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Abstract

The rapid expansion of cloud computing has resulted in a substantial increase in energy
consumption, presenting a significant challenge for cloud service providers. To address this
critical issue, researchers have proposed a wide array of innovative virtual machine allocation
techniques aimed at optimizing energy usage in cloud data centers. This comprehensive survey
examines these energy-efficient VM allocation approaches in detail, discussing their key
methodologies, advantages, and limitations. By thoroughly investigating these techniques, this
study aims to inform and guide future research and development efforts to drive more
sustainable and efficient cloud computing infrastructures that can adapt to the growing
demands of the cloud ecosystem. Specifically, this survey will delve deeper into the various
energy-efficient VM allocation strategies, including dynamic VM consolidation, thermal-
aware scheduling, and the integration of renewable energy sources. These techniques hold the
potential to significantly reduce the energy demands of cloud computing and pave the way for
more environmental friendly cloud infrastructures that can keep pace with the expanding needs
of the cloud ecosystem.

Keywords: Cloud Computing, Data Centers, Energy Efficiency, Virtual Machine Allocation,
Optimization, Green Computing.

1. Introduction

The rapid rise of cloud computing has positioned it as a transformative paradigm for delivering
on-demand, scalable computing resources and services to users worldwide. This paradigm
shift has fueled the proliferation of large-scale cloud data centers, which aim to cater to the
growing global demand for cloud services. However, this expansion has come at a significant
cost, resulting in a substantial increase in energy consumption and raising major concerns
about the environmental impact and escalating operational expenses of these data centers[1][2].
International Energy Agency (IEA) , estimated that cloud computing data centers consumed
around 2-3% of global electricity, i.e. 460 terawatt-hours (approximately) in 2022.The
widespread adoption of cloud computing by individuals, businesses, and organizations has
driven the rapid expansion of cloud data centers, leading to a corresponding surge in their
energy consumption. These data centers now account for a substantial and ever-increasing
portion of the world's total electricity supply, a concerning trend that is expected to continue
as the reliance on cloud services grows [3][4]. Efficient management of cloud computin
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resources, particularly the effective allocation and utilization of virtual machines, is crucial to
addressing this pressing challenge.

Researchers have extensively studied and reported on energy-efficient VM allocation
techniques, proposing a wide range of innovative approaches to optimize energy consumption
in cloud data centers[5]. This paper aims to provide a comprehensive survey of these energy-
aware VM allocation techniques, highlighting their key characteristics, advantages, and
limitations, with the goal of informing future research and development efforts in this critical
area. By delving deeper into the intricacies of these techniques, this survey will contribute to
the ongoing efforts to address the escalating energy demands of cloud computing and pave
the way for more sustainable and efficient cloud infrastructures.

Virtualization and VM Allocation

Virtualization is a fundamental enabling technology that underpins the cloud computing
paradigm. It allows cloud service providers to consolidate and host multiple workloads on a
single physical server through the deployment of virtual machines [6]. The process of
allocating and mapping these virtual machines to physical servers, known as VM allocation ,
plays a crucial role in determining the overall efficiency and performance of cloud data centers.
The efficient allocation of VMs to physical servers is essential for optimizing a range of key
factors , including energy consumption, resource utilization, and application performance in
cloud environments. Effective VM allocation strategies can help cloud providers maximize
the benefits of virtualization by striking the right balance between resource consolidation,
energy efficiency, and service-level requirements. This involves carefully considering factors
such as the workload characteristics, resource utilization patterns, and the specific VM
allocation algorithms employed [7].

Improper VM allocation can lead to suboptimal resource utilization, excessive energy
consumption, and degraded application performance. Cloud providers must therefore invest in
developing and deploying sophisticated VM allocation techniques that can dynamically adapt
to changing workload conditions and optimize for various operational objectives, including
energy efficiency , cost-effectiveness, and quality of service. By doing so, they can unlock the
full potential of virtualization and deliver more sustainable and efficient cloud computing
infrastructures[8].

Cloud Data Center Energy Usage

As cloud computing continues to grow, the energy consumption of cloud data centers is
expected to rise significantly. Addressing this challenge is crucial, as cloud data centers now
account for a substantial and ever -increasing portion of the world's total electricity supply [9]
. Energy-efficient VM allocation techniques play a pivotal role in optimizing resource
utilization and minimizing the energy footprint of cloud data centers. The key factors
influencing energy consumption in cloud data centers include server utilization, cooling
infrastructure, and network infrastructure [9]. To address these factors, researchers have
explored various strategies, such as dynamic VM consolidation, thermal-aware scheduling, and
the integration of renewable energy sources [10]. These techniques have the potential
significantly reduce the energy demands of cloud computing. Additionally , researchers
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developed a range of other energy-efficient VM allocation approaches, including load
balancing, consolidation-based VM allocation, and dynamic VM allocation strategies [11].
Energy-aware, thermal-aware, and power-aware VM allocation algorithms have been proposed
to optimize energy consumption, while QoS-oriented and workload-based VM allocation
models aim to balance performance and efficiency . Renewable energy-driven VM allocation
and heterogeneous hardware VM allocation approaches have also been investigated [11].

Furthermore, researchers have explored multi- objective VM allocation optimization,
considering factors like energy, resource utilization, and performance [12]. Both distributed
and centralized VM allocation architectures, as well as adaptive and predictive VM allocation
mechanisms, have been developed and evaluated experimentally [12] . These advancements in
VM allocation techniques are crucial for delivering more sustainable and efficient cloud
computing infrastructures.

Challenges in VM Allocation

Effectively managing the allocation of virtual machines in cloud data centers poses several key
challenges. Optimizing energy consumption is of paramount importance, as the growing
reliance on cloud computing has led to a significant expansion in the energy footprints of data
centers . Ensuring efficient utilization of critical resources, such as CPU, memory, and storage,
is also crucial to maximizing the benefits of virtualization [13][14]. Maintaining the desired
levels of application performance while balancing energy efficiency is a delicate tradeoff that
requires careful consideration [6][3]. Furthermore, the dynamic and unpredictable nature of
workloads in cloud environments presents a unique challenge. Cloud service providers must
have the capability to effectively allocate and reallocate VM s to physical servers in response
to changing resource demands, all while minimizing the impact on application performance
and energy consumption [3][14]. Achieving this balance is essential for delivering reliable and
cost-effective cloud services to end-users. Virtualization enables server consolidation, which
can lead to significant energy savings. However, the potential overhead in energy usage and
throughput reduction due to virtualization must be thoroughly evaluated and addressed[6].
Careful management of the virtualization layer and its impact on the underlying hardware is
necessary to maximize the benefits of server consolidation while minimizing the drawbacks .

Impact of Virtualization on Energy Efficiency

Virtualization is a core component of cloud computing, enabling the consolidation of multiple
virtual machines on a single physical machine. This consolidation can lead to significant energy
savings by reducing the number of active physical servers required to meet the overall
computational demand. However , the literature also suggests that the use of system- level
efficiency techniques in clusters and grids might paradoxically increase their overall energy
consumption in some cases[15]. This apparent contradiction highlights the complex trade-offs
involved in optimizing energy efficiency in virtualized environments . While server
consolidation through virtualization can yield substantial energy savings, the specific
implementation and management of the virtualization layer can have a significant impact on
the actual energy footprint of the overall system[16].Careful analysis and optimization of the
virtualization process, along with a deep understanding of the underlying hardware
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workload characteristics, are crucial for maximizing the energy efficiency benefits of cloud
computing.

The potential energy savings achieved through virtualization are influenced by various factors,
including the workload characteristics , resource utilization patterns, and the specific VM
allocation strategies employed.

2. Energy-Aware VM Allocation Techniques
Energy-aware VM allocation techniques can be further categorized as follows:
Static VM Allocation

These techniques make VM placement decisions based solely on the initial resource
requirements of the VMs, without accounting for dynamic changes in workload over time. This
approach is relatively simple to implement , as it does not require continuous monitoring and
adjustment of VM placement. However, it may fail to adapt to fluctuations in resource
demands, potentially leading to suboptimal resource utilization and energy efficiency [3].
Static VM allocation techniques are typically suitable for workloads with relatively stable
resource requirements, but they may struggle to handle highly dynamic and unpredictable cloud
workloads effectively.

Dynamic VM Allocation

These techniques continuously monitor the resource utilization of VMs and physical servers,
and perform dynamic VM consolidation to optimize energy consumption [1].One example of
a dynamic VM allocation technique is presented in [6]. The authors propose a mathematical
model that accounts for the mutual influence among VMs to reduce resource contention,
leading to an optimal scheduling of VMs under a given energy budget. In contrast to static
allocation, dynamic VM allocation strategies address the need for reallocating VMSs to new
physical servers in response to changing workload conditions [3]. These dynamic approaches
often involve live VM migration, where VMs are moved between physical servers without
disrupting running applications.Dynamic VM allocation can be further divided into two main
categories:

Proactive VM Allocation Techniques: Proactive VM allocation strategies are designed to
anticipate future workload changes and proactively reallocate virtual machines to optimize for
both energy efficiency and performance. These techniques leverage predictive models and
workload forecasting to estimate future resource requirements, allowing the system to
preemptively adjust the VM placement across physical servers. By proactively consolidating
VMs onto a smaller number of active servers and selectively powering down underutilized
hosts, proactive allocation approaches can achieve significant energy savings. At the same
time, these strategies aim to maintain the desired application performance by ensuring that
VMs are allocated to physical resources that can adequately support the predicted workloads.
The proactive nature of these techniques enables cloud data centers to stay ahead of fluctuations
in resource demands, optimizing the tradeoff between energy consumption and performance in
a more holistic and anticipatory manner compared to reactive approaches[1].
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Reactive VM Allocation Techniques:These techniques dynamically respond to real-time
changes in workloads, continuously monitoring the resource utilization of VMs and physical
servers and performing live VM migrations as needed to maintain the desired performance and
energy efficiency levels [14]. Unlike static allocation approaches, reactive techniques do not
rely solely on the initial resource requirements of VMs, but rather adapt the VM placement
across physical servers based on the fluctuating workload conditions. One example of a
reactive VM allocation technique is presented by Jin et al., who implemented an approach that
incorporates a speed switch and VM consolidation, considering both energy efficiency and
response time [14]. This dynamic strategy aims to optimize the tradeoff between power
consumption and application performance by adjusting the server speeds and consolidating
VMs as the workload changes. Another reactive technique is the updated smart elastic
scheduling algorithm developed by Kaur et al., which clusters VMs for migration to achieve a
load-balanced allocation [14]. SESA continuously monitors the resource utilization of the VMs
and the physical servers, and proactively migrates VMs to maintain an even distribution of the
workload across the data center's infrastructure. This reactive approach helps to prevent
hotspots and ensure efficient resource utilization, ultimately contributing to the overall energy
efficiency of the cloud environment.

Renewable Energy-Aware VM Allocation: These techniques leverage the availability of
renewable energy sources, such as solar and wind, to further optimize the energy consumption
of cloud data centers. These approaches aim to align the data center's energy consumption with
the supply of clean, renewable energy.These techniques often involve dynamic VM migration
and server consolidation strategies to adapt the VM placement in real-time as the renewable
energy supply fluctuates. By closely monitoring the renewable energy availability and
dynamically adjusting the VM allocation, these approaches can minimize the reliance on grid-
supplied electricity from fossil fuels.For instance, Mashayekhy et al. developed a VM
allocation model that considers the availability and generation patterns of renewable energy
sources, adjusting the VM placement accordingly. This approach aims to maximize the
utilization of renewable energy while minimizing the overall energy costs and environmental
impact of the data center's operations [17][18].

3. Load Balancing VM Allocation

Load balancing techniques aim to distribute the workload across multiple physical servers,
preventing individual servers from becoming overloaded and ensuring efficient resource
utilization. However, purely load-based VM allocation can lead to suboptimal energy
consumption, potentially resulting in a larger number of active servers compared to
consolidation-based approaches [1]. To address this, researchers have developed consolidated-
based VM allocation strategies that aim to pack VMs onto the fewest number of physical
servers possible, thereby minimizing the number of active servers and reducing overall energy
consumption.[5]These consolidated-based approaches often incorporate load-balancing
mechanisms to ensure that the workload is still distributed evenly across the active servers,
preventing hotspots and maintaining application performance[19].

A wide range of VM allocation techniques have been explored in the literature, each with i
own strengths, weaknesses, and target optimization objectives. Workload-based VM alloc
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models analyze the resource demands of individual VMs and allocate them to physical servers
accordingly, seeking to balance performance and efficiency[20].

4. Consolidation-based VM Allocation

Consolidation-based VM allocation techniques focus on packing VMs onto the fewest number
of physical servers to reduce the overall energy consumption of the data center. These
approaches often leverage mathematical optimization models, heuristic algorithms, or machine
learning techniques to determine the optimal VM-to-server mapping[21].For example, Nasim
et al. [3] proposed a mathematical model that considers the mutual influence among VMs to
reduce resource contention and calculate the optimal VM scheduling under a given energy
budget. Hwang et al. developed a hierarchical resource management solution that takes into
account the correlations between VMs and the network topology to maximize the overall
benefit [3].

5. Thermal-aware VM Allocation Approaches

Thermal-aware VM allocation techniques consider the thermal characteristics of the physical
servers and aim to distribute VMs in a way that optimizes the cooling infrastructure's
efficiency, reducing the overall energy consumption[22]. Thermal-aware VM allocation
techniques consider the thermal characteristics of the physical servers and aim to distribute
VMs in a way that optimizes the cooling infrastructure's efficiency, reducing the overall energy
consumption[1]. For example, Gamal et al. developed an updated smart elastic scheduling
algorithm that uses CPU utilization and RAM as parameters to cluster VMs on the same
physical machine, considering load as a primary factor in the VM allocation process [14].

6. Power-aware VM Allocation Methods

Power-aware VM allocation methods focus on reducing the overall power consumption of the
cloud data center by considering the power characteristics of the physical servers and the VMs.

These approaches often involve techniques such as server consolidation, dynamic voltage and
frequency scaling, and the strategic placement of VMs to minimize the number of active
servers. Serrano et al. proposed a power-aware VM allocation strategy that leverages a hybrid
approach, combining consolidation-based and load-balancing techniques to optimize both
energy efficiency and application performance[23].

7. QoS-oriented VM Allocation Techniques

QoS-oriented VM allocation techniques aim to ensure that the quality of service requirements
of the hosted applications are met, while also optimizing for energy efficiency and other
metrics. These approaches often involve mechanisms for monitoring and predicting application
performance, as well as techniques for dynamically adjusting the VM allocation in response to
changing workload conditions. For example, Feller et al. developed a VM allocation
framework that considers both energy efficiency and application performance, using a
combination of load forecasting and consolidation-based techniques to optimally place
VMs[1].
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8. Heterogeneous Hardware VM Allocation

Heterogeneous hardware VM allocation strategies aim to optimize the placement of VMs on
diverse physical hardware configurations, such as servers with varying CPU, memory, and
storage capabilities. These approaches seek to leverage the unique characteristics of different
hardware components to improve energy efficiency, application performance, and resource
utilization [24]. One such example is the work by Hwang and Pedram, who proposed a
hierarchical resource management solution that considers the correlations between VMs and
the network topology among the physical servers to maximize the overall benefit while
minimizing energy consumption [25].

9. Green Computing VM Allocation Policies

Green computing VM allocation policies focus on reducing the environmental impact of cloud
data centers by optimizing energy consumption and leveraging renewable energy sources.
These policies often involve a combination of techniques, such as server consolidation, VM
migration, and the strategic placement of VMs on physical servers that are powered by
renewable energy sources. By strategically allocating VMs to physical servers in a way that
aligns with the availability of renewable energy, these policies can help to reduce the reliance
on grid-supplied electricity generated from fossil fuels and minimize the carbon footprint of
cloud computing operations [26]. For example, Gao et al. developed a renewable energy-aware
VM allocation model that considers both the availability of renewable energy and the energy
efficiency of the physical servers to optimize the placement of VMs in a sustainable manner
[17] [27]. The research in this field has shown that there are various approaches to optimizing
energy consumption in cloud data centers, each with its own strengths and trade-offs.

10. Conclusion

This survey has offered a comprehensive overview of the diverse VM allocation techniques
that have been developed to optimize energy efficiency in cloud data centers. The approaches
discussed span a broad spectrum, encompassing mathematical models, heuristic algorithms,
machine learning methods, thermal-aware allocation, power-aware allocation, QoS-oriented
allocation, workload-based allocation, heterogeneous hardware allocation, and green
computing policies. These techniques aim to reduce energy consumption, enhance resource
utilization, and ensure the quality of service for hosted applications in cloud environments. As
cloud computing continues to expand, the need for energy-efficient data center management
will become increasingly crucial. This paper highlights the significant advancements made in
this field and the promising potential for further innovations in optimizing energy consumption
in cloud data centers through novel VM allocation strategies.
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