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ABSTRACT 

Securing edge computing environments is increasingly complex due to distributed 

workloads and dynamic traffic patterns. Traditional security solutions struggle to detect 

anomalies efficiently in lightweight Kubernetes (K3s) clusters. Meanwhile, service 

meshes introduce additional security challenges, especially in identity management and 

workload communication. Innovative security automation techniques are essential to 

address these concerns. This paper explores eBPF-based anomaly detection for K3s 

clusters and Istio Ambient Mesh security. We examine how eBPF probes enable real-

time, low-overhead network monitoring at the kernel level. Additionally, we discuss the 

application of Principal Component Analysis (PCA) to identify traffic anomalies. 

Furthermore, we analyze SPIRE-based identity issuance to secure service-to-service 

communication in Istio Ambient Mode. 
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1. Introduction 

Edge computing is transforming how organizations deploy applications by enabling 

processing closer to data sources. However, securing these distributed environments presents 

significant challenges due to their dynamic nature. Traditional security tools struggle to keep 

up with the rapid changes in lightweight Kubernetes (K3s) clusters. As workloads scale across 

edge locations, efficient and automated threat detection becomes critical. 

K3s, a lightweight Kubernetes distribution, is widely used for edge deployments due to 

its simplicity. However, its minimal footprint often comes at the cost of reduced built-in 

security features. Detecting malicious activity in K3s clusters requires security mechanisms 

that operate with minimal overhead. This is where eBPF (Extended Berkeley Packet Filter) 

comes into play. eBPF allows in-kernel processing of network data, providing real-time 

security insights with low-performance impact. 

At the same time, securing service-to-service communication in Kubernetes 

environments is equally important. Traditional service meshes rely on sidecars to enforce 

security policies, but this approach increases complexity. Istio Ambient Mesh introduces a 

more lightweight security model by replacing sidecars with ztunnel, a Layer 4 proxy. This new 

architecture reduces resource consumption while maintaining network security. However, 

identity management remains a challenge in dynamic, distributed environments. 

To address identity and authentication issues, SPIRE (the SPIFFE Runtime 

Environment) provides a scalable solution. SPIRE automates secure identity issuance for 

workloads, enabling zero-trust authentication in Kubernetes clusters. By integrating SPIRE 

with Istio Ambient Mesh, organizations can strengthen security without compromising 

performance. This combination ensures that microservices can authenticate each other reliably, 

even in highly distributed edge networks. 

This paper explores edge security automation through eBPF-based anomaly detection 

and Istio Ambient Mesh security. It examines how eBPF probes can monitor network traffic 

efficiently in K3s clusters. Additionally, it discusses the application of Principal Component 

Analysis (PCA) for detecting anomalies in real-time. Furthermore, it evaluates SPIRE's role in 

securing service-to-service communication within Istio Ambient Mesh. 
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We propose a security framework that leverages eBPF for real-time anomaly detection 

and SPIRE for zero-trust identity management. By integrating these technologies, our approach 

enhances threat detection, improves security automation, and strengthens workload protection 

in edge environments. 

 

2. Literature Review 

Edge computing introduces unique security challenges. Consequently, automating 

security measures is crucial. Furthermore, eBPF-based anomaly detection offers a promising 

approach. Specifically, it enables real-time monitoring and analysis of network traffic. 

Moreover, integrating eBPF with K3s clusters and Istio Ambient Mesh enhances security 

posture. 

K3s provides a lightweight Kubernetes distribution for edge environments [1]. For 

instance, it minimizes resource consumption and simplifies deployment. Nevertheless, securing 

K3s clusters requires robust monitoring tools. Additionally, Istio Ambient Mesh offers a service 

mesh architecture [2]. Specifically, it enhances service-to-service communication security. 

Thus, integrating eBPF with both K3s and Istio improves threat detection. 

eBPF allows for dynamic kernel instrumentation [3]. For example, it enables the 

collection of detailed network traffic data. Moreover, eBPF programs can analyze data in real 

time. Consequently, anomaly detection becomes more efficient. Additionally, eBPF offers low 

overhead performance [4]. Specifically, it minimizes impact on system performance. 

Anomaly detection using eBPF identifies unusual network behaviors [5]. For instance, 

it detects unexpected traffic patterns and malicious activities. Furthermore, integrating eBPF 

with K3s and Istio enhances visibility [6]. Specifically, it provides detailed insights into 

network traffic within the cluster. Consequently, security teams can respond to threats more 

effectively. 

Automation is essential for edge security [7]. For example, automated responses to 

detected anomalies reduce response time. Additionally, eBPF-based systems can trigger 

automated security actions. Consequently, security automation improves resilience. 

Furthermore, container security is a critical concern [8]. Thus, securing containers within the 

K3s environment is crucial. Ultimately, continuous monitoring and analysis are vital for edge 

security [9]. 
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3. Problem Statement: Security Challenges in K3s Edge Clusters and Service Meshes 

Edge computing has become a critical component of modern cloud-native 

infrastructures. Organizations deploy lightweight Kubernetes distributions like K3s to manage 

workloads efficiently in resource-constrained environments. However, securing these 

distributed clusters presents numerous challenges. Traditional security tools are often too 

resource-intensive for edge environments, making real-time threat detection difficult. 

Additionally, service meshes provide essential network security but introduce their own set of 

vulnerabilities. With increasing reliance on microservices and ephemeral workloads, 

organizations must address identity management concerns. Without scalable security 

mechanisms, edge clusters remain vulnerable to attacks. This paper examines the key security 

challenges in K3s deployments and service meshes. 

3.1 Security Limitations in Lightweight Kubernetes (K3s) Deployments 

K3s, a lightweight version of Kubernetes, is optimized for edge and IoT environments. 

While its minimalistic design improves performance, it reduces built-in security features. 

Unlike full Kubernetes distributions, K3s lacks advanced security controls such as pod security 

policies and network policies. These limitations create security gaps that adversaries can 

exploit. Without robust access control and network segmentation, securing workloads at the 

edge becomes challenging. 

Additionally, edge environments have constrained computational resources, limiting 

the use of traditional security tools. Many security solutions require significant processing 

power, making them impractical for K3s clusters. As a result, organizations struggle to 

implement comprehensive threat detection and prevention mechanisms. Security teams must 

find lightweight yet effective solutions to protect workloads in these constrained settings. 

Real-time security monitoring is another significant challenge in K3s deployments. 

Continuous monitoring ensures quick threat detection, but the lack of built-in security tools 

complicates this process. Without effective real-time insights, organizations risk delayed 

responses to security incidents. The need for scalable, lightweight security solutions in K3s 

environments has never been more urgent. 

3.2 Challenges in Detecting Anomalous Traffic at the Edge 

Edge clusters generate vast amounts of network traffic, making anomaly detection 

complex. Unlike traditional data centers, edge environments process traffic in decentralized 

locations, increasing security risks. Analyzing large-scale network activity in real-time is 
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challenging due to bandwidth and storage limitations. Attackers exploit these constraints to 

establish persistent threats within edge clusters. 

Rule-based and static anomaly detection methods are ineffective in these dynamic 

environments. Attackers frequently modify their techniques, rendering signature-based security 

tools unreliable. Furthermore, traditional methods struggle with false positives, leading to 

wasted time and resources. Security teams require adaptive, AI-driven detection techniques to 

identify malicious behavior effectively. 

Detecting threats in real-time with minimal performance overhead is essential for edge 

security. Security mechanisms must operate efficiently without disrupting application 

performance. High-latency or resource-heavy solutions can degrade cluster functionality, 

making them unsuitable for edge deployments. Advanced security frameworks must balance 

detection accuracy and computational efficiency to ensure robust protection. 

3.3 Vulnerabilities in Service Mesh Communication 

Service meshes like Istio provide secure communication between microservices but 

introduce additional security concerns. Traditional service mesh architectures rely on sidecar 

proxies, which increase complexity and resource usage. Managing multiple sidecars within 

lightweight edge clusters can lead to security gaps and performance bottlenecks. Attackers can 

exploit these vulnerabilities to intercept or manipulate service-to-service traffic. 

Another challenge is the increased attack surface in service mesh environments. 

Microservices communicate extensively, creating multiple entry points for potential threats. 

Without proper security controls, attackers can move laterally within a cluster, compromising 

multiple services. Ensuring secure communication between microservices requires robust 

encryption, authentication, and monitoring mechanisms. 

Service meshes often lack built-in, lightweight security mechanisms tailored for edge 

deployments. While Istio Ambient Mesh reduces resource overhead by removing sidecars, 

security challenges remain. Implementing zero-trust principles in service mesh communication 

is essential to mitigate risks. Without strong security policies, service-to-service interactions 

remain vulnerable to exploitation. 

3.4 Identity Management and Trust Issues in Distributed Edge Environments 

Managing identities in distributed edge environments is a complex task. Traditional 

identity management approaches struggle with ephemeral workloads that frequently appear and 

disappear. Security teams face difficulties in enforcing authentication and authorization 

policies across dynamic microservices. Without a scalable identity framework, maintaining 

trust in edge clusters becomes nearly impossible. 
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Automated and scalable identity issuance is critical for secure microservice interactions. 

Manual identity provisioning leads to inconsistencies and security gaps. Organizations need 

solutions that provide dynamic, certificate-based authentication for workloads in real-time. 

Secure identity issuance ensures that only authorized services communicate within the network. 

Zero-trust security enforcement remains a major challenge in microservice 

environments. Legacy security models assume trust within internal networks, which is no 

longer viable in modern architectures. Implementing zero-trust principles requires strict 

identity verification and continuous authentication. Without these controls, attackers can 

exploit weak authentication mechanisms to infiltrate edge clusters. 

Securing K3s edge clusters and service meshes requires a holistic approach. 

Organizations must address security limitations, anomaly detection challenges, service mesh 

vulnerabilities, and identity management issues. Without effective security automation, edge 

computing environments remain highly susceptible to attacks. 

 

4. Solution: eBPF-Powered Anomaly Detection and Zero-Trust Service Mesh Security 

Edge environments demand lightweight, efficient security solutions capable of 

detecting threats with minimal performance impact. eBPF (Extended Berkeley Packet Filter) 

enables in-kernel monitoring, allowing real-time anomaly detection without disrupting critical 

workloads. Additionally, Principal Component Analysis (PCA) provides an effective method 

for identifying deviations in network behavior, further strengthening security.  

Service meshes such as Istio Ambient Mode reduce the overhead of traditional sidecar 

architectures while maintaining strong security policies. Moreover, automating identity 

issuance with SPIRE enhances zero-trust authentication, ensuring secure communication across 

microservices. These combined techniques offer a scalable, high-performance approach to 

securing edge deployments. 

4.1 Implementing eBPF Probes for High-Performance Anomaly Detection 

eBPF enables efficient security monitoring by running custom programs within the 

Linux kernel. These programs can inspect, filter, and analyze network packets in real time, 

providing deeper visibility into network activity. Unlike traditional packet analysis tools, eBPF 

operates with minimal overhead, making it well-suited for resource-constrained edge 

environments. 
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For example, an eBPF probe can capture flow metadata and export it to a user-space 

program for further analysis. Below is an example of an eBPF program that monitors TCP 

connections and logs metadata: 

 

 

Figure 1: eBPF program that monitors TCP connections and logs metadata 

 

This eBPF program hooks into TCP connections, extracts metadata, and forwards it for 

real-time security analysis. The extracted data can be processed using machine learning 

techniques to detect anomalies. 

4.2 Securing Edge Traffic with PCA-Based Anomaly Detection 

Principal Component Analysis (PCA) is an effective dimensionality reduction 

technique that identifies deviations in network traffic. PCA can be applied to features such as 

packet size, inter-arrival time, and connection duration to detect anomalous behaviors. Given 

the limited resources in edge environments, PCA is particularly valuable because it minimizes 

computational overhead while maintaining high detection accuracy. 
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A simple implementation of PCA-based anomaly detection in Python using scikit-learn 

is shown below: 

 

 

Figure 2: PCA-based anomaly detection using Python 

 

By integrating PCA-based anomaly detection with eBPF-collected network telemetry, 

organizations can quickly identify potential threats without overloading edge devices. 

4.3 Strengthening Service Mesh Security with Istio Ambient Mode 

Traditional service meshes rely on sidecars, which introduce operational complexity 

and performance overhead. Istio Ambient Mode eliminates sidecars and instead uses ztunnel, 

a lightweight proxy that provides transparent security. This approach improves network 

segmentation while reducing resource consumption. 

Deploying Istio Ambient Mode enhances microservice security without modifying 

application workloads. The following command enables Istio Ambient Mode in a Kubernetes 

cluster: 

istioctl install --set profile=ambient 

 

Once deployed, services within the mesh benefit from automatic encryption and policy 

enforcement. The ztunnel proxy ensures secure communication between workloads while 

maintaining low-latency performance. 
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4.4 Automating Identity Issuance with SPIRE for Zero-Trust Authentication 

Zero-trust security requires strong identity verification for workloads. SPIRE (SPIFFE 

Runtime Environment) automates workload identity issuance using cryptographic attestations. 

By integrating SPIRE with Istio, organizations can enforce identity-based authentication 

without manual intervention. 

The following configuration file registers a workload with SPIRE: 

 

 

Figure 3: Registering a workload with SPIRE 

 

This configuration assigns a unique SPIFFE ID to a Kubernetes workload, enabling 

secure authentication across services. Istio can then use these identities to enforce access 

policies, ensuring that only trusted workloads communicate within the mesh. 

 

5. Recommendation: Optimizing Edge Security Automation for Scalable Deployments 

Edge computing environments require advanced security automation to ensure 

resilience against evolving cyber threats. Lightweight Kubernetes (K3s) clusters and service 

meshes introduce unique security challenges that demand innovative solutions. To achieve 

scalable and efficient protection, organizations must optimize eBPF-based anomaly detection 

while ensuring compliance with regulatory standards.  

Furthermore, implementing zero-trust security models is essential for securing multi-

cluster deployments. As edge computing continues to evolve, research in AI-driven security 

analytics and runtime monitoring will play a critical role. By integrating these advancements, 

enterprises can build a robust and scalable security framework for their distributed 

environments. 
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5.1 Enhancing eBPF-Based Anomaly Detection Efficiency 

The efficiency of eBPF-based anomaly detection relies on precise threat classification 

mechanisms. Refining PCA model thresholds can significantly improve anomaly classification 

accuracy. Setting optimal thresholds minimizes false positives while ensuring genuine threats 

are identified. This approach enhances the reliability of eBPF-based threat detection in edge 

environments. 

Additionally, incorporating machine learning can make anomaly detection more 

adaptive to evolving threats. Static detection models struggle with emerging attack techniques, 

whereas AI-driven models continuously learn and adjust to new patterns. By integrating 

machine learning algorithms with eBPF telemetry, organizations can create a more dynamic 

and responsive security framework. 

Expanding eBPF observability to additional security telemetry sources is another 

crucial improvement. Current implementations primarily focus on network traffic analysis, but 

integrating eBPF with system calls, process behaviors, and filesystem activity enhances 

visibility. A broader telemetry scope ensures a more comprehensive understanding of security 

threats in K3s clusters. 

5.2 Improving Security and Compliance in Edge Kubernetes Environments 

Security automation in edge Kubernetes environments must align with compliance 

standards. Frameworks such as NIST and CIS benchmarks provide guidelines for securing 

cloud-native workloads. Aligning anomaly detection strategies with these standards ensures 

that security implementations meet industry best practices. This compliance-driven approach 

enhances overall security posture while simplifying audits. 

Implementing policy-driven security automation is essential for regulatory adherence. 

Security policies should be enforced dynamically based on workload behavior and risk 

assessments. Automated policy enforcement reduces human error and ensures consistent 

security measures across distributed clusters. Organizations can leverage policy-as-code 

frameworks to maintain real-time compliance. 

Enhancing logging and forensic capabilities plays a vital role in security audits. 

Comprehensive logging enables organizations to trace security incidents and conduct detailed 

investigations. Advanced forensic capabilities, such as eBPF-powered event tracing, provide 

deeper insights into attack patterns. Strengthening logging mechanisms ensures that security 

teams have the necessary data for incident response. 
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5.3 Scaling Zero-Trust Security for Multi-Cluster Environments 

Multi-cluster environments require robust zero-trust security models. Adapting Istio 

Ambient Mesh for cross-cluster workload security can help minimize vulnerabilities. Unlike 

traditional sidecar-based service meshes, the Istio Ambient Mesh reduces resource 

consumption while maintaining strong security controls. This lightweight approach is well-

suited for edge deployments. 

Automating SPIRE-based identity federation enhances authentication in distributed 

edge sites. Managing identities manually in dynamic environments is inefficient and error-

prone. SPIRE enables secure identity issuance and workload authentication across multiple 

clusters. By automating identity federation, organizations can streamline authentication 

processes while maintaining strict access controls. 

Establishing centralized policy control ensures uniform security enforcement across all 

clusters. Decentralized security configurations often lead to inconsistencies and gaps in 

protection. A centralized policy management system enables security teams to enforce rules 

uniformly. This approach simplifies governance and ensures that security policies remain 

consistent across multi-cluster environments. 

5.4 Future Research Directions in Edge Security and eBPF Innovations 

The future of edge security relies on AI-powered behavioral analytics. Traditional 

detection methods struggle with sophisticated attack patterns. AI-driven analytics can identify 

anomalies based on behavioral deviations rather than static signatures. This advancement will 

improve detection accuracy and reduce reliance on predefined attack indicators. 

Beyond network traffic analysis, eBPF-based runtime security monitoring offers new 

possibilities. Monitoring system-level activities such as process execution and file 

modifications can provide deeper security insights. Expanding eBPF capabilities to runtime 

monitoring enhances protection against advanced persistent threats in edge environments. 

Advancing zero-trust service mesh architectures is another key area for research. 

Emerging edge computing models require more scalable and efficient security frameworks. 

Future innovations in service mesh security will focus on enhancing automation, reducing 

overhead, and improving workload isolation. These advancements will ensure that service 

mesh security adapts to evolving edge deployments. 
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6. Conclusion 

Optimizing edge security automation is critical for protecting K3s clusters and service 

meshes. Enhancing eBPF-based anomaly detection, aligning security frameworks with 

compliance standards, and scaling zero-trust models are essential steps. Future research in AI-

driven analytics and runtime monitoring will further strengthen security resilience. By 

integrating these recommendations, organizations can build a scalable and effective security 

strategy for their edge computing environments. 

Moreover, as edge computing adoption grows, collaboration between industry and 

academia will be crucial in driving security advancements. Standardizing best practices, 

developing open-source security frameworks, and fostering knowledge-sharing initiatives will 

help organizations stay ahead of evolving threats. By continuously refining security automation 

techniques, enterprises can maintain robust protection while enabling the seamless expansion 

of distributed edge architectures. 
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