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Abstract

Kubernetes has emerged as the leading platform for container orchestration, delivering unprecedented flexibility and
scalability for cloud-native applications. However, its dynamic, distributed nature introduces significant complexity in
maintaining operational visibility and reliability. Effective monitoring is no longer luxury, rather it is essential for
detecting failures, optimizing performance, and securing workloads. This paper presents a comprehensive review of
best practices for monitoring Kubernetes clusters, synthesizing recommendations from industry leaders, open-source
communities, and recent academic research. By adopting these practices, organizations can build resilient, observable,
and manageable Kubernetes environments.
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1. Introduction

The rise of Kubernetes as the backbone of modern infrastructure has transformed the way applications are developed,
deployed, and managed. By abstracting away server management and automating deployment processes, Kubernetes
empowers teams to focus on delivering value. Yet, this abstraction also conceals vital operational details, making it
challenging to detect, diagnose, and resolve issues in real-time. Traditional monitoring approaches, designed for static
and monolithic environments, fall short in the face of Kubernetes’ ephemeral workloads, auto-scaling, and
microservices communication patterns.

Monitoring in Kubernetes is not merely about collecting logs and metrics. It is about constructing an observability
framework, which is a system that enables teams to understand the internal state of their applications and
infrastructure based on external outputs. This involves integrating logging, metrics, tracing, and alerting, and ensuring
these tools work seamlessly together. This paper delves deep into the best practices that define effective monitoring
strategies in Kubernetes, drawing from CNCF recommendations, and research from major cloud providers and open-
source initiatives.

This paper illustrates different tools across monitoring scope and emphasizes the best practices with practical
application. We have tried to highlight the research insights and challenges for each of those areas.
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2. Centralized logging

Not just for applications, the centralized logging is foundational to any Kubernetes monitoring strategy. In a Kubernetes
cluster, containers are ephemeral: they can start, stop, and restart frequently as part of normal operation or during
failures and scaling events. Without a robust logging pipeline, valuable diagnostic information may be lost forever when
pods are terminated.

2.1. Best Practices

e Deploy Log Forwarders as DaemonSets - The most common approach is to run log shippers such as Fluent
Bit, Filebeat, Metricsbeat or Logstash as DaemonSets, ensuring every node in the cluster collects logs and
metrics from all running containers. This method captures stdout and stderr streams from containers, as well
as node-level system logs. In some cases where it is necessary to map container logs to the volume mount on
the host, we can implement a admission controller with a sidecar.

e Standardize Log Format - Use structured logging (e.g., JSON) to ensure logs are machine-parsable. Include key
fields such as timestamp, log level, container name, namespace, and request IDs. Often organizations utilize
common opensource packages like log4j to meet the need. This consistency enables efficient querying,
correlation, and automated processing.

e C(Centralized Storage - Forward logs to a centralized storage solution, such as Elasticsearch, Opensearch, Azure
Log Analytics, or any other cloud-native services offered by third party or internally managed. Centralization
supports long-term retention, compliance, and advanced analytics.

e Label and Annotate - Enrich logs with Kubernetes metadata: labels, annotations, pod names, and node names.
This enables filtering logs by workload, environment, or deployment, which is invaluable during incident
response or audits. This metadata must be enforced using policies and procedures by platform teams managing
the cluster.

2.2. Practical Application

A production platform for a Telecommunications company might use Fluent Bit to collect logs from all pods and ship
them to Elasticsearch, with dashboards in Kibana for real-time troubleshooting and historical analysis

2.3. Research Insights

A study (IAEME, 2024) found that structured, centralized and advanced logging strategies reduced mean time to
resolution (MTTR) by up to 67%.

2.4. Challenges

e Log volume can be overwhelming in large clusters. Implement log retention policies and sampling where
appropriate.

e Clusters which are shared by multiple application teams might need to customize the policies based on the
application needs

e Sensitive data may be present in logs; always apply encryption in transit and at rest and consider log
modification for compliance.

3. Metrics collection and visualization

Metrics are numerical representations of system and application performance over time. In Kubernetes, metrics enable
teams to detect anomalies, trigger auto-scaling, and ensure workloads are operating within expected parameters.

3.1. Best Practices

e Prometheus as the Metrics Backbone - Prometheus has become the de facto standard for Kubernetes metrics,
offering powerful querying, flexible data retention, and seamless integration with Kubernetes’ API. Deploy
Prometheus using the Prometheus Operator for ease of management and automatic discovery of targets.

o Expose Application Metrics - Encourage developers to instrument applications to expose metrics using libraries
compatible with Prometheus. Standard endpoints (e.g., /metrics) should provide metrics such as request error
rates, and business KPIs.

e Node and Cluster Metrics - Deploy node-exporter for system-level metrics and kube-state-metrics for
Kubernetes resource metrics (e.g., pod status, replica counts).
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e Visualization - Use Grafana to build custom dashboards, enabling real-time and historical analysis of cluster
performance, resource utilization, and custom application metrics.
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Source: (Sharif, 2025)
Figure 1 Node-level logging agent

3.2. Practical Application

Few of the top 500 companies use Prometheus to collect metrics from all microservices, node-exporter for system
metrics, and kube-state-metrics for Kubernetes object health. Grafana dashboards display error rates, and resource
trends, with alerts configured for threshold breaches.

3.3. Research Insights

According to (CNCF Survey 2022), over 86% of organizations using Kubernetes rely on Prometheus for monitoring,
citing its extensibility and cloud-native alignment.

3.4. Challenges

e  Metric cardinality (number of unique metriclabels) can explode, impacting storage and performance. Regularly
audit metric definitions and enforce label limits.
e High-frequency metrics can be costly; consider down sampling and retention policies.

The initial analysis revealed several issues:
e Missing resource limits - All Deployments lacked resource limits, increasing the risk of resource contention.

e Containers running as root - Default configurations allowed containers to run with root privileges.
e No health checks - Liveness and readiness probes were missing, making failures harder to detect.
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4. Resource monitoring and alerting

Resource monitoring and alerting ensures that your cluster and workloads have sufficient resources to operate
efficiently, and that you are notified of potential or actual outages before they impact users.

4.1. Best Practices

Monitor at All Levels - Collect and analyze metrics at the node, pod, container, and namespace levels. Track CPU,
memory, disk, and network utilization.

Set Requests and Limits - Configure resource requests and limits for all workloads to prevent resource
contention and ensure fair scheduling. Monitor these settings and their actual usage to identify over-
provisioned or under-provisioned workloads.

Alerting - Define alerting rules in Prometheus Alertmanager or similar tools. Set up alerts for High CPU or
memory usage on nodes or pods, Disk pressure or inode exhaustion, Unscheduled or evicted pods and
CrashLoopBackoff or high restart counts

SLOs/SLAs - Define and monitor service level objectives (SLOs) and agreements (SLAs), such as “99.9% of HTTP
requests must complete in under 200ms.” Use alerting to detect and report SLO violations.

Notification Integration - Integrate alerting with communication tools like Slack, PagerDuty, or email to ensure
rapid response.

4.2. Practical Application

A NYSE listed company sets up Prometheus alerts for node memory > 90%, pod restarts > 5 in 10 minutes, and SLO
breaches, integrating Alertmanager with PagerDuty for 24 /7 incident response.

4.3. Research Insights

The article (Johnson at el., 2024) emphasizes that Real-time alerting and notification systems are essential for ensuring
that response team acts swiftly. They must be actionable, well-defined as they are critical to reliable operations,
recommending regular alert reviews to eliminate noise and refine thresholds.

4.4. Challenges

Alert fatigue is a real risk; prioritize actionable alerts and avoid over-alerting.
Scaling alerting infrastructure in very large clusters may require sharding or federation.

5. Health checks and probes

Kubernetes uses probes to determine if containers are healthy and ready to serve traffic. Proper configuration of
liveness and readiness probes ensures high availability and fast recovery from failures.
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Figure 2 Kubernetes probes
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5.1. Best Practices

e Liveness Probes - Detect if an application is stuck or deadlocked. If the liveness probe fails, Kubernetes will
automatically restart the container. Configure liveness probes using HTTP, TCP, or command execution checks.

e Readiness Probes - Indicate when a container is ready to accept requests. If the readiness probe fails, the
container is temporarily removed from service discovery. This is crucial during startup, configuration changes,
or dependency initialization.

e Monitor Probe Status - Track probe failures and restart counts using metrics and logs. Frequent failures may
indicate application bugs, misconfiguration, or resource constraints.

e Startup Probes - For applications with long initialization times, use startup probes to avoid premature restarts.

5.2. Practical Application

A content provider company configures HTTP readiness probes to check a /healthz endpoint, and liveness probes that
execute a lightweight command. Alerts are set up for frequent probe failures, enabling rapid investigation.

5.3. Research Insights

Liveness and Readiness probes are Kubernetes capabilities that enable teams to make their containerized applications
more reliable and robust (Redhat, 2019). As a result, it will reduce user-facing incidents and reduced average downtime.

5.4. Challenges

e Incorrectly configured probes can cause cascading failures (e.g., restarts during slow database startups).

e Probes should be lightweight and non-blocking to avoid impacting application performance.

e Incorrect implementation of readiness probes may result in an ever-growing number of processes in the
container, and resource starvation if this is left unchecked (Redhat, 2019)

6. Distributed tracing

Distributed tracing provides visibility into request flows across microservices, helping teams identify bottlenecks,
latency, and failure points in complex application architectures.

6.1. Best Practices

e Implement Tracing Libraries - Use language-specific libraries compatible with OpenTelemetry or Jaeger to
instrument code. Add trace context propagation across services via HTTP headers.

e Sampling Strategies - Use head-based or tail-based sampling to control trace volume and storage requirements.

e Integration with Metrics and Logs - Correlate traces with logs and metrics for comprehensive root cause
analysis. Many tools, like Grafana Tempo, support linking traces with logs and dashboards.

e Visualization - Use tracing Uls to visualize request paths, latency distributions, and error rates across services.

6.2. Practical Application
A travel booking platform uses OpenTelemetry to instrument all API endpoints. Traces are collected in Jaeger and
visualized in Grafana, enabling engineers to analyze slow requests and dependency issues.

6.3. Research Insights

The CNCF survey (Das, 2025) reports that 82% of organizations now employ distributed tracing to monitor requests
across microservices boundaries, compared to just 57% in 2021. This resulted in faster incident resolution and
improved cross-team collaboration.

6.4. Challenges

e Instrumentation can be complex, especially in legacy or third-party code.
e Trace data can be voluminous; manage retention and sampling carefully.

7. Workload visibility to avoid operational blindspots

Kubernetes namespaces are often used to separate environments, teams, or applications. Ensuring monitoring coverage
across all namespaces and workloads is essential to avoid operational blind spots.

11
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7.1. Best Practices

Monitor All Namespaces - By default, extend monitoring to all namespaces, including system namespaces
(kube-system, monitoring) and those used by third-party operators or services.

Labeling and Organization - Use consistent labeling and annotation strategies for namespaces, deployments,
and services. This supports filtering and aggregation in dashboards and queries.

Multi-tenancy - For multi-tenant clusters, implement per-namespace dashboards, access controls, and resource
quotas. This enables teams to monitor their own workload independently, while platform teams retain cluster-
wide visibility.

Dynamic Discovery - Use tools that support dynamic discovery of new namespaces and workloads, such as
Prometheus Operator, which can automatically monitor newly created resources.

7.2. Practical Application

A large enterprise with multiple product teams organizes namespaces by business unit. Each team receives custom
Grafana dashboards scoped to their namespace, while central SRE teams monitor the cluster as-a-whole.

7.3. Research Insights

A development team discovered 12 unused namespaces which consume 50% of node capacity (Devops, 2025). This
article also highlights several challenges pertaining to 70% of Kubernetes clusters.

7.4. Challenges

Keeping up with dynamic namespace and workload creation.
Avoiding duplication or omission of monitoring coverage as teams iterate rapidly.

8. Security compliance

Monitoring systems themselves are a critical part of the security and compliance posture of a Kubernetes cluster. They
often contain sensitive information about applications, infrastructure, and users.
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Figure 3 Security best practices

8.1. Best Practices

Encryption - Encrypt monitoring data both in transit (TLS for all endpoints and communication channels) and
atrest (disk encryption for log/metric stores).

Access Control - Use Kubernetes RBAC (Role-Based Access Control) to restrict access to monitoring data,
dashboards, and alerting systems. Only authorized users should be able to view or modify sensitive
information.

Audit and Compliance - Enable audit logging for monitoring access and configuration changes. Store audit logs
securely for compliance and forensics.

Data Retention and Redaction - Define clear data retention policies to comply with GDPR, HIPAA, or other
regulations. Redact or anonymize sensitive information from logs and metrics where possible.

Security Monitoring - Monitor the monitoring stack itself for suspicious activity or configuration drift. Integrate
with SIEM (Security Information and Event Management) tools as needed.

12
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8.2. Practical Application

A healthcare provider encrypts all Prometheus and Elasticsearch traffic with TLS, uses RBAC to restrict dashboard
access, and retains logs for 90 days per HIPAA requirements, with automated log redaction pipelines.

8.3. Research Insights

An article (Ehrman, 2025) highlighted that 61% of secrets are exposed in public repositories. As per (Redhat, 2021),
60% of respondents have experienced a misconfiguration incident in their environments over the last 12 months.
Nearly a third have discovered a major vulnerability, and another third said they have suffered a runtime security
incident. Lastly, 20% said they had failed an audit.

8.4. Challenges

e Balancing visibility with least privilege access.
e Ensuring compliance requirements are met as regulations evolve.

9. Implementation guidelines
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Figure 4 Devsecops

9.1. Toolchain Recommendations

e  Metrics
o Prometheus - Core metrics collection and querying
o kube-state-metrics - Exposes Kubernetes object metrics
o node-exporter - Collects node-level system metrics
e Logs
o Fluent Bit/Filebeat - Log shipping agents
o Elasticsearch, Loki - Centralized log storage and search
e Tracing
o Jaeger, OpenTelemetry - Distributed tracing frameworks
e Dashboards & Visualization
o Grafana - Unified dashboarding for metrics, logs, and traces
o Kibana - Log analytics (for Elasticsearch)
e Alerting
o Alertmanager - Prometheus alert routing
o PagerDuty, Slack - Notification endpoints.

9.2. CI/CD Integration

e Validate monitoring annotations and resource limits/requests in pull requests using static analysis tools (e.g.,
kube-score, custom scripts).
e Automate deployment and configuration of monitoring agents as part of cluster bootstrap processes.

13
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9.3. Continuous Improvement

e Regularly review and update monitoring coverage, alert definitions, and retention policies.
e Conduct gamedays and incident response simulations to test monitoring effectiveness and team readiness.

10. Challenges and future

10.1. Scalability

As clusters grow, monitoring pipelines must scale horizontally. Use sharding, federation, and retention strategies to
manage load.

10.2. Cost Management

High cardinality metrics and large log volumes can drive up storage and processing costs. Apply sampling, aggregation,
and retention policies to control spending.

10.3. AI/ML for Anomaly Detection

Emerging techniques use machine learning to detect anomalies, forecast resource needs, and reduce false positives in
alerting. Projects like Prometheus Adaptive Alerting and OpenAl’s time-series analysis are pushing the boundaries in
this space.

10.4. Evolving Standards

The observability landscape evolves rapidly. Stay abreast of new developments in OpenTelemetry, eBPF-based
monitoring, and cloud-native security integrations.

11. Conclusion

Effective monitoring is the cornerstone of reliable, secure, and performant Kubernetes operations. By implementing
centralized and consistent logging, comprehensive metrics collection, proactive alerting, robust health checks,
distributed tracing, full namespace visibility, and secure monitoring practices, organizations can unlock the full
potential of Kubernetes while minimizing operational risk. As both the threat landscape and application complexity
grow, continuous investment in observability, automation, and intelligent monitoring will be key to sustainable success
in cloud-native environments.
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