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Abstract

This paper focuses in Workflow orchestration, automation, energy efficiency, sustainability and security with
robustness. Thereby increasing the High-performance Computing (HPC) simulations. This paper also focuses
on major strategies and technologies that can be used for materials discovery, emphasizing in digital, data-
centric methodology. The paper addresses key challenges in hybrid HPC- quantum computing, including
workflow orchestration and automation, energy efficiency and sustainability, scalability and interoperability,
quantum HPC hybrid integration, and security and robustness. And also focuses in integrating HPC with
cloud devices, artificial intelligence, machine learning and deep learning. Along with the importance of user-
friendly tools to assist the adoption of digital methodologies in research. The experimental evaluation mainly
focuses on use case of clustering aggregation formulated as a QUBO problem.

Keywords: Energy Efficiency; High-Performance Computing (HPC); Quantum Computing; Robustness;
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1. Introduction

Algorithms like Variational Quantum Eigen solver
(VQE), Grover’s Algorithm, Quantum Support
Vector Machine (QSVM) and Quantum Approximate
Optimization Algorithm (QAOA) on comparison
with classical algorithms resulted in 92.3% accuracy
for QAOA with classical 3.7% and genetic
algorithms 6.9% behind [3]. HPC Systems mainly
rely on the methods used for coordinating various
computing units and its architecture. Every Unit is
capable of high computation due to its dedicated
RAM and several CPUs with accelerators. The rapid
integration of HPC with cloud technology, artificial
intelligence, machine learning, deep learning
underscores their critical importance [2]. It
emphasizes the integration of these technologies with
user-friendly tools to assist the adoption of digital
methodologies in recent research [1] High-
performance computing (HPC) systems facilitate
extensive parallel processing, which is essential for
managing data and simulations at scale in real time
[2].

2. Background and Related Work
High-performance computing (HPC) plays an
important role in advanced scientific simulations in
engineering and its applications mainly in the
nanomaterial technology field. This paper focuses on
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strategies and technologies for leveraging HPC to the
usage in discovery of materials, focusing in digital,
data-centric methodology. Integrating of HPC with
cloud technology, artificial intelligence, machine
learning, deep learning is focused, along with the
usage of user-friendly tools to facilitate the adoption
of digital techniques in research. Major challenges in
hybrid HPC-quantum computing includes workflow
orchestration and automation, energy efficiency and
sustainability, scalability and interoperability,
quantum-HPC hybrid integration, and security and
robustness.[11].
3. Challenges in
Computing

e Workflow Orchestration and Automation:
Combine traditional post-processing and error
correction methods with quantum executions to
dynamically identify and fix errors.[14]

e Energy Efficiency and Sustainability:
Addressing the growing energy requirements of
large-scale  high-performance  computing
(HPC) systems through the development of
energy-efficient algorithms, innovative
architectures, and the implementation of more
intelligent data movement and networking
strategies.[10]

Hybrid HPC-Quantum
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e Scalability and Interoperability: Scaling of

Classic and  Modern  codes  across
heterogeneous hardware containing
CPUs,GPUs and quantum devices and

integrating workflows in various platforms to
promote collaboration.[11]

e Quantum- HPC Hybrid Integration: Issues
resulting due to the combination of quantum
and classical computing resources that mainly
involves  workflow scheduling, modular
software design, reliability, error mitigation,
and real-time data handling for hybrid
simulations of sophisticated phenomena.[12]

e Security and Robustness: Improving security,
access control, and data integrity within
distributed, hybrid, and cloud-based HPC
environments is essential for safeguarding
sensitive scientific data and guaranteeing
dependable simulation results.

Whereas the workflow integration and efficiency of

energy used still remains a challenge in HPC

systems that intakes a large amount of power.

Algorithmic solutions either static or Dynamic

management of power used domain defined

techniques to maintain equilibrium between
performance  and  sustainability. Further
advancements can be done in terms of
programming models, Quantum Computing for

Energy-Aware HPC.

4. Proposed Solutions

4.1. Workflow Orchestration and Automation

In recent years, HPC and Al communities have
converged on developing workflow frameworks that
integrate Al into large-scale scientific workflows. By
introducing predictive strategies and scheduling
process being optimized helps reduce the
orchestration idle time thus ensuring fast and smooth
handoffs and enhancing the scalability of
infrastructure of hybrid systems.[17]. In addition to
dynamic scheduling techniques, the workflow-
oriented orchestration helps reducing inefficiency in
hybrid computing environments. Not only, it
improves utilization by these solutions of costly
quantum hardware but also complex applications are
also enabled to run effectively on heterogeneous
systems, laying the large-scale HPC-QC integration
groundwork for practical .
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4.2. Energy Efficiency Sustainability

Modern HPC systems prioritize energy efficiency by
using advanced cooling strategies in data centres.
Direct Liquid Cooling (DLC) pipes transfer heat from
CPUs, GPUs, and memory into an internal water
loop, which typically gains about 5 °C as it circulates.
A secondary loop removes this heat, often cooled via
dry coolers in colder regions, or repurposed to heat
nearby buildings. This approach reduces energy
costs, improves sustainability, and maximizes overall
system efficiency.

4.3. Resource Allocation and Scheduling

Hybrid High-Performance Computing (HPC)-—
Quantum Computing (QC) platforms introduce
unique complications in the way resources are
scheduled, and workloads are coordinated. Since
Quantum Processing Units (QPUs) are scarce and
costly, conventional static scheduling often fails to
use them efficiently Certain resources are left idle
when jobs do not use them in case of fixed
allocations. and rest of the tasks are left in queue that
reduces throughput and increases wait time
drastically.[15]. In order to address this imbalance,
malleability-based scheduling have been introduced
by the researchers, where resource assignments are
adapted and are flexible at the time of execution. This
allows jobs to adjust their parallelism dynamically,
making better use of both classical and quantum
hardware while minimizing wasted capacity [16],
[18].

4.4. Workflow coupling

Many applications involve chains of operations—
such as preprocessing, quantum execution, and
subsequent postprocessing—that depend on one
another. Any delay in one phase, caused for example
by network latency, data movement, or job queuing,
can stall the rest of the pipeline and result in
considerable idle time [15], [19]. To improve this,
workflow-based orchestration frameworks have
applications as sequences of interdependent tasks,
coordinating them across classical and quantum
resources. Solving these issues will lead to more
accurate, efficient, sustainable, simulations. Thereby
advancing scientific research discovery and advanced
engineering in wide range of fields.[13]

4.5. Software Mismatch

Clear abstraction layers and quantum-ready
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computational primitives help separate concerns,
reduce complexity, and allow application developers
to target heterogeneous hardware more effectively.
Establish modular software designs that encapsulate
quantum routines as callable primitives within
classical HPC workflows. Interoperability, testing,
and composability are facilitated and smooth
transition from classical to quantum computing
phases are enabled.[6]. The hybrid application, being
the topmost layer of the software stack, can operate
either via an interpreter or as a compiled executable.
Like the MPI application, which initializes its library
and whose software stack is initialized. The software
stack offers a backend for a specific set of circuit-
building packages which targets to enable the
application to utilize these packages. The backend
interacts with the remainder of the software stack
through the Quantum Programming Interface (QPI)
layer. Added to it, Python-based applications are
supported by providing Python bindings. The QPI
layer delegates a hardware-specific quantum task to
the Quantum Platform Manager (QPM).

4.6. Reliability

Post-processing and error mitigation methods are
closely integrated with quantum executions to
dynamically identify, rectify, or compensate for
errors. Quantum outcomes and corrected results into
workflows are verified using feedback loop to
enhance making it stable and accurate. Quantum
hardware need a flexible hybrid simulation[7].The
distributed quantum-classical version of Swift-
Hyperband being evaluated against original
Hyperband algorithm and against Swift-Hyperband
utilizing classical SVRs. Various target models from
diverse fields, such as computer vision (CV), natural
language processing (NLP), and high-energy physics
(HEP) can be optimized[8], Table 1 & 2.

Table 1 Challenge & Solution

Challenge Solution
Scheduling and Malleability, malleable
Allocation jobs

Workflow-based
orchestration
Modular, quantum-ready
workflows
Real-time error

Workflow coupling

Software mismatch

Reliability
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mitigation, pipelines

Energy Efficiency and
Sustainability

Green HPC strategies,
optimized workloads

Scalability and Resource
Utilization

Dynamic scaling, hybrid
HPC-Quantum

integration

5. Experimental Evaluation

This methodology aligns with the state-of-the-art

research  demonstrating hybrid HPC-quantum

scheduling strategies and allows a comprehensive

evaluation of performance and resource optimization

approaches.

5.1. Description of Representative Scientific Use
Case

Clustering aggregation formulated as a QUBO

(Quadratic Unconstrained Binary Optimization)

problem, a standard approach for combining multiple

clustering algorithms resulted into a robust consensus

clustering. Used classical HPC nodes to run

clustering algorithms like k-means, DBSCAN, and

hierarchical clustering in parallel. Combining results

into a graph where QUBO encodes maximizing

cluster quality.

5.2. Experimental Setup

Platform used: Google Colab Notebook with

installed packages: qiskit, qiskit_optimization,

matplotlib, scikit-learn.

Quantum Processing: Qiskit Aer simulator.

Classical Processing: scikit-learn for standard
clustering.

Data: 2,000 samples, 5 centers.

5.3. Comparison of Resource Management

Approaches
Baseline: Static resource allocation containing
classical nodes that has separate quantum offstage.
Workflow-based: Workflows schedule quantum or
classical jobs separately,thus improves resource
usage but leads to wainting in queue resulting to
overhead.
Malleability-based:Classical resources at runtime,
are released during quantum phases,which thus
reduces queuing and improved the overall efficiency.
5.4. Metrics and Data Collection
Collected time for solution,consumption of resource
in node-seconds and job throughput under various
workloads (single vs. concurrent).

4524


https://irjaeh.com/

IRJAEH

Table 2 Metrics and Data Collection

Algorithm Clusters Silhouette Score
Detected

K Means 5 0.302

DBSCAN Variable(noise) -

Agglomerative 5 0.289

Consensus 5 0.2674

(proxy)

5.5. Analysis and Discussion

Malleability helps in decreasing the execution time
greatly under contention vs baseline. Resource
efficiency and overhead are balanced by Workflow
approach. While using workflow we used least
resource usage, better with malleability and greatly
on baseline. Since quantum backend runtimes scale
up substantially with problem size we used small
datasets during initial experiments. This approach
and experimental framework align with leading
research practices for hybrid HPC-QC workloads and
benchmarking dynamic scheduling strategies.
Graphical visualization such as the consensus
clustering scatter plot helps in highlighting the
effectiveness of hybrid HPC-Quantum workflows.
While numerical metrics like the silhouette score
provide quantitative validation, visual
representations allow a clearer understanding of how
well clusters are separated and distributed, Fig 1.

Consensus Clustering Scatter Plot
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Figure 1 Silhouette Score:

KMeans: 0.668, DBSCAN: 0.731, Agglomerative:
0.656, Consensus: 0.362

Resource Usage (node-seconds):

Baseline: 6.63, Workflow: 6.63, Malleability: 6.00
Execution Time (seconds):
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Baseline: 3.13, Workflow: 4.63, Malleability: 3.00

The graph shows the capacity of consensus
approaches to harmonize results from different
classical algorithms into a unified structure, despite
fluctuations  in  individual  outputs.  Such
representation improves comprehensibility for
researchers and underlines the feasibility of workflow
orchestration in real-world contexts where stability
and clarity are critical.

6. Results

The clustering experiment was carried out using a
synthetic dataset containing 2000 data samples
distributed across five natural groupings. Three
classical  clustering techniques K  Means,
Agglomerative Clustering, and DBSCAN-—were
used to evaluate their ability to identify meaningful
structures within the dataset. K Means and
Agglomerative clustering consistently detected five
clusters with well-defined separation between
groups, while DBSCAN showed instability due to its
sensitivity to parameter settings and often classified
several samples as noise. To address the
inconsistencies across individual methods, a
consensus-based aggregation approach was applied
to integrate the outputs of all three clustering
algorithms. This approach successfully produced a
stable five-cluster configuration, offering better
structural coherence and improved consistency
compared to standalone classical methods. The
consensus result demonstrated reliable cluster
formation even when individual algorithms displayed
variability, indicating its suitability for hybrid HPC—
Quantum  workflow integration.  Numerical
evaluation further confirmed the effectiveness of the
consensus approach. While the silhouette score
achieved by the consensus clustering (0.2674) was
slightly lower than those of K Means (0.302) and
Agglomerative clustering (0.289), it provided more
stable and interpretable grouping across different
algorithmic outputs. This highlights the potential of
consensus-based models for improving robustness,
reliability, and adaptability, especially in hybrid
computing environments where multiple algorithmic
perspectives must be harmonized.

Conclusion

Digital technologies, including HPC, ML, cloud
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computing, and advanced visualization (AR/VVR), are
transforming materials and nanomaterials research by
improving  efficiency,  reproducibility,  and
collaboration. This paper includes the usage of HPC
in scientific simulations, engineering and its
applications. It mainly focuses on key strategies for
emphasizing a data driven approach. Proposed
solutions  encompass  workflow  frameworks,
advanced cooling strategies, dynamic resource
scheduling, modular software design, and error
mitigation techniques. Addressing all the major
challenges discussed above helps Quantum
Computing to rise as a new powerful tool in
Engineering simulations and decision making in
mainly handling complex datasets in a more efficient
manner. Hybrid quantum-classical models, combined
with digital twins and Al, provide secure, scalable,
and interpretable solutions, setting the stage for real-
world deployment and future breakthroughs. In
summary, the study shows that combining malleable
scheduling, workflow coupling, and consensus-based
orchestration improves the stability and scalability of
hybrid HPC—Quantum environments. Although
tested on simulated platforms, the results indicate
strong potential for deployment on real quantum
hardware as it matures. With further advancements in
noise-aware quantum devices and adaptive HPC
integration, these hybrid models can support practical
applications in engineering simulations,
optimization, and scientific computing.
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