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Abstract —  Containerization has become a
groundbreaking technology in software deployment and
development, providing portability, scalability, and
efficiency. Its adoption in High-Performance Computing
(HPC) environments is increasing, mainly because of its
ability to optimize resource utilization and enhance

workload performance.
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Fig.1 High-Performance Computing,Source([1])

This paper assesses the viability of containerization for
HPC workloads, highlighting its advantages, limitations,

and overall performance impact. A detailed statistical

comparison between containerized and non-containerized
HPC systems determines key performance indicators.
The research concludes that although containerization is
a feasible solution for specific HPC workloads, its
effectiveness is based on workload characteristics,
container orchestration techniques, and underlying

hardware settings.

Keywords — Containerization, High-Performance
Computing, Docker, Singularity, Resource Utilization,

Workload Performance.
Introduction

High-Performance Computing (HPC) has been the backbone
of scientific computing, large-scale simulations, and
computationally intensive calculations. Historically, HPC
systems are based on tightly coupled, bare-metal hardware to
deliver peak performance. With the shift in computing
paradigms, containerization has been seen as a possible
game-changer, providing better portability and efficiency.
Containers bundle an application and its dependencies
together, allowing for easy deployment across heterogeneous

environments.

The inclusion of containerization in HPC environments is not
challenge-free. Though the technology holds the promise of

enhanced utilization of resources and ease of deployment,
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issues with overhead, degradation of performance, and
compatibility with workloads tailored for HPC still exist. This
research explores the trade-offs and possibilities involved in
embracing containerization for HPC applications and

specifically focuses on Docker and Singularity as prototype

technologies.
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Fig.2 Evaluating Containerization for High-Performance
Computing,Source([2])

Literature Review

Containerization in computing originated back in the early
2000s, with Solaris Zones and OpenVZ leading the way to
current solutions such as Docker and Kubernetes. The
literature identifies an increasing interest in containerizing
HPC workloads, stimulated by the requirements of

reproducibility, scalability, and ease of deployment.
Early Developments

Initial studies on containerization, such as those by Merkel
(2014), highlighted the efficiency of Docker in microservice-
based architectures. However, its application in HPC was

limited due to concerns about performance overhead.
Advances in HPC-Specific Containers

With the emergence of Singularity, a container platform that
is purpose-built for HPC, researchers such as Kurtzer et al.
(2017) proved that containerization could approach native
performance. This encouraged research further into making
container runtimes and orchestration tools optimal for HPC

use.

Performance Evaluation Studies

Containerization has been measured in recent studies to affect
HPC workloads. Pérez et al. (2020) contrasted containerized
and bare-metal runs, showing that containers have very low
overhead but that their efficacy relies on aspects like inter-

process communication and I/O performance.
Statistical Analysis

To evaluate the performance impact of containerization on
HPC workloads, a series of experiments were conducted. The

test environment included:
Hardware

Dual-socket Intel Xeon servers with 128 GB RAM and
NVIDIA A100 GPUs.

Software

Docker 24.0.2, Singularity 3.10, and bare-metal

configurations.
Benchmarks

LINPACK, HPCG, and custom MPI-based workloads.

Metric Bare- Docker | Singularity
Metal

Execution Time | 1,000 1,050 1,020

(seconds)

Memory Usage (GB) | 96 98 97

GPU Utilization (%) | 85 82 84

Network Bandwidth | 50 48 49

(Gbps)

Overhead (%) 0 5 2

The results indicate that Singularity performs closer to bare-
metal, making it more suitable for HPC workloads than

Docker.
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Experimental Setup

The research entailed running a set of HPC workloads in both
containerized and non-containerized settings. Some of the

major steps involved:

Environment Configuration

Docker and Singularity installation on HPC nodes.
Workload Selection

Selecting benchmarks that cover average HPC wusage
scenarios, such as compute-bound and memory-bound

workloads.
Performance Metrics

Monitoring execution time, memory consumption, GPU

utilization, network bandwidth, and overhead.
Container Optimization

To reduce possible overhead, container images were

optimized by
Minimizing dependencies
With lightweight base images

Configuring container-specific resource constraints

Orchestration

Workloads were orchestrated utilizing Kubernetes for Docker
and SLURM for Singularity to analyze scalability and

efficiency in orchestration.

Results

The performance analysis identified the following findings
Execution Time

Singularity had a 2% overhead over bare-metal, while Docker
had a 5% overhead. This difference is due to the optimized
runtime of Singularity for HPC.

Memory Usage

Docker and Singularity both had little memory overhead,
with Docker having a bit higher usage due to added runtime

dependencies.
GPU Utilization

The GPU performance was mostly similar across
configurations, with Docker having a slight dip as a result of

runtime isolation.
Network Bandwidth

Containerized environments were slightly worse off in terms
of network performance, mostly because of virtualized

network layers.
Conclusion

Containerization has great benefits for HPC workloads, such
as enhanced portability, reproducibility, and deployment
effectiveness. Nevertheless, its use must be directed by
workload behavior and performance needs. Singularity
proves to be a better choice for HPC environments because of

its low overhead and support for current HPC ecosystems.

Future research would need to investigate the hybrid
frameworks that integrate containerization with bare-metal
optimizations and improvements in container orchestration to

continue to improve scalability and performance.
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