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Abstract: With the expansion of cloud computing, optimizing the energy effi-
ciency and cost of the cloud paradigm is considered significantly important, since
it directly affects providers’ revenue and customers’ payment. Thus, providing
prediction information of the cloud services can be very beneficial for the service
providers, as they need to carefully predict their business growths and efficiently
manage their resources. To optimize the use of cloud services, predictive mechan-
isms can be applied to improve resource utilization and reduce energy-related
costs. However, such mechanisms need to be provided with energy awareness
not only at the level of the Physical Machine (PM) but also at the level of the Vir-
tual Machine (VM) in order to make improved cost decisions. Therefore, this
paper presents a comprehensive literature review on the subject of energy-related
cost issues and prediction models in cloud computing environments, along with
an overall discussion of the closely related works. The outcomes of this research
can be used and incorporated by predictive resource management techniques to
make improved cost decisions assisted with energy awareness and leverage cloud
resources efficiently.
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1 Introduction

Cloud computing is a significant business model which has revolutionized the Information Technology
(IT) industry by providing different services such as Software as a Service (SaaS), Platform as a Service
(PaaS) and Infrastructure as a Service (IaaS) for the cloud customers with reasonable prices based on
their usage (e.g., pay-as-you-go model). However, the widespread adoption of cloud computing and the
increasing number of cloud customers has raised the overall operational costs for cloud providers [1-5].
Thus, reducing the operational costs of different cloud services is an active area of research.

The cost mechanisms used by various cloud service providers are directly impacting the adoption of
cloud computing within the IT industry. In this regards, the cost mechanisms provided by cloud service
providers have become advanced as consumers are paid monthly, weekly, daily, minutely or secondly
depending on the services and resources they used [6—8]. However, there are also limitations, since
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customers are paid for the services and resources they used based on predefined tariffs. Such predefined tariffs
do not take into account the variable energy costs [9,10]. With the continued rising and the large fluctuations in
electricity prices [ 11], cloud providers perceive energy consumption as one of the main operating cost factors to
manage within their infrastructure [1-3]. Modelling a new cost mechanism for cloud services that can be
tailored to the energy costs has therefore drawn a lot of researchers' attention [1-3,12].

In a cloud, each Physical Machine (PM) can run one Virtual Machine (VM) or multiple VMs
simultaneously. Such VMs can be homogeneous or heterogeneous based on their features like the number
of virtual CPUs (vCPUs) and the memory size, which also consume the energy differently. Thus, these
parameters need to be taken into account when modelling and calculating the overall cost of the VMs,
along with their power consumption.

The aim of this research is to investigate the energy-related cost issues and prediction models as well as
the impact of resource heterogeneity in cloud computing environments. The outcomes of this research can be
used and incorporated by predictive resource management techniques to make improved cost decisions
assisted with energy awareness and leverage cloud resources efficiently.

The remainder of this paper is organized as follows: Section 2 presents the fundamental concepts of
cloud computing with a detailed description of its definition, system architecture, services types,
deployment types. A detailed description of cloud computing pricing models is also presented. This is
followed by positioning the work in the relevant literature, focusing on energy-related cost issues in cloud
computing, along with an overall discussion of the closely related works as presented in Section 3.
Section 4 discusses the prediction models related to the workload, energy consumption and cost of cloud
services, as well as an overall discussion of the closely related works. Section 5 concludes this paper.

2 Overview
2.1 Cloud Computing

Cloud computing is defined by the National Institute of Standards and Technology (NIST) as: “a model
for enabling convenient, on-demand network access to a shared pool of configurable computing resources
(e.g., networks, servers, storage, applications, and services) that can be rapidly provisioned and released
with minimal management effort or service provider interaction” p.2, [13].

According to the NIST definition, there are five main characteristics of cloud computing [13]. On-
demand self-service: the ability of cloud providers to provision computing resources to their customers as
needed without requiring human interaction. Broad network access: through standard mechanisms, the
cloud customers can access their resources over the network. Resource pooling: the cloud providers have
a pool of computing resources to serve different customers using (e.g., a multi-tenant model). Rapid
elasticity: the capacity of cloud resources can be more flexible and rapidly provisioned. Measured
service: the resource utilization is monitored, automatically measured and optimized.

2.2 System Architecture

Zhang et al. [14] categorized the cloud computing architecture into four layers, namely hardware,
infrastructure, platform and application layers, as indicated in Fig. 1. At the bottom of this architecture is
the hardware layer where the cloud physical resources (e.g., routers, servers, switches and cooling
systems) are managed within cloud data centers [14]. On top of the hardware comes the infrastructure
layer, which also known as virtualization layer. The infrastructure layer consists of a pool of virtualized
computing resources through the use of virtualization technologies such as KVM [15], Xen [16] and
VMware [17]. On top of the infrastructure layer, the operating systems are included in the platform layer,
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which provides the environment to deploy the applications in virtual instances. Finally, the application layer
sits on top of the architecture which consists of the actual cloud applications.

Cloud Computing Layers
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Figure 1: Cloud computing architecture [14]

2.3 Services Types

With reference to the cloud architectural layers shown in Fig. 1, there are three main types of cloud
services. Software as a Service (SaaS): this service provides applications and software programs, in
addition to interfaces for the customers. Platform as a Service (PaaS): With this type of cloud service,
the customer has the ability to deploy and generate cloud applications using programming languages,
services, libraries and tools supported by cloud providers. Infrastructure as a Service (laaS): In this
service, hardware devices and infrastructure are virtualized and offered as a service (e.g., VMs), which
also called instances. Furthermore, Everything as a Service (XaaS): Where X is everything that can be
described as a new type of cloud services, such as desktop, network, storage, hardware, security,
communication, virtualization, data and business [18].

2.4 Deployment Types

Cloud computing can be deployed through many models. For example, public cloud: is owned by a
service provider offering services and computational resources to organizations and individuals. A public
cloud allows customers access to the cloud through the internet and the customers only pay for the time
period that they utilize the service, (e.g., using a pay-per-use model) [14]. Private cloud: Which can also
be named an internal cloud or corporate cloud, is usually hosted and managed by the company itself.
Security is improved in a private cloud as only the company users have access to the provided services.
Hybrid cloud: This is a composition of private cloud and public cloud. In this type of deployment, a
private cloud is connected to one or more external cloud services. Community cloud: Is a deployment
model that is shared between several organizations in order to meet specific requirements that difficult to
achieve in a public cloud (e.g., security requirements, policy, and compliance considerations).

2.5 Pricing Models in Cloud Computing

Cloud service providers offer different types of services to their customers with different pricing models.
The strategy of pricing models in clouds can be categorized as 1) fixed pricing: When the price of the services
doesn't change (flat fees) and determined by the provider, and 2) variable pricing: When the price of the
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services is dynamically changed based on the market supply and demand [19]. Thus, the price of each cloud
service will be based on the chosen type of pricing model.

The most popular cloud service providers (e.g., Amazon EC2 [6], Microsoft Azure [7] and Google
Cloud [8]) have three common types of pricing models, which are subscription, on-demand and auction
pricing models. These pricing models are discussed as follows:

o A subscription-based pricing model: This type of model allows customers to pay a fixed price in
advance for a defined period of time, usually monthly or yearly (e.g., reserved instances provided
by Microsoft Azure). Typically, customers are paying lower prices with long-term contracts
because that can help cloud providers estimate their infrastructure expenses [20]. With this type of
pricing model, cloud providers attract more customers’ by offering a discount rate and ensuring
that their resources will be available at any time they want [19].

o A demand-based pricing model: There are no long-term commitments with this type of pricing
strategy, which enables customers to pay service fees on a time-based, usually per hour or second
(e.g., pay-as-you-go and on-demand pricing models provided by Google Cloud and Amazon EC2,
respectively). Pay-as-you-go model is ideal for companies that cannot pay upfront or estimate the
computing resources they needed. The price is set according to the size of the instances and their
resources. For example, the instances that do not involve Graphics Processing Units (GPUs) or
lots of Central Processing Units (CPUs) or Solid-State Drive (SSD) based storage, will
automatically be cheaper since they are not used for high performance [19,21]. Furthermore, a
hybrid pricing model is presented by Jelastic plans [22], which is an intermediate model between
subscription and on-demand with charged on an hourly basis. In this model, the customers can set
a minimum number of resources to be reserved for an application and get a discount rate
accordingly, as well as it allows the customers to set maximum limits of resources in case if the
application demand increases.

e An auction-based pricing model. The concept of an auction pricing model is based on selling cloud
services idle time, which allows customers to bid for services, and cloud providers are entitled to
accept or reject the offers. For instance, Amazon EC2 spot instances [23] allow customers to bid
on a spare Amazon EC2 computing capacities. Also, customers can view the spot instance price
history for the last 90 days to determine which bid price they should offer [23]. Thus, if the
customer’s bid exceeds or meets the current bid price, the customer can access the resources.
Contrarily, if the customer’s bid is overridden, the customer gives the resources back. The prices
of the auction-based model compared to subscription and on-demand models are significantly
lower. However, if a customer loses a bid, these resources can be taken away, which make it not
suitable for businesses [19].

In cloud environments, the majority of the costs are derived through resource usage, which can be
defined as the resource capacity that required to run applications on the cloud infrastructure. However,
not all the costs are related to the resource usage of infrastructure, there are further additional costs. For
example, the costs that are associated with software licenses, IT support, cooling and maintenance. These
costs are difficult to measure or estimate due to the differences between cloud service providers. Besides,
the current pricing models do not provide details of the energy consumed by the offered services. Thus,
in order to effectively contribute to the overall business model and offer transparent pricing to the
customers, cloud service providers need to take energy consumption into consideration when developing
their pricing models [10,24,25]. Therefore, only the costs of the cloud infrastructure that can be
calculated through resources along with their energy consumption are considered in the scope of this paper.
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3 Energy-Related Cost Issues in Cloud Computing

Many cloud service providers such as Amazon [6], Microsoft Azure [7] and Google Cloud [8] have
allowed the customers to run their applications in clouds. They therefore have established cost models in
order to charge their customers based on the offered services. Although many pricing models in the laaS
are already proposed (e.g., subscription, on-demand, and auction models), there are still inevitable to suffer
from wasted payment and resources when using these types of pricing models [10,26,27]. In fact, cost
modelling is a critical component of the cloud computing paradigm since it directly affects providers’
revenue and customers’ payment [26,27]. Thus, designing an appropriate and precise cost model which can
make both providers and customers satisfied is considered as a vital concern in a cloud environment.

Furthermore, cloud data centers continue to consume huge amounts of energy and have a major impact
on environmental and operational costs caused by this high energy consumption [28]. With the increasing
electricity costs for cloud data centers, energy consumption has become one of the major operational cost
issues for cloud providers to maintain [29]. In 2013, cloud computing consumed about 684 billion
Kilowatt-Hour (kWh) of electricity [30], while the increase in energy consumption is estimated to be
around 60% or even more by 2020 [30]. Yet, most of cloud service providers charge their customers for
the offered services on a time-based without considering the actual cost of energy consumption [31]. Due
to the economic impact of cloud data centers’ energy consumption, cloud providers should consider the
actual cost of energy consumption when designing their cost models for the offered services [10]. In
addition to that, cloud customers cannot affect or know in any way the amount of energy that they
consume for running the cloud services. Therefore, they need to be aware of their energy usage, which
can help to change their behavior, for example by shutting down, consolidating VMs, or running
applications that are energy efficient. In the following subsections, some of the research conducted on
cloud cost models to reduce the cost and energy consumption in the IaaS cloud environment are discussed.

3.1 Cost Models

Cloud cost modelling is a challenging issue as the increasing number of business are moving their
computation workloads to clouds. Although many public cloud providers are already used the (pay-as-
you-use) model to charge their customers for the offered services, the customers still usually pay more
than what they are actually used [26,27]. Therefore, the work by Belli et al. [32] explored the area of cost
models, that allows the customers to optimize their choice of laaS cloud providers in terms of the offered
price. They presented a Cost-Optimized Cloud Application Placement Tool (COCA-PT) based on a
Resource Consumption Model (RCM). The main goal of their work is to optimize the placement of
customers applications based on the price offered by different cloud providers. However, as mentioned by
the authors, the proposed tool is not completed yet and needs a further extension. Moreover, their cost
model does not take into account the power consumption consumed by the running applications.

Jin et al. [26] designed a fine-grained fair pricing model to improve the resource utilization and reduce
partial usage waste problem. They investigated the optimization of the trade-off between the proposed model
and various overheads (e.g., VM maintenance and billing cycle). The model is evaluated using two large-
scale production traces (Grid workload archive and Google data center) and the experimental result show
that the proposed model can significantly improve social welfare (e.g., increasing provider revenues and
reducing customers costs). Although the authors have been focused on the design of precise pricing
model that can satisfy both customers and providers, their approach has not shown the impact of the
power consumption of the used resources on cloud pricing models.

Moreover, Berndt et al. [31] presented a hybrid IaaS pricing model, tackling the problem of overbooking
and dual selling capacity by cloud providers to maintain profitability, which would impact efficiency and
cloud adoption. To explain, this pricing model charges on the basis of a flat-rate that guarantees the
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customers with some level of performance and on a flexible that charges for resource utilization beyond the
flat-rate section. Their approach needs only performance measurement on one side and resource utilization
measurement on the other, as indicated in their work [31]. Yet, their approach is still limited in the essence
that it does not consider the actual cost of energy consumption.

Mao et al. [33] presented a cost-aware auto-scaling mechanism for scheduling tasks in clouds, which
called Scaling-Consolidation-Scheduling (SCS). The auto-scaling mechanism takes into consideration the
instantiation time that every VM needs to be running, then the Earliest Deadline First (EDF) algorithm is
used to schedule tasks on each VM. They primarily focus on minimizing the cost of the VMs and
satisfying their performance requirement based on tasks deadline constraints. This is achieved by forcing
the tasks to run on the same VM in order to improve performance and save the data transfer cost. They
compare the proposed SCS approach with two cost-based approaches, and the results demonstrate that
their approach achieved cost-savings of 9.8-40.4% along with improved utilization over other
approaches. However, this approach only ensures a reduction in the cost of each VM and does not take
into account the trade-off between performance and power consumption of the selected VMs.

Further, a cost-aware super professional executor (Suprex) with auto-scaling mechanism is proposed by
Aslanpour et al. in [34]. This approach aims to provide an executor with the capability to isolate the
overloaded VM until the billing period is completed, which leads to overcome the challenge of postponed
VM start-up and maximize the cost efficiency. The results show that the Suprex executor can reduce the
cost of VM by 7%, but in some cases this executor leads to lower resource utilization.

Chard et al. [35] proposed an approach for cost-aware elastics resource provisioning for scientific
workloads. This approach monitors a job submission queue and provisions VMs based on pre-defined
policies. The authors investigate the impact of workload execution on the total cost of cloud services by
using dynamic pricing models (e.g., spot and on-demand instances) provided by Amazon Web Services
(AWS) [23], based on different availability zones. They evaluate their approach under realistic conditions
based on workload traces through simulation. However, their investigation does not consider the impact
of energy consumption on AWS pricing models.

3.2 Cost and Energy Consumption Models

With the expansion of cloud computing, optimizing the energy efficiency of the cloud paradigm at all
different layers is considered significantly important, as highlighted by Djemame et al. [36]. The authors have
proposed a cloud architecture that enables energy awareness at all layers of the cloud stack and through the
cloud application lifecycle. This architecture is an energy efficient solution, capable of self-adaption and
aware of the impacts on other quality characteristics such as cost and performance of the applications. An
example of a cost model for laaS providers to align with the energy consumption cost is introduced by
Hinz et al. in [10]. They proposed a cost model called Proportional-Shared Virtual Energy (PSVE), which
investigates the relationship between energy consumption and VMs workload in a cloud environment.
The PSVE model considers the cost of heterogeneous VMs as well as their energy consumption, which is
based on the number of allocated virtual CPU to each VM. Also, it consists of two main elements: 1) A
cost associated with VMs resources (e.g., CPUs and networks) along with their power consumption, and
2) A shared cost associated with the hypervisor, relatively distributed among VMs. Nevertheless, their
model does not consider the actual utilization of the virtual CPUs, only considers the number of allocated
virtual CPU to each VM, thus their cost model may not be an accurate, as stated by [24,25]. In this
context, the current cost models offered by cloud service providers (e.g., Amazon EC2 [6]) only consider
the number of allocated resources to each VM based on the time of usage, and do not consider the
utilization ratio of these resources (actual usage). To illustrate that, let’s consider two VMs (VM1 and
VM2) allocated on the same host and have the same number of virtual CPUs. VM1 and VM2 used 10%
and 90% of the CPU utilization, respectively. These ratios of CPUs utilization have different impacts on
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energy consumption, but both are usually charged the same price, regardless if a VM is using 10% or 90% of
its CPU. Consequently, the authors in [24,25] highlighted the need of cloud service providers to offer cost
models that fairly charge their customers based on the actual resource usage with consideration of their
energy consumption.

Wang et al. [21] argued the importance of having precise cost models for adopting cloud computing.
Through their investigation, they found that different system configurations have a significant impact on
energy consumption and thus the total cost of cloud services. Consequently, Yousefipour et al. [37]
proposed an energy and cost-aware VM consolidation model that aims to minimize the number of active
PMs in order to reduce power consumption and cost of heterogeneous cloud data centers. The
consolidation process is nearly optimized based on the trade-off between power consumption and cost
using a mixed-integer non-linear programming model and a genetic algorithm. The results show that the
proposed model is capable of reducing the power consumption and costs when compared to the First Fit
(FF), First Fit Decreasing (FFD), and Permutation Pack (PP) algorithms. However, they assume the
power consumption is increasing linearly for all PMs, which is not usually the case in the heterogeneous
cloud environment, as stated in [38]. Also, this work does not consider the energy consumption overhead
incurred by VMs consolidation. Similarly, in [39] authors proposed a cost and energy efficient scheduling
algorithm based on Particle Swarm Optimization (PSO). This algorithm aims to optimize execution cost
and energy consumption of cloud data centers, considering deadline constraint and time. The proposed
algorithm is evaluated using CloudSim [40] based on independent tasks scheduling and compared with
honey bee and min-min algorithms. Nevertheless, this work lacks to consider other Quality of Services
(QoS) parameters such as application performance variations, load balancing, availability and Service
Level Agreement (SLA) violation.

Further, Jung et al. [41] introduced Mistral, a holistic framework that balances power usage, the
efficiency of applications and transient power costs incurred by the adaptation decisions of the
framework. Their approach investigates the problem of dynamic consolidation of homogeneous VMs and
focuses on improving the power consumption of the physical host. However, this framework does not
optimize the trade-off between all mentioned objectives (power consumption, application performance
and costs), only two of these objectives are considered to be optimized at the same time.

3.3 Overall Discussion of Energy-Related Cost Issues

Cost modelling is an important component of the cloud computing paradigm since it directly affects
providers’ revenue and customers’ payment [26,27]. The main aim for cloud providers is to achieve
maximum revenue and for cloud customers to achieve the highest service performance at a reasonable
price. Current cost models used by cloud service providers (e.g., Amazon EC2 [6] and Microsoft Azure
[7]) are based only on the usage of the virtualized resources such as CPU, memory, and disk, and do not
consider the variable cost of energy consumed by these resources. With the rising of electricity costs,
cloud providers perceive energy consumption as one of the most important operational cost factors to be
maintained within their infrastructures [1-3].

In order to properly alleviate the operational cost, cloud service providers can be assisted with cost and
energy awareness to enhance their decisions and efficiently manage cloud resources. Section 3 has reviewed
the related work on modelling the cost as well as the energy consumption in cloud environments. As
discussed in Section 3.1, the work presented in [26,31-33,35] aimed to improve the cost efficiency in
cloud environments in order to meet the performance requirements, customers' demands and efficient
resource utilization, but not considering the energy consumption of the resources. In Section 3.2, the
work presented in [37,41] considered the energy consumption in their models, but their focus is only at
the physical level in order to consolidate the VMs and minimize the number of active hosts. Only the
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work presented in [10] considered the energy consumption at both physical and virtual levels, though this is
still limited as their model only consider the number of allocated virtual CPU to each VM.

Thus, there is a clear need to consider energy consumption at VMs level, taking into account the actual
utilization of the virtual CPUs in order to obtain a precise cost model. The following Tab. 1 provides a
comparison summary of the closely related works on modelling cost and energy consumption for VMs in
a cloud environment.

Table 1: Summary of existing cost and energy models

By Criteria Cost model based on Actual power consumption consideration
VM tesource Ao b1 g fvel
[32] Homogeneous VMs only. Not Not considered.
considered.
[26] Homogeneous VMs only. Not Not considered.
considered.
[31] Homogeneous VMs only. Not Not considered.
considered.
[33] Homogeneous and Not Not considered.
heterogeneous VMs. considered.
[35] Homogeneous and Not Not considered.
heterogeneous VMs. considered.
[37] Homogeneous and Homogeneous Not considered.
heterogeneous VMs. PMs only.
[41] Homogeneous VMs only. Homogeneous Not considered.
PMs only.
[10] Homogeneous and Homogeneous Homogeneous and heterogeneous VMs, but
heterogeneous VMs. PMs only. only based on the number of allocated virtual

CPUs to each VM.

4 Prediction Models in Cloud Computing

Having discussed the existing work on modelling the cost and energy consumption of cloud services in
Sections 3.1 and 3.2, this section discusses the work on predicting the workload, energy consumption and
estimating the total cost of the VMs during the service operation.

Providing prediction information of the cloud services ahead of their operation or at the run-time can be
very beneficial for the service providers, as they need to carefully predict their business growths and
efficiently manage the cloud resources.

To optimize the use of cloud services, predictive mechanisms can be applied to improve resource
utilization and reduce energy costs while maintaining demands on service performance. However, in order
to make improved cost decisions, these mechanisms need to be assisted with energy awareness not only at
the level of the PM but also at the level of the VM. Furthermore, estimating the potential costs of cloud
services can help cloud service providers deliver suitable services that meet the needs of their customers.
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4.1 Workload Prediction

In terms of workload prediction, a number of methods are used in order to predict the workload in cloud
environments. For example, an evaluation of commercial cloud services offered by major service providers is
provided in [42], where a cloud monitoring tool is used to measure the service performance of a month period
for 20 cloud providers. According to the workload data collected from different cloud providers, they applied
the Auto-Regressive Integrated Moving Average (ARIMA) and Exponential Smoothing (ETS) to predict the
future behavior of service performance. This prediction helps cloud customers and service brokers to select
cloud services according to their requirements. The overall performance prediction results show that ARIMA
performs better than ETS for predicting service performance. Also, a predictive elastic resource scaling
scheme (PRESS) is introduced for cloud systems in [43]. To predict the workloads of PMs and VMs, the
approach uses a short-term pattern matching and state-driven approach (Markov chain). This approach is
deployed on top of Xen [16], using RUBIS and an application load traces from Google. In their work,
only the workload is predicted as a stand-alone application.

Moreover, Huang et al. [44] proposed an elastic resource allocation mechanism for a cloud system,
namely Prediction-based Dynamic Resource Scheduling (PDRS). The PDRS is employed to predict the
VMs workload fluctuations using the ARIMA model based on the historical workload data. Based on the
predictor, they developed dynamic resource allocation algorithms along with VMs live migration in order
to reduce the number of active PMs. The results show that this approach is able to realize adaptive
resource allocation with an acceptable effect on SLAs and migration overhead. Though this approach is
focused on predicting the workload in order to perform the VMs allocation and live migration, without
considering the energy overhead due to the migrations of the VMs.

Farahnakian et al. [45] introduced a predictive VM consolidation approach, called Utilization
Prediction-aware VM Consolidation (UP-VMC). The UP-VMC aims to optimize three objectives include
the number of SLA violations, the number of VM migrations and energy consumption. It considers the
current and future PMs and VMs resource utilization in order to migrate VMs into the least number of
active PMs, and then switch the idle PM to the sleep mode in order to minimize the energy cost. The
future resource utilization (CPU and memory) is predicted using two regression-based prediction models
(Linear and K-Nearest Neighbor). The obtained results using Google cluster and Planetl.ab workload
traces show that the UP-VMC can reduce SLA violations, energy consumption and the number of
migrations. However, the experiments conducted on a simulation-based have focused on predicting the
PMs and VMs resource utilization and do not consider the prediction of PMs and VMs energy consumption.

Zhang et al. [460] presented a proactive virtual resource management framework, called (PRMRAP),
which predicts the amount of resource needed to cope with unexpected workload changes. This approach
uses the ARIMA model based on the historical workload data in order to predict the VMs workload
changes and the number of resources needed. In this framework, they consider both vertical and
horizontal scaling of the VMs, which can reduce time latency for handling the workload changes in a
cost-efficient manner. Likewise, Fang et al. [47] presented a novel Resource Prediction and Provisioning
Scheme (RPPS), which predicts the workload demands and dynamically adjusts resource provision for
cloud applications. This approach takes advantage of the ARIMA model which has high prediction
accuracy in order to handle the resource provisioning in a short period of time. They implemented the
RPPS model on top of Xen [16] and KVM [15] virtualization platforms, and conducted the experiments
in a real cloud data center. The results show that this approach has high prediction accuracy of about 90%
and able to scale cloud resources under different situations (e.g., peak and low phases). Further, Yang
et al. [48,49] used a Linear Regression Model (LRM) to predict the VMs workload for the next time
interval. An auto-scaling mechanism is proposed based on the predicted workload to scale the virtual
resources, which combines the real-time scaling and the pre-scaling in order to handle the workload
demands. They used the knowledge from workload prediction to select the number of resources needed
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for scaling, considering both horizontal and vertical scaling. According to the experiment results, this
approach is able to predict the VMs workload while lowering the scaling costs and SLA violations.
However, all these approaches do not consider or predict VMs energy consumption when performing
dynamic resource provisioning (scaling decisions).

Also, it is worth mentioning that the workload prediction modelling requires a quantitative evaluation
and statistical analysis in relation to the characteristics of the workloads in terms of their length, pattern,
and resource consumption. Thus, modelling the relationships between these different workload
characteristics is important in order to achieve accurate and reliable prediction results.

4.2 Energy Prediction

There are many ongoing research projects focusing on the prediction of energy consumption based on
resource utilization. For example, Bircher et al. [50] proposed an approach to estimate the power consumption
of a complete system using microprocessor performance counters. They developed power models for
subsystems (e.g., CPU, memory, disk, and network) on two platforms (server and desktop). Also, synthetic
workloads were generated in order to control the utilization of the subsystems. They performed a correlation
analysis between the performance counters and the power consumption using linear and polynomial regression
techniques. The average error of their models was 14.1% for the memory controller and less than 9% for each
subsystem. Similarly, McCullough et al. [51] have evaluated the competence of existing predictive power
models based on their accuracy using hardware performance counter for modern hardware architectures. A
number of linear and non-linear regression models are compared. For the linear regression models, the results
show that these models provide a reliable accuracy with low computational complexity for a single-core
scenario. In contrast, the non-linear models provided better accuracy with the multi-core scenario, although
they incur a higher computational complexity. However, these approaches are performed on non-virtualized
environments and thus do not consider or support the power consumption of the virtual resources.

Smith et al. [52] proposed a power monitoring tool for software-based, called CloudMonitor. The
authors argued that such a tool can be used in order to create energy-efficient applications as well as
design energy-based cost models. The results show that the power monitoring tool is able to estimate PM
power consumption for different applications as long as the physical hardware has the same
configuration. However, this tool does not support the heterogeneity of the PMs as well as the estimation
of VMs power consumption.

Kistowski et al. [53] introduced a model for predicting the power consumption of physical hosts at run-
time. This approach makes use of run-time monitoring data to train the model and then predict the power
consumption based on load intensity and performance counters. The authors claimed that this approach
can be used with any performance model to optimize the energy efficiency of distributed systems. They
evaluated the model using two different web applications deployed in a heterogeneous environment. The
results show that this approach can predict the power consumption of a system with an error of 2.21%.
Yet, their approach only considers the prediction of the power consumption at the PMs level and does not
consider the prediction at the VMs level.

Further, Makaratzis et al. [54] conducted a survey study on energy modelling in cloud simulations. They
focused on the energy models that have been proposed for the prediction of the energy consumption of cloud
data centers. The most popular cloud simulation frameworks were considered in this survey: CloudSched,
CloudSim, DCSim, GDCSim, GreenCloud and iCanCloud. Hence, the experiments were conducted in
order to compare these different simulations with their energy models, and the results show that the same
tendency prevails for the energy models in all cloud simulation frameworks. However, these simulations
along with their energy models do not consider the impact of heterogeneous VMs on the energy
consumption in cloud data centers.
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Li et al. [55] have built an online power metering model that estimates the power consumption for the
PMs and VMs in a cloud environment. The power modelling is performed using a linear regression technique
based on the impact of the CPU, memory and disk. The implementation of the model shows that it can
achieve an average estimation accuracy of more than 96% with low runtime overhead. Nevertheless, they
assumed that all the PMs and VMs are homogeneous, which is very rarely used in cloud environments.

Moreover, Farahnakian et al. [56] introduced a load prediction method, called a Linear Regression-based
CPU Utilization Prediction (LiRCUP). This method is used to predict the short-time future CPU utilization of
the overloaded and underloaded PMs based on historical data of each PM. Based on this prediction, some
VMs are migrated to other hosts in order to avoid SLA violations and reduce energy costs. In order to
evaluate this work, the authors implemented the proposed method in the CloudSim and the results show
that the proposed method can reduce the energy cost and SLA violation rate. However, this work is
focused on predicting the workload and then the energy consumption only at the host level and not
considering the workload and energy prediction at the VM level.

Subirats et al. [57] proposed a VM placement algorithm, which is aimed to take the appropriate decisions
(e.g., VM replication, migration, cancellation). Generally, mathematical modelling is used to design a CPU
utilization predictor in order to predict the energy consumption for different workload types at PMs and VMs
levels. Their proposed predictor consists of four prediction models, namely linear regression, moving
average, single and double exponential smoothing in order to predict CPU utilization and power
consumption of a given VM. Although this work only considers a linear relationship between the CPU
utilization and the power consumption, other non-linear relationships such as polynomial and exponential
could be considered in order to increase the prediction accuracy.

4.3 Cost Estimation

Estimating the cost of resource provisioning is essential to automatically cope with workload demands.
Therefore, Jiang et al. [58] presented an online temporal data mining system, called A Self-Adaptive
Prediction (ASAP), which is used to predict the VM demands, and provision resources accordingly. The
authors also proposed a cloud prediction cost mechanism, which is used to measure the performance of
several prediction models based on historical time series data. The experiments results show that the
ASAP is capable to decrease the resource provisioning time of all VMs. Another approach for an efficient
auto-scaling is proposed in [59]. They used a second order Auto-Regressive Moving Average (ARMA)
model in order to predict the VMs workload and cost for the next time interval based on historical
workload data. This look-ahead approach enables early auto-scaling detection, which allows the new
VMs to boot (horizontal scaling) before workload increases. The model aims at reducing the use of
resources and fulfilling QoS requirements while maintaining low operating costs. However, these two
approaches only consider workload prediction for dynamic resource provisioning, and do not consider the
energy consumption which would influence the overall cost of the scaling decisions.

Sharma et al. [60] proposed a cost-aware resource provisioning framework for cloud applications, called
Kingfisher. It aims to optimize the cost of resource provisioning and reconfiguring using Integer Linear
Program (ILP) formulation. Kingfisher exploited both scaling and migration mechanisms to dynamically
select appropriate decisions that optimize the cost incurred by customers. In their work, the ARIMA
model is employed to estimate the workload in order to capture future workload trends. They
implemented the Kingfisher framework using the OpenNebula [61] cloud platform, and the results
demonstrate that the Kingfisher has the ability to select the lowest cost of resource provisioning and
reconfiguring to meet an application’s requirements. Nevertheless, their approach does not consider the
energy consumption overhead when performing the migration and scaling decisions.
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Furthermore, Liu et al. [62] designed performance and energy models to estimate VM migration cost
based on theoretical analysis and empirical studies on the Xen platform. The theoretical analysis and
empirical studies show that the migration-related parameters like VM memory size, memory dirtying rate
and network speed are the major factors impacting migration performance in terms of migration time,
migration downtime and the total volume of network traffic. Also, they designed a linear regression
model and a theoretical model to estimate the energy consumption of the networks during VM migration
based on their performance model. The experimental results demonstrate that the proposed models are
able to estimate VM migration cost with an estimation accuracy of about 90% based on performance and
energy metrics. However, this work does not consider the heterogeneity of the PMs or the VMs when
designing their models.

4.4 Overall Discussion of Prediction Models

Cloud service providers can take advantage of prediction models to enhance the efficiency of managing
cloud resources. With the unexpected workload demands, cloud service providers should strike a balance
between their operating costs, energy consumption and satisfying QoS objectives. Consequently,
modelling a predictive mechanism can be beneficial to improve resource utilization and reduce energy-
related costs, while maintaining service performance requirements.

Section 4 has reviewed the related work on predicting the workload and energy consumption as well as
estimating the total cost of the VMs during the service operation. As discussed in Section 4.1, the work
presented in [43—49] aimed to predict the workload in order to improve resource utilization in cloud
environments, but without considering the energy consumption of the predicted workloads.

In Section 4.2, the work presented in [52,53,56] considered the prediction of energy consumption in
their models, but these approaches only consider the prediction of the power consumption at PMs level
and do not consider the prediction at VMs level. Only the work presented in [55,57] considered the
prediction of energy consumption at both physical and virtual levels. Though there are still limited as the
model in [55] assumed that all the PMs and VMs are homogeneous, whereas, the model in [57] only
considers a linear relationship between the CPU utilization and the energy consumption in order to
predict the power at the VMs level.

The work presented in [58,59,60] considered the prediction of workload and the estimation of cost for
the VMs, but do not consider the energy consumption which would influence the overall cost estimation of
cloud services, as discussed in Section 4.3. The only work that considered the prediction of workload and
energy consumption as well as the estimation of cost, is presented in [62]. However, this work does not
consider the heterogeneity of the PMs or the VMs when designing their models.

Thus, there is still a need for predictive modelling that takes into account the workload, energy
consumption and cost not only at the PMs level, but also at the VMs level considering their
heterogeneity, in order to make enhanced cost decisions and efficiently manage cloud resources.

The following Tab. 2 provides a comparison summary of the closely related works on prediction models
that consider workload, energy consumption and cost for VMs in a cloud environment.
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Table 2: Summary of prediction models

365

By Criteria Workload prediction Energy prediction consideration Cost
consideration estimation
consideration
PMs level VMs level PMs level VMs level
[43,44] Homogeneous Homogeneous Not considered. Not Not considered.
PMs only. VMs only. considered.
[45] Homogeneous Homogeneous Not considered. Not Not considered.
and and considered.
heterogeneous heterogeneous
PMs. VMs.
[46] Not considered. Heterogeneous Not considered. Not Not considered.
VMs. considered.
[47] Homogeneous Not considered. Not considered. Not Not considered.
PMs only. considered.
[48,49] Not considered. Heterogeneous Not considered. Not Not considered.
VMs. considered.
[52] Not considered. Not considered. Homogeneous Not Not considered.
PMs only. considered.
[53] Not considered. Not considered. Heterogeneous Not Not considered.
PMs. considered.
[55] Not considered. Not considered. Homogeneous Homogeneous Not considered.
PMs only. VMs only.
[56] Heterogeneous Not considered. Heterogeneous Not Not considered.
PMs. PMs. considered.
[57] Heterogeneous Homogeneous Heterogeneous Homogeneous Not considered.
PMs. VMs only. PMs. VMs only.
[58] Heterogeneous Heterogeneous Not considered. Not Based on the
PMs. VMs. considered. resource usage.
[59] Not considered. Homogeneous Not considered. Not Based on the
VMs only. considered. resource usage.
[60] Heterogeneous Homogeneous Not considered. Not Based on the
PMs. VMs only. considered. resource usage.
[62] Homogeneous Homogeneous Homogeneous Homogeneous Based on the
PMs only. VMs only. PMs only. VMs only. resource usage

and power
consumption
cost for
homogeneous
PMs and VMs.
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5 Conclusion

This paper has introduced a comprehensive review on the subject of energy-related cost issues and
prediction models in cloud computing environments. Firstly, it has discussed the fundamental aspects of
cloud computing including its definition, system architecture, services types, and deployment types,
followed by a detailed description of the pricing models in cloud computing. Secondly, it has reviewed
the literature on the energy-related cost issues in cloud computing. Thirdly, it has highlighted the
prediction models related to predicting the workload, energy consumption and cost of cloud services.
This paper has finally concluded with an overall discussion served as potential research directions, along
with a comparison summary of the closely related works.
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