviations caused by zero-day 

exploitation attempts. 

C. Machine Learning Approaches for System-Level Prediction : 

Traditional machine learning models, such as Hidden Markov Models, Support 

Vector Machines, and Decision Trees, have been extensively used for host-based intrusion 

detection. These approaches typically rely on engineered features and domain knowledge to 

characterize normal and malicious behavior. While such models offer interpretability and 

lower computational overhead, their effectiveness may be reduced when encountering highly 

sophisticated or previously unseen attack strategies. 

D. Deep Learning and Hybrid System-Level Prediction Techniques : 

Deep learning models have demonstrated strong potential in capturing complex 

behavioral patterns in system-level data. Recurrent Neural Networks and Long Short-Term 

Memory models are widely used to analyze sequential system call data, while autoencoders 

are employed for unsupervised anomaly detection. Hybrid approaches combine deep 

learning–based feature extraction with traditional classifiers to enhance prediction accuracy 

and robustness. These models are particularly effective in detecting zero-day attacks that 

exhibit subtle and evolving characteristics. 

Table III: Comparison of AI-Based System-Level Zero-Day Attack Prediction Techniques 

Technique 

Type 

Common 

Models 

System 

Features Used 

Advantages Limitations 

Supervised 

ML 

SVM, DT, 

HMM 

System calls, 

process data 

Interpretable, 

efficient 

Requires labeled 

data 
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Unsupervised 

ML 

Clustering, 

Autoencoder 

Behavioral 

anomalies 

Suitable for zero-

day detection 

Higher false 

positives 

Deep 

Learning 

LSTM, RNN, 

CNN 

Sequential 

system calls 

Captures complex 

patterns 

Computationally 

intensive 

Hybrid 

Models 

AE + Classifier Combined host 

features 

Improved 

robustness 

Increased design 

complexity 

Comparative analysis of ai-based zero-day attack prediction across domains : 

AI-based zero-day attack prediction techniques exhibit varying characteristics and 

performance depending on the domain in which they are applied. Network, web application, 

and system-level environments differ significantly in terms of data availability, behavioral 

patterns, and operational constraints. As a result, the effectiveness of AI models is strongly 

influenced by the context in which they are deployed. This section presents a comparative 

analysis of prediction techniques across these domains to highlight key similarities, 

differences, and trade-offs. 

A. Data Characteristics and Feature Complexity : 

Network-level prediction models typically process high-volume, continuous data 

streams generated by traffic flows and packet metadata. These datasets are large-scale and 

time-sensitive, requiring models that can operate efficiently under real-time constraints. In 

contrast, web application data is more structured and session-oriented, consisting of HTTP 

requests, user interactions, and application logs. System-level data is highly granular, often 

involving sequential system calls and process-level events that demand fine-grained temporal 

analysis. 

The diversity in data characteristics directly impacts feature engineering and model 

selection. Network-based models prioritize scalability and throughput, web-based models 

focus on contextual and behavioral analysis, and system-level models emphasize precision 

and low-level visibility. 

B. Model Effectiveness and Generalization : 

Supervised learning techniques demonstrate strong performance in environments 

where labeled data is available; however, their ability to generalize to unknown zero-day 

attacks remains limited across all domains. Unsupervised and semi-supervised approaches 

offer improved adaptability by learning normal behavior patterns, making them more suitable 

for zero-day prediction. Deep learning models consistently show superior performance in 

capturing complex and temporal patterns, particularly in system and network environments. 

Nevertheless, their reliance on large datasets and computational resources presents practical 

deployment challenges. 
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C. Detection Accuracy and False Positives : 

False-positive rates remain a critical concern in AI-based zero-day attack prediction 

systems. Network-level anomaly detection systems often generate higher false positives due 

to dynamic traffic behavior. Web application models face challenges in distinguishing 

malicious activity from legitimate but unusual user behavior. System-level prediction 

techniques, while offering high detection accuracy, may incur performance overhead due to 

continuous monitoring. Balancing detection sensitivity and operational efficiency is therefore 

a key design consideration across all domains. 

D. Deployment and Scalability Considerations : 

Scalability is a primary concern for network-level prediction systems operating in 

high-throughput environments. Web application prediction models must integrate seamlessly 

with existing application architectures without introducing latency. System-level models 

require lightweight monitoring mechanisms to minimize impact on host performance. Hybrid 

and distributed AI architectures are increasingly explored to address these challenges by 

distributing computational workloads across multiple layers. 

Table IV: Cross-Domain Comparison of AI-Based Zero-Day Attack Prediction Techniques 

Aspect Network-Level Web Application-Level System-Level 

Data Volume Very High Moderate Low to Moderate 

Feature Complexity Medium High Very High 

Model Preference CNN, LSTM, AE LSTM, RF, Hybrid LSTM, AE, Hybrid 

False Positive Risk High Medium Low to Medium 

Scalability High importance Moderate importance Lower importance 

Proposed conceptual architecture for ai-based zero-day attack prediction : 

To address the limitations observed in isolated, domain-specific zero-day attack 

prediction techniques, this study proposes a unified and conceptual AI-based architecture 

that integrates network-level, web application–level, and system-level intelligence. The 

primary objective of the proposed architecture is to enable early prediction of zero-day 

attacks through behavioral analysis while maintaining scalability, adaptability, and cross-

layer visibility. 

A. Architectural Overview : 

The proposed architecture follows a layered and modular design, allowing 

independent analysis at each security layer while enabling information sharing across 
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domains. Rather than relying on a single detection point, the architecture emphasizes 

collaborative intelligence, where insights from network traffic, web interactions, and host 

activities collectively contribute to a more accurate prediction of zero-day threats. 

At a high level, the architecture consists of five core layers: 

Data Collection Layer 

Data Preprocessing and Feature Engineering Layer 

AI-Based Prediction Layer 

Correlation and Decision Layer 

Response and Feedback Layer 

This modular structure ensures flexibility and supports incremental enhancements as 

new AI techniques emerge. 

B. Data Collection Layer : 

The data collection layer is responsible for gathering raw security data from 

heterogeneous sources. At the network level, data is collected from flow monitors, intrusion 

detection sensors, and packet analyzers. Web application data is obtained from HTTP logs, 

application servers, and user session records. System-level data is collected through host-

based sensors that monitor system calls, process behavior, and resource utilization. 

By collecting data across multiple layers, the architecture ensures comprehensive 

visibility into system behavior, which is essential for identifying early indicators of zero-day 

attacks. 

C. Data Preprocessing and Feature Engineering Layer : 

Raw security data is often noisy, high-dimensional, and heterogeneous. The 

preprocessing layer performs tasks such as data normalization, noise reduction, feature 

selection, and transformation. Temporal aggregation and sequence construction are applied 

where necessary, particularly for network flows and system call sequences. 

Feature engineering in this layer focuses on extracting behavioral patterns rather than 

static signatures. This design choice enhances the model’s ability to generalize and predict 

previously unseen attack behaviors. 

D. AI-Based Prediction Layer : 

The prediction layer constitutes the core intelligence of the proposed architecture. It 

employs a combination of supervised, unsupervised, and deep learning models tailored to 
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each domain. Autoencoders are used to model normal behavior and detect anomalies, while 

LSTM-based models capture temporal dependencies in sequential data. Hybrid learning 

strategies are employed to balance detection accuracy and computational efficiency. 

Each domain operates its prediction model independently; however, the outputs are 

standardized to facilitate cross-domain correlation. 

E. Correlation and Decision Layer : 

The correlation layer aggregates prediction outputs from network, web, and system-

level models. Rather than relying on a single alert, this layer evaluates the collective 

confidence score of suspicious activities across domains. Cross-layer correlation reduces 

false positives and enhances the reliability of zero-day attack prediction. 

Decision-making mechanisms in this layer prioritize alerts based on severity, 

confidence level, and potential impact, ensuring effective resource utilization in security 

operations. 

F. Response and Feedback Layer : 

The final layer generates alerts and initiates appropriate response actions, such as 

logging, administrator notification, or automated containment. Importantly, this layer also 

provides feedback to the AI models, enabling continuous learning and adaptation. Feedback-

driven updates improve long-term prediction accuracy and resilience against evolving zero-

day threats. 
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Challenges, limitations, and future research directions : 

While AI-based techniques have demonstrated significant potential in predicting zero-

day attacks, their practical deployment in real-world environments remains subject to several 

challenges and limitations. Understanding these constraints is essential for assessing the 

feasibility of existing solutions and identifying directions for future research. 

A. Data Availability and Quality : 

One of the primary challenges in zero-day attack prediction is the limited availability 

of high-quality and representative datasets. Zero-day attacks are, by definition, rare and 

previously unseen, making labeled datasets difficult to obtain. Existing datasets often fail to 

capture the diversity and complexity of real-world attack scenarios. Additionally, security 

data may contain noise, imbalance, and inconsistencies, which can adversely affect model 

training and evaluation. 

B. False Positives and Model Reliability : 

AI-based anomaly detection systems frequently suffer from elevated false-positive rates, 

particularly in dynamic environments where normal behavior varies over time. Excessive 

false alerts can lead to alert fatigue, reducing the effectiveness of security operations. 

Ensuring model reliability while maintaining sensitivity to unknown threats remains a 

significant challenge, especially in large-scale deployments. 

C. Model Interpretability and Trust : 

Many deep learning models function as black-box systems, offering limited insight  
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into their decision-making processes. This lack of interpretability poses challenges for 

security analysts who require clear explanations to validate alerts and take informed actions. 

The absence of transparency may also hinder regulatory compliance and reduce trust in AI-

driven security systems. 

D. Scalability and Performance Overhead : 

Deploying AI-based prediction models in real-time environments requires careful 

consideration of computational efficiency and scalability. Network-level systems must handle 

high-throughput traffic without introducing latency, while system-level monitoring should 

minimize performance overhead on host machines. Balancing detection accuracy with 

operational efficiency remains a critical design challenge. 

E. Adaptability to Evolving Threats : 

Cyber threats continuously evolve, and zero-day attacks often change behavior to 

evade detection. Static models may become ineffective over time if not regularly updated. 

Continuous learning mechanisms introduce additional complexity and risk, including model 

drift and susceptibility to adversarial manipulation. 

F. Future Research Directions : 

Future research in AI-based zero-day attack prediction should focus on developing 

adaptive and resilient models capable of learning from limited data and evolving threat 

patterns. Promising directions include the integration of explainable AI techniques to enhance 

transparency, the use of transfer learning to improve generalization across domains, and the 

development of federated learning frameworks to preserve data privacy. Additionally, cross-

layer and context-aware models that correlate information from network, web, and system 

levels are likely to play a crucial role in improving prediction accuracy and reducing false 

positives. 

Conclusion : 

Zero-day attacks continue to represent one of the most critical challenges in modern 

cybersecurity due to their unpredictable nature and ability to evade traditional defense 

mechanisms. The increasing complexity of digital infrastructures has further amplified the 

need for proactive and intelligent security solutions capable of identifying unknown threats at 

an early stage. In this context, Artificial Intelligence has emerged as a promising approach for 

enhancing zero-day attack prediction across multiple security domains. 

This paper presented a comprehensive and structured analysis of AI-based zero-day 

attack prediction techniques applied to network, web application, and system-level 

environments. By examining existing approaches through a unified taxonomy and conducting 

a comparative analysis across domains, the study highlighted the strengths and limitations of 

various learning paradigms and model architectures. The proposed conceptual architecture 
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demonstrated how cross-layer intelligence and behavioral analysis can be effectively 

integrated to improve prediction accuracy while reducing false positives. 

The findings of this study emphasize that no single AI technique can independently 

address the complexity of zero-day threats. Instead, hybrid and collaborative approaches that 

combine multiple models and data sources offer greater robustness and adaptability. While 

AI-based prediction systems show strong potential, challenges related to data availability, 

interpretability, scalability, and evolving attack behaviors remain significant barriers to 

widespread adoption. 

Overall, this research contributes to the ongoing advancement of proactive 

cybersecurity strategies by providing a consolidated view of AI-driven zero-day attack 

prediction techniques. The insights presented in this paper are intended to support researchers 

and practitioners in designing more resilient and adaptive security frameworks capable of 

addressing emerging threats in increasingly complex digital environments. 
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