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Abstract—As Information and Communication Technology
(ICT) demands increase, achieving energy efficiency in computing
has become vital. We explore how efforts in optimizing hardware
and software can be undermined without careful software opera-
tion management. By leveraging models and innovative software
practices, we argue that energy efficiency across configurations
can be optimized, leading to more sustainable computing perfor-
mance.

Index Terms—Energy-efficient computing, software operation,
software models.

I. INTRODUCTION

With ICT infrastructure expected to consume 20% of the
world’s energy by 2030, energy efficiency in computing has
become essential for reducing both economic and environmen-
tal impacts. This trend, coupled with the rise of software-
defined and configurable computing environments, requires
innovative approaches to balance energy usage with perfor-
mance.

Energy efficiency is crucial across scales—from large sys-
tems, which face high financial and environmental costs,
to smaller devices, where autonomy and compactness are
priorities. The convergence of communications and computing
further intensifies ICT energy demands, as seen in software-
defined networking, complex data compression, and real-time
data processing.

II. APPROACHES TO ENERGY OPTIMIZATION IN
HARDWARE AND SOFTWARE

Efforts to enhance energy efficiency have included several
hardware techniques and software adaptations. We examine
these approaches, along with their limitations.

A. Hardware Optimization

Techniques such as Instruction-Level Parallelism (ILP),
multiple issue processors, out-of-order execution, and multi-
threading are commonly used to improve efficiency. However,
these strategies increasingly face diminishing returns due to
higher power density and cooling costs.
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B. Hardware Specialization

Custom hardware, like ASICs, FPGAs, and accelerators,
reduces energy consumption at the expense of flexibility and
higher initial costs. Although effective in specialized applica-
tions, their adaptability remains limited.

C. Hardware-Software Co-Design

A co-design approach optimizes hardware and software in
tandem, achieving a balance between performance and energy
savings. However, this approach requires significant upfront
investment and is typically justified only for applications that
demand extreme energy efficiency.

III. SOFTWARE OPERATIONS IN THE MULTI-CORE ERA

Historically, energy optimization was straightforward in
single-core systems, where performance correlated directly
with efficiency (Fig. 1). However, with multi-core systems,
configuration choices—such as core count, threading, fre-
quency scaling, and core type—have expanded significantly.
Efficient software operation in this environment requires se-
lecting an optimal configuration, informed by the operating
system and user settings.

A. Challenges in Multi-Core Energy Optimization

The number of possible configurations in heterogeneous
multi-core systems can be overwhelming, with each config-
uration presenting unique trade-offs between power, perfor-
mance, and cost. Identifying the best configuration is therefore
essential yet challenging, necessitating models that account for
power and performance across the operational space.

IV. MODELING FOR ENERGY-EFFICIENT SOFTWARE
OPERATION

Effective energy optimization relies on models that combine
power and performance predictions. Power typically scales
linearly with core count and cubically with frequency, allowing
software-based control of energy consumption. Performance,
meanwhile, is application-dependent and can vary sub-linearly
with operating frequency and system complexity. This rela-
tionship necessitates specialized models tailored to specific
workloads.
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Fig. 1. Trends in processor performance over 50 years

A. Power Modeling

Power consumption grows with core count and frequency,
which can be adjusted during hardware design to manage
power density. Software can control power dissipation, achiev-
ing an energy-performance balance appropriate for the given
workload.

B. Performance Modeling

In multi-core environments, performance tends to scale sub-
linearly due to factors like memory latency and hardware lim-
itations. Efficient operation depends on maximizing software
concurrency, which may yield different performance gains
depending on the workload’s nature.

V. THE COST AND BENEFITS OF MODELING

Developing and implementing energy models incurs initial
costs but enables a more streamlined approach to configuration
assessment. By preselecting configurations that meet power
and performance requirements, these models reduce the need
for exhaustive testing. Combining offline modeling with real-
time adjustments minimizes computational overhead, helping
maintain efficiency.

VI. CONCLUSION AND FUTURE DIRECTIONS

Optimizing energy-efficient computing systems is essential
to sustainable ICT growth. Managing software operation ef-
fectively is critical to fully leverage hardware and software
optimizations. Future systems may incorporate performance

and energy models directly within software, enabling operating
systems to intelligently allocate resources based on energy
efficiency.

Increased understanding of energy trade-offs will enable
future computing systems that are both high-performing and
ecologically sustainable. As ICT continues to evolve, energy
efficiency will remain a foundational aspect of responsible
technological development.



