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Abstract
Cloud-native applications increasingly rely on microservices and containerized

deployment models to achieve scalability, flexibility, and efficient resource utilization. In
such environments, application workloads are highly dynamic and may fluctuate rapidly
due to bursty traffic, periodic demand cycles, or continuous growth in user requests.
Managing resources elastically is therefore essential to maintain Quality of Service (QoS)
and ensure reliable application performance. Traditional reactive auto-scaling
mechanisms, which provision additional container replicas only after predefined
utilization thresholds are exceeded, are often limited by scaling lag. This delay can lead
to transient Service Level Agreement (SLA) violations, increased latency, request
rejection, and inefficient utilization of computing resources. This thesis presents a
proactive auto-scaling framework for containerized microservices that uses workload

prediction to provision container replicas before demand surges occur.

The proposed framework integrates a clustering-enhanced hybrid ensemble workload
prediction model with a MAPE-K (Monitor, Analyze, Plan, Execute, and Knowledge)
control loop deployed on Docker Swarm. The hybrid prediction model combines K-means
clustering, Prophet, Long Short-Term Memory (LSTM), and Linear Regression, using
inverse-error-based weighting to capture seasonal, non-linear, and steady workload

patterns. The prediction model is evaluated using RMSE, MAE, MAPE, and R2 metrics,
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while auto-scaling performance is assessed in terms of SLA compliance, latency, request

rejection, throughput, replica count, and scaling actions. Experiments are conducted
using two real workload traces, which include NASA HTTP logs and ClarkNet WWW
traces, and two synthetic workload patterns that have monotonically increasing and
periodic traffic patterns to evaluate the effectiveness of the proposed framework.

The results show that the proposed proactive auto-scaling framework consistently
outperforms reactive auto-scaling across all workload patterns. Compared with the
reactive approach, it improves SLA compliance by approximately 5.3% and reduces
mean P95 latency by 6.5-43.3%. Request rejection is also reduced by 68.2% for the
NASA workload, 47.8% for ClarkNet, 9.9% for the increasing workload, and 31.2% for
the periodic workload. These improvements are achieved with only a moderate
resource overhead of approximately 3% on average across all workload patterns
compared with the reactive approach. The hybrid ensemble prediction model achieves
an MAE of 2.492363, an RMSE of 3.415395, and an R2 of 0.859265 on the NASA
dataset, and the lowest MAE of 5.806198 and RMSE of 7.3380937 on the ClarkNet
dataset among the compared baseline models. These results confirm that proactive
auto-scaling reduces scaling delay, improves application performance, and supports

efficient resource management in containerized microservice environments.

This PhD Thesis would be useful for researchers, cloud architects, and DevOps
engineers working on proactive auto-scaling, workload prediction, and efficient
resource management of containerized microservices in dynamic cloud environments.
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