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Abstract

During the last decade, the research community has developed different simulation tools to
model and study cloud systems. However, current cloud simulators focus on specific features
that typically do not fully cover all aspects of the cloud infrastructure. The ever-growing number
of existing simulators increases the difficulty to properly choose the most appropriate one. More-
over, in certain situations, these simulators must be combined to analyze the features required by
the user, which leads to investing a considerable time and effort for their selection.

In this paper, we propose CloudExpert, an intelligent system based on metamorphic testing
that selects the most appropriate simulator covering the features of interest for the user. In con-
trast to our previous work, where metamorphic testing is applied to improve models representing
a cloud, in this work we analyse the underlying features of several well-known cloud simulators
to generate metamorphic rules, which are applied to represent the properties of the simulator.
To show the applicability of CloudExpert, we conducted an empirical study where the ad-
equacy of six well-known cloud simulators was analyzed. In this experiment, CloudExpert
recommended the most appropriate simulator for eight scenarios involving different aspects of
the cloud (energy, storage, network, memory, CPU) and simulator performance; and could also
identify strengths and weaknesses of these simulators. Then, we further validated CloudExpert
in two different ways. Firstly, the effectiveness of CloudExpert was measured using different
faulty cloud simulators. Secondly, we designed a questionnaire based on the results provided by
CloudExpert for some of the scenarios of the first experiment. The questionnaire was answered
by eight experts in cloud simulation, confirming the usefulness of the tool.
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1. Introduction

The first concepts of cloud computing were proposed in 1997 (Mei et al., |2008). However,
the rise of cloud computing started in 2007, when the cloud was adopted and promoted by several
top companies, like Amazon (Amazon Elastic Compute Cloud, 2020), IBM (IBM Cloud, 2020),
Google (Google Cloud, 2020) and Microsoft (Microsoft Azurel [2020). Since then, billions of
dollars have been invested to make available cloud computing solutions. In fact, the market is
expected to rise from nearly US$212 billion in 2019 to US$370 billion in 2023 Ng Fred et al
(2019).

Cloud computing provides the illusion of infinite storage and computing resources available
on demand. This way, a cloud system allows accessing to a flexible and on-demand computing
infrastructure by providing users with virtual machines that are deployed in physical resources.
On-demand refers to the use of cloud services by end-users according to their computing needs,
while flexibility concerns the capabilities to offer a wide spectrum of resources using virtualiza-
tion techniques.

Currently, cloud platforms are increasing their role to perform large-scale computational
analysis |[Keshavarzi et al.| (2021)); |]Amani et al.| (2020), which has lead both IT companies and
the research community to invest much effort for their study. However, testing and analyzing
the cloud is especially challenging due to its complex underlying infrastructure. First, cloud
systems consist of a large number of physical machines, which are accessed by a vast number
of concurrent users, hampering their analysis. Second, the resources provided by the cloud to
end users are virtual and, therefore, different VMs can be deployed in a single physical machine,
sharing the same resources among the different users. Third, in order to obtain accurate results
we need exclusive access to the cloud architecture and to the cloud settings, which is — in most
cases — not possible. On the one hand, the main parameters that configure the cloud architec-
ture, like allocation policies of virtual machines, network topologies and the organization of the
hosts, are hidden to the end-users. On the other, if we do not have exclusive access to the cloud
for executing the experiments, other users may interfere by accessing to shared resources, like
the communication network, leading to unreliable results, and making the repeatability of the
experiments impossible [Schad et al.| (2010).

During the last years, simulation techniques have been widely adopted as a cost-effective
technique to analyze complex systems |Cafiizares et al.| (2019); [Teerasoponpong & Sopadang
(2021). Particularly, the use of cloud simulators alleviates the previously described issues, since
they are able to easily reproduce and parallelize experiments without requiring the physical hard-
ware resources |Filho et al.| (2017); Mansour1 et al.| (2020). However, the wide spectrum of
inter-related parameters involved in the modeling of cloud systems requires an expert to design
appropriate models for carrying out the experiments. Generally, each simulator focuses on rep-
resenting an aspect of the cloud, where the behavior of one or several features are simulated, like
storage, performance, cost, service-level agreements (SLAs) and energy consumption, among
others. Therefore, making the right decision for selecting a simulator is critical to successfully
perform an empirical evaluation, avoiding a waste of effort and time |Alomair et al.|(2015). Con-
versely, the selection of an inappropriate simulator may lead to significant financial losses and,
in some cases, the failure of the research project|Gupta) (2014).

The problem of selecting an appropriate simulator is not new |[Hlupic & Mann| (1995)); |Gupta
et al.| (2009); Nikoukaran et al.| (1999). In general, the criteria for evaluating cloud simulators
is gathered from related articles found in the current literature, software manuals and by the ex-
perience gained when working with existing simulators. This way, the task of evaluating and
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selecting a cloud simulator is a multi-criteria decision-making problem, which is complex and
time-consuming. In essence, the researcher must analyze the cloud features to be simulated,
study the trade-offs of each simulator (e.g. performance vs accuracy, ease of use vs flexibility,
etc.) and make a decision. Unfortunately, current approaches for the evaluation and selection of
simulation tools cannot be applied to cloud computing simulators. In particular, these solutions
are based on analyzing and grouping evaluation criteria, while evaluating a cloud simulator re-
quires to study aspects like the accuracy and performance provided and, thus, more sophisticated
techniques are required.

To alleviate these issues, we propose an intelligent system, called CloudExpert, which cal-
culates the adequacy of different cloud simulators for a given task. CloudExpert receives as
input the cloud to be simulated, the workload, and the requirements of the user. These require-
ments are specified by selecting relevant aspects from a catalogue of metamorphic rules Chen
et al.| (1998). These include features like the overall performance of the simulator and the ca-
pability of the simulator to faithfully capture aspects like the energy consumption, different re-
source allocation policies and the network system. The output provided by CloudExpert is a
recommendation of the simulators that best cover the requirements previously indicated by the
user.

The main novelty and contributions of this work are the following:

e CloudExpert uses a collection of well-known cloud simulators to analyze the features
required by the user. The design of CloudExpert allows horizontal scaling in the sense
that the capacity of the system can be increased by including new simulators.

e The core of CloudExpert uses metamorphic rules to model the features of the cloud of
interest. Using metamorphic testing (MT) techniques (Chen et al.| (1998)), large and appro-
priate test suites are automatically generated to evaluate the suitability of each simulator.
This way, CloudExpert is able to scale vertically by including new metamorphic rules to
cover a wider spectrum of cloud features.

e CloudExpert automatically generates a high number of test cases targeting the part of the
cloud to be studied, which significantly increases the overall system performance. More-
over, the results obtained after the execution of all the test cases are automatically checked
using the metamorphic rules. Thus, no human intervention is needed to analyze the ac-
curacy of the obtained results. Metamorphic testing, unlike current conventional testing
techniques, can be applied for both test case generation and test result verification, making
it suitable to face both fundamental problems of testing (Chen et al.| (1998)); Nunez et al.
(2020). In essence, the main difference between traditional testing techniques and MT
lies in the comparison of the obtained outputs. While traditional techniques compare the
output of each individual test case with the one obtained from the oracle, MT checks the
relation between multiple test inputs and their outputs.

e The paper reports on an experimental study analyzing the applicability and suitability of
CloudExpert. In this experiment we considered six well-known cloud simulators, and
CloudExpert was able to recommend the most appropriate one for eight scenarios involv-
ing different aspects of the cloud (energy, storage, network, memory, CPU) and simulator
performance. Moreover, CloudExpert could also identify strengths and weaknesses of
these simulators.



In this paper, we provide some metamorphic rules to analyze different cloud simulators.
While most of these rules are new, those rules targeting at energy consumption are inspired by
our own previous work |Canizares et al.|(2020). It is worth noting that the application field of this
work is completely different. Since our previous work uses metamorphic testing to improve cloud
models |Canizares et al.|(2020) (i.e. increasing the overall performance or reducing the energetic
consumption), the present work analyzes the underlying features of several well-known cloud
simulators, not the generated models representing a cloud. Hence, we provide an extensible
catalogue of metamorphic rules that are applied to represent the properties of the simulator.
Additionally, we use the metamorphic rules to automatically generate test cases and measure the
appropriateness of each simulator for modeling a cloud proposed by the user. As we will detail
in Sections and new rules can be added to the catalogue and existing ones can be
combined. This process is automatic in the sense that the user only needs to enter the cloud to be
modeled, while the generation of test cases, its execution and the calculations to provide the final
recommendation are performed by our proposed system without the intervention of the user. As
a result, CloudExpert provides a table containing the recommended simulators to model the
cloud provided by the user. From the best of our knowledge, there is no current approach to
alleviate this issue, we think that this contribution is new and has not been proposed in the past.

The rest of the paper is structured as follows. Section [2] presents an overview of the three
disciplines used to design our system: cloud computing, simulation and metamorphic testing.
Section [3] discusses related work, stressing the novelty of our approach with respect to it. Sec-
tion [4] describes in detail the architecture of CloudExpert. Section [5|reports on an empirical
study to evaluate CloudExpert. The potential threats to validity are described in Section [6]
Finally, Section [7]presents the conclusions and some directions for future work.

2. Background

In this section we provide background on the three disciplines used to design CloudExpert:
cloud computing (Section [2.1)), simulation of cloud systems (Section[2.2)) and metamorphic test-

ing (Section [2.3).

2.1. Cloud computing

There are several definitions of the notion of cloud computing. The U.S. National Institute
of Standards and Technology (NIST) provides a formal definition that includes the key elements
used within the cloud computing community (Mell & Grance, [2011): “Cloud computing is a
model for enabling ubiquitous, convenient, on-demand network access to a shared pool of con-
figurable 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.”

According to their deployment model Mell & Grance, (2011)), clouds can be categorized as
public, private, community and hybrid. Public clouds — like for example Amazon EC2 |Ama-
zon Elastic Compute Cloud| (2020) — are used by the general public. In this scheme, the cloud
provider has the full ownership of the cloud, which allows the pay-as-you-go pricing model,
where users pay only for the capacity their applications actually need. In public clouds, low-
level configurations cannot be applied to run experiments and, moreover, the overall cloud per-
formance may present significant variations depending on the physical machines used to deploy
the VMs |Schad et al.| (2010). Private clouds are operated exclusively within a single organi-
zation. Usually, public clouds provide bigger infrastructures than private ones. However, IT
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companies prefer private clouds when security is a concern. The infrastructure of community
clouds is provisioned for exclusive use by a specific community of consumers. Finally, hybrid
clouds combine two or more distinct cloud infrastructures (private, community or public) that
remain unique entities.

2.2. Simulation of cloud systems

Robert E. Shannon defines simulation |Shannon| (1998) as “the process of designing a model
of a real system and conducting experiments with this model for the purpose of understanding
the behavior of the system andfor evaluating various strategies for the operation of the system”.
In computer science, simulation is the technique of representing the real world by a computer
program, which should imitate the internal processes and not merely the results of the system be-
ing simulated. Currently, the research community has widely adopted simulation as a technique
for analyzing cloud systems Byrne et al.|(2017), due to the following advantages:

o Simulations are cheap compared to experimentation using the real system. Simulations
can be executed on single regular computers or, if available, in small commodity clusters
for increasing the overall performance. Hence, when simulating a cloud system, the under-
lying physical architecture of the modeled system is not required. Moreover, in the cloud
domain, many simulators have a GPL license, which does not require an initial investment.

e Simulation allows a high level of flexibility for conducting experiments. The modeled
system can be easily customized by modifying configuration parameters (in text files or
a GUI). However, experimenting with real cloud systems requires making changes in the
hardware, which requires significantly more time and effort.

o Experiments can be easily controlled and repeated in simulated environments.

e Cloud models can be easily scaled, because this just implies increasing the parameters
related to the cloud size. On the contrary, scaling a real architecture is expensive and
time-consuming.

o Simulators and models can be easily shared with other researchers.

During the last decade, a wide variety of cloud simulators have been proposed. Table
compares some features of six well-known, widely used simulators within the cloud research
community. They have been selected after a careful analysis of the current literature |Byrne
et al.| (2017); [Fakhfakh et al.| (2017)); |]Ahmed & Sabyasachi| (2014); Ismail (2020). The first
three columns show the simulator name, the version used in the empirical evaluation, and its
implementation language. In general, Java and C++ are the most adopted languages to build
cloud simulators. The next two columns (License and GUI) depict the software license of the
simulators and the support for a graphical interface. All the analyzed simulators provide a free
software license.

The next four columns analyze the functionality offered by each simulator. The Net column
determines the capacity of the simulator to model the communication network. In general, a
cloud is made of a high number of hosts and communication devices, like switches and routers,
leading to long execution times to accurately represent the behavior of the network. In this
case, GreenCloud Dzmitry Kliazovich|(2012) and iCanCloud Nufiez et al.|(2012); Castané et al.
(2013) completely model the communication network, implementing the TCP/IP protocol. Other
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Simulat Version Language License GUI Net Energy Storage Cost SLA
DISSECT-CF 0.9.3 Java GPL3 No Limited Yes Yes No No
GreenCloud 2.1.2 C++, OTcl GPL Yes Full Yes No No Yes
SimGrid 3.19.1 C/C++ GPL No Limited Yes Yes No No
iCanCloud 1.0 C++ GPL3/GNU Yes Full Yes* Yes Yes No
CloudSim-Plus 43 Java GPL3 No Limited Yes No Yes Yes
CloudSim-Storage 1.0 Java Apache 2 No Limited Storage Yes Limited Yes

Table 1: Comparison of current cloud simulators.

simulators provide a limited model to simulate the network, which is acceptable for simulating
cloud systems. The Energy column shows the capability of the simulators to model the energetic
consumption of the cloud. In general, the presented simulators support this feature. CloudSim-
Storage |[Ouarnoughi et al.| (2017)) only models the energy consumption for the storage devices.
The iCanCloud simulator models the energy consumption using the E-mc* framework [Castafié
et al.| (2013), and this is why we set an asterisk on the cell. The capability of each simulator
to model the Storage system is depicted in the next column. The iCanCloud simulator provides
a wide variety of configurations for modeling the storage system, like parallel and distributed
file systems and RAID. CloudSim-Storage is an extension of CloudSim [Filho et al.|(2017) that
focuses on modeling the behavior of the storage devices, including its energetic consumption.
SimGrid |Casanova et al.| (2008)) also provides models to represent the storage devices in a cloud
system. DISSECT-CF [Kecskemeti|(2015)) supports both energy and storage features. Finally, the
last two columns represent the capability to model Cost and SLAs. It is worth mentioning that
CloudSim-Plus is the only simulator that supports cost and SLAs.

Overall, we can observe that there is no simulator capable of fully modeling a cloud system.
In general, each simulator supports a few features and, consequently, different simulators must
be appropriately combined for investigating the different aspects of the cloud infrastructure under
study.

2.3. Metamorphic testing

Metamorphic testing (MT) alleviates two fundamental problems in traditional testing: the
reliable test set problem and the oracle problem Weyuker| (1982). The first problem consists in
generating a proper test suite for determining the correctness of a system. In most cases, it is not
feasible to execute all possible test cases over the system under test and, therefore, a subset of
test cases has to be selected. However, this task is complex and challenging.

The oracle problem refers to the availability of a mechanism to differentiate the correct be-
havior of the system under test from potentially wrong behaviors. Schematically, let S be a
system, / the input domain and 7~ = {f;,1,...,t,} € I a set of tests cases. If these tests are
sequentially applied to the system S, we obtain a sequence of outputs S(#;), S(t2), ..., S().
Thus, if we have an oracle f to calculate the expected output of S when exercised with any test
in 7, we find an error if there is some #; € 7 such that S(¢;,) # f(#;). In those cases where the
system under test is complex — like the cloud — an oracle is not available or is computationally
too expensive to be applied and, consequently, alternative approaches must be used.

Metamorphic testing uses expected properties of the target system, relating multiple test in-
puts with the outputs produced by the system under test. These properties are formulated in the
form of metamorphic rules (MRs). An MR is a property of the studied system that involves
multiple inputs and their outputs. We represent an MR as a tuple (MR;, MR,), where MR; is a
relation between the source test case and a second (follow-up) test case, and MR, is a relation
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that must be fulfilled by the outputs produced by the source and follow-up test cases. The idea
is that, instead of checking the output 0| produced when testing with one input i;, we test with a
second (follow-up) input i,, which generates the output 0,. It is important to remark that i; and
ip must fulfill MR;. Thus, we check that 0, and o, are related as expected by the MR.

As an example, consider the problem of checking a program p that implements the trigono-
metric sine function. Since it may be challenging to check the correctness of applying p to an
arbitrary input, we may take advantage of several known properties of the sine function to build
a set of MRs. One of these properties is that sin(—x) = —sin(x). In order to check this MR, we
test p with both an input and with the negation of the original input. Next, we check if the MR is
fulfilled using the produced outputs. If the property does not hold, p must be faulty and it must
have failed on at least one of the two inputs (the original value or its negation).

3. Problem description and related work

As we have discussed, the flexibility and scalability of current simulators, combined with
the possibility to easily reproduce experiments, makes simulation tools a very suitable option
to study cloud systems. Cloud simulators are widely adopted by different research communi-
ties, which are applied, among other fields, for improving efficiency in smart healthcare |Abdel-
moneem et al.| (2020); |Anuradha et al.| (2020), analyzing telecommunication aspects [Hegyi &
Vargal (2019) and providing the basis for building IoT systems Singh et al.| (2020).

Despite the advantages of cloud simulators, selecting the right one requires deep, expert
knowledge [Nikoukaran et al.| (1999) due to the ever-growing number of available options, the
effort needed for their set-up, the cost of executing large experiments and the underlying com-
plexity of the tools. This decision must be taken after analyzing a wide spectrum of features and
criteria. In general terms, the steps required to select a cloud simulator are the following:

1. Analyzing the features of the cloud system to be studied (e.g. storage, energy consumption,
cost). Since the final decision must be taken based on the features to be studied, this step
is key to make the right decision.

2. Searching for available cloud simulators, typically over the current literature and special-
ized web sites.

3. Analyzing the properties, features and capabilities of the simulators found in the previous
step. The simulators that do not fulfill the requirements of the researcher are discarded.

4. Modeling the target cloud using the previously collected simulators. Generally, the exist-
ing cloud simulators have been developed for different purposes. Moreover, each simulator
may require to configure a pre-defined set of parameters — using a specific format — to build
a cloud model. Consequently, this step requires translating the infrastructure of the cloud
under study to the different formats readable by each simulator, which needs significant
effort and time.

5. Executing experiments using different simulators. In some cases, the results obtained do
not accurately represent the system under study. Thus, it is desirable to analyze not only
the characteristics of each simulator by reading the documentation but to execute different
simulations to observe if the produced outputs represent the system under test with the
desired accuracy.

6. Selecting one or several simulators after a careful analysis of the collected data. Addition-
ally, other aspects that are not directly presented in the provided results should be taken
into account, like the trade-offs between performance, flexibility and accuracy.
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In general, users may lack the expertise to decide which cloud simulator is more suitable
for their requirements. Furthermore, the underlying complexity of cloud systems makes this
process challenging and time-consuming. There are recent surveys and studies comparing cloud
simulators Markus et al.| (2020); Rahman et al.[ (2019); Ismail| (2020), but the optimal choice
depends on the requirements of the particular project. This section reviews several methods and
techniques — found in the current literature — that can be applied to evaluate simulation tools.

To the best of our knowledge, there is no expert or intelligent system supporting the evalua-
tion and selection of cloud simulators. Liu et al. [Liu et al.| (2016)) presented a decision-making
system for the selection of a cloud vendor. In this case, the underlying infrastructure of cloud
simulators are not analyzed, but several vendors of real cloud systems were studied instead. Con-
versely, several expert systems have been specifically developed to be deployed on the cloud |N.
Tankovi¢ and T. Galinac Grbac and M. Zagar (2017); Skrjanc et al. (2018)); 'Wang et al.| (2012).

Evaluation criteria have also been developed with the purpose of evaluating simulation tools.
The idea is to categorize the criteria involved in the selection process into different groups, and
then provide the user with an organized view of the most relevant features and properties. Law
and Haider designed a classification based on a vendor survey of 23 simulation packages, where
the criteria were categorized into 6 groups Law & Haider| (1989). A classification consisting on
8 groups of features based on a questionnaire involving 54 features was presented by Mackulak
et al. Mackulak et al.| (1994). Davis and Williams |Davis & Williams| (1994) designed a set of
eight criteria, which consider the main issues involved in the selection of simulation software.
Hlupic et al. Hlupic et al.| (1999) presented a classification where the user can select between
230 evaluation criteria grouped into different categories. Also, several guidelines of the desirable
properties of the simulation tool under study were provided.

Multi-Criteria Decision Making (MCDM) methods are useful when decisions need to be
made taking into account multiple conflicting criteria. For instance, the overall performance of a
simulator is usually in conflict with the accuracy provided. When a cloud is simulated with a high
level of detail — explicitly representing most of its features and properties — the required amount
of calculations to perform the simulations is high, hence providing a low performance and high
accuracy. On the contrary, when the cloud is simulated using a low level of detail — using an
abstraction that represents only its most relevant features — the required calculations to perform
the simulations are considerably smaller and faster, which provides a high performance and a
lower accuracy. In the current literature, several MCDM methods can be found |Attri & Grover
(2015), like the Analytic Hierarchy Process [Davis & Williams| (1994) and the Fuzzy Analytic
Hierarchy Process|Azadeh & Shirkouhi| (2009).

Additionally, several frameworks and tools have been developed for helping researchers to
evaluate and select simulation tools. The hierarchical framework of Hlupic et al. Nikoukaran
et al.[(1999) contains 7 fundamental criteria that are used to evaluate and select the most appro-
priate simulation software. SimSelect Hlupic & Mann| (1995) has a database that stores infor-
mation concerning the purpose of the simulation and the type, price and name of 20 simulation
packages. SimSelect allows users to select and prioritize the desired requirements from a list.
If a simulator matching the selected requirements is not found, recommendations to alternative
simulators are offered instead. A similar approach, called Smart Sim Selector, helps in the selec-
tion of simulation software for the automotive domain |Gupta et al.[(2009). This tool includes a
database containing 11 simulation packages, which are analyzed using 210 different criteria.

Table [2] shows a comparison between the current approaches for selecting simulation tools
and our proposed intelligent system CloudExpert. In general, these approaches are based on
analyzing and grouping evaluation criteria. However, they cannot be applied to selecting a cloud
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simulator. First, these approaches do not take into account the level of detail used to model the
different features of the cloud, which has a direct impact on the resulting simulation accuracy.
For example, if a simulator fully models the energy consumption of the CPU system but provides
a poor network model, the obtained simulation results may not accurately reflect the behavior of
the target system. In order to evaluate this feature, it is required to execute some simulations and
study the provided outputs. Nevertheless, some of these approaches group the criteria involved in
the selection process to provide the user with the most relevant characteristics of the simulators.
This process is carried out in a static way in the sense that the studied characteristics are not based
on the results provided by the simulator, but on a list previously classified by the expert. Second,
representing the performance of the simulator in the form of evaluation criteria is complex and in
some cases, unpractical. In general, the obtained performance heavily depends on other features,
like the level of detail of each modeled feature, the size of the target cloud and the workload to
be processed. Some of the current tools for selecting simulators provide a list of features that
shows a general view of the performance of the simulators. Unfortunately, this information is not
accurate enough to analyze the real performance of cloud simulators. Third, to make a correct
decision, the researcher must execute different experiments to evaluate, among other aspects, the
ease of use for modeling a cloud using each simulator and the accuracy obtained. Thus, for each
simulator, different experiments must be designed and executed, which requires a significant
amount of effort and time.

Therefore, to fill these gaps, we built CloudExpert, which we present in the next section.
In essence, CloudExpert automatically generates a wide variety of simulations focusing on the
features reflected in the metamorphic rules. Moreover, the provided outputs are also automati-
cally checked, which provide accurate information of the analyzed simulators, like the level of
detail provided and the performance to execute the generated environments.

Approach Level of detail Representing performance Measuring ease of use
Decision making No No No
Evaluation criteria Static No Static
MCDM Static No Static

Tools Static Static No
CloudExpert Yes Yes Yes

Table 2: Comparison between CloudExpert and current approaches.

4. Proposed Intelligent System

This section provides a description of our proposed intelligent system, called CloudExpert,
aimed at evaluating and selecting cloud simulators. For the sake of clarity, we first introduce
some notation in Section[d.1} The basic architecture of CloudExpert is presented in Section[4.2}
Finally, the expert knowledge representation in the form of metamorphic rules is described in
Section[4.3]

4.1. Notation

In the first place, CloudExpert needs to represent cloud models in a neutral way, so that
they can later be translated into the format of each simulator. For this, we have designed a
generic template that represents a wide-spectrum of parameters. Thus, CloudExpert translates
the architecture of the cloud model and the workload stored in a template to the specific format
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Figure 1: CloudExpert’s structure for clouds, workloads and (follow-up) test cases.

#cloud model

host.ram = 16384
host.ramspeed = 1600
9 host.bw = 2000000

10 host.sto = 1000000
11 host.mips = 600000
12 host.pes = 8

1

2 cloud.model = cloud-0000

3 cloud.description = 1024 nodes cloud.
4 cloud.size = 1024

5

6 #Hosts

7

8

14 | #Network
15 | bandwidth = 10250000000
16 | net.latency = 100

Listing 1: Cloud model example in the CloudExpert format.

files readable by the target simulator. Figure[T|shows a conceptual class diagram that depicts the
common structure of that template to represent cloud models, workloads and test cases.

A cloud is characterized by a name, a description, its size (the number of physical ma-
chines), and the main features of the physical machines. These are captured by class Physi-
calMachineConfiguration, which contains the specification of the the RAM size (ram), and its
speed (ramspeed); the number of cores in the CPUs (pes), and their speed (mips); the storage
size (size) and its bandwidth (bw).

Listing[I] shows an excerpt of a cloud model in the CloudExpertformat. Lines 2-3 show the
name and description of the cloud model, line 4 refers to the size of the cloud (1024 physical
machines), lines 7-12 represent the main features of each physical machine (16GB of RAM,
8-core CPUs at 600k MIPS and 1TB of disk space) and lines 15-16 defines the communication
network.

A workload is a set of operations to be executed by the cloud. Generally, each simulator
must be configured to process a workload in a specific format and, therefore, one workload
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#VM

1

2 vm. quantity = 512
3 | vm.mips = 250

4 vm.pes = 1

5 vm.ram = 128

6 vm.bw = 100000

7 vm.size = 2500

8 vm. priority = 1

9 | vm.schedulingInterval = 300
10
11 Specific:

12 #Workload

13 | work.path = none

14 work .name = none

15 work . numTraces = 9000000

Listing 2: Workload in the CloudExpert format.

must be generated for each simulator. We consider two ways of defining workloads. The first
one is resorting to an external file readable by the target simulator (class WorkloadExternal) for
which we need to specify its name and path, along with the number of traces. The second one
is by configuring the number of VMs (class VirtualMachineConfiguration), and the number of
instructions — per second — to be executed by each application.

As an example, Listing [2] shows an excerpt of the file generated when the user designs a
workload. This template allows the workload to be defined by setting up the corresponding
parameters (see lines 2-9) or alternatively by configuring a path containing an external file (see
lines 13-15). In this case, the workload is defined by configuring the number of VMs (512) and
the number of instructions to be executed by each application (250 MIs). Each VM requires
1-core CPU, 128 MB of RAM and 2.5 GB of disk space to be deployed.

A test case is a tuple (cm, w), which represents the execution of the workload w over the
cloud cm. Since our system targets cloud simulators, we denote the execution of workload w
over the cloud cm using the simulator S by S (cm, w).

A follow-up test case is a test case that is generated by a slight modification of a source test
case so that a given metamorphic rule is satisfied. Using this technique, CloudExpert generates
large test suites — using random testing — to evaluate the different simulators |Segura et al.| (201 1).
As an example, Listing [3] shows an excerpt of a test case generated using the cloud model and
the workload of Listings|l|and 2| For the sake of clarity, only the most relevant parameters for
this example are shown. Let us suppose that we are interested in analyzing the performance
of a cloud system when we increase its computing power. For this, CloudExpert generates a
follow-up test case, denoted by (cm’, w), by applying a slight modification in the CPU system of
the source test case, as Listing [4] shows. The test case has been created by increasing the CPU
power of cm, that is, while the source test cases use 8-core CPUs at 600k MIPS, the follow-up test
case uses 16-core CPUs at 700k MIPS. The idea is to execute these test cases and then observe
whether the provided outputs are as expected (e.g the cloud c¢m’ is faster than the cloud cm).

cloud.size = 1024 cloud.size = 1024
#Hosts

host.ram = 16384
host.ramspeed = 1600
host.bw = 2000000
host.sto = 1000000
host.mips = 700000 <«
host.pes = 16 <«

#Hosts

host.ram = 16384
host.ramspeed = 1600
host.bw = 2000000
host.sto = 1000000
host.mips = 600000
host.pes = 8

oAU B W —
0N AL —

© o
©

Listing 3: Example of source test case (cm, w) Listing 4: Example of follow-up test case (cm’, w)

Metamorphic rules (MRs) are designed to model the underlying behavior of the cloud. MRs
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are used to generate follow-up test cases, and to check that their outputs and that of the original
test cases are related as expected. In the previous paragraph, we used a MR stating that increasing
the computer power of one cloud should make it faster. We can express such MR using the
notation defined so far: Given two clouds models ¢m and cm’, and a workload w, if the CPU
speed and number of cores of cm’ is bigger than those in c¢m, then the time required to execute w
over cm’ must be less than the time required to execute w over cm. This way, MRs can be defined
using the following template:

(cm, w), o
MR(cm, w) = (em/, ") MR[((cm,LLIL),(Cm, W)
§§§,,"1‘;’j) MR, (S (cm, w), S (cm’, ')

where (cm, w) is the source test case provided by the user, (cm’, w’) is a follow-up test case
generated by CloudExpert, MR; is a relation over the source test case and a follow-up test case,
and MR, is a relation over the results obtained from the execution of these test cases.

4.2. Architecture of CloudEzpert

In general, evaluating cloud simulation tools entails two fundamental problems. First, to
generate a high number of appropriate test cases. Second, to check if the provided results are
correct or not. Typically, the users must manually create the test cases, execute them and check
if the results provided properly represent the expected behavior of the system under study. In this
process, the user acts both as a tester and as an oracle, requiring expertise in cloud computing
and a considerable effort and time to accomplish this task.

Simulating cloud systems is especially challenging due to the complexity of its underly-
ing infrastructure. In order to face the problem of selecting and evaluating cloud simulators,
we propose a novel design for an intelligent system that combines cloud simulators and meta-
morphic testing. CloudExpert consists of five main modules, as depicted in Figure [2} a Rule
Engine, a Knowledge Base, a Testing Engine, a Simulation Engine, and a Grahpical User In-
terface (GUI). CloudExpert supports two different user roles: regular and expert users. The
former uses CloudExpert to find a suitable cloud simulator, and may not have the required ex-
pertise to do a proper selection without using CloudExpert. As Figure[2shows, these users only
need to provide a cloud model, a workload, and and the aspects of interest for the evaluation (by
selecting suitable MRs). Then, CloudExpert provides full automation for suggesting the most
appropriate simulator for the given requirements. In their turn, expert users provide knowledge to
configure CloudExpert, for example incorporating new simulators or new metamorphic rules.

Since the Knowledge Base (in short, KB) contains the knowledge of the expert, it is the key
module of the intelligent system. In CloudExpert, this knowledge is expressed in the form of
MRs. A catalog of MRs is described in Section [4.3] but can be extended with new rules.

The Rule Engine (in short, RE) implements the reasoning of the expert using the available
data from the system to reach a possible solution to the problem. The RE receives the data
generated from the simulation of a cloud model using different cloud simulators. This data is
compared against the different rules from the Knowledge Base. As a result, the RE calculates the
adequacy of each simulator to simulate the features requested by the user, which is reported in
the GUL.

The Simulation Engine (in short, SE) contains a collection of cloud simulators and a generic
template for modeling cloud systems, as described in Section In general, the parameters to
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Figure 2: Architecture of CloudExpert.

model a cloud differ from the different cloud simulators, which hamper the process of repeating
the same experiment using different tools. To alleviate this issue, we provide a generic template
where all the parameters used in all the simulators are summarized and presented to the user.
This template is required to translate the model provided by the user to the different formats
readable by the different cloud simulators.

Since each simulator focuses on representing one, or several, aspects of the cloud, like the
dynamism for allocating hardware resources, scalability and elasticity, non-experts users can se-
lect different simulators — from the Simulation Engine — to simulate the required features. Let us
remark that there is no current simulator that fully simulates the cloud and, consequently, differ-
ent simulators must be used to cover the user requirements. In order to analyze the scalability and
elasticity of a cloud, it is required to generate several workloads and different configurations of
the cloud (i. e. by adding more physical machines to the data-center) and then evaluate how these
workloads are processed by these clouds. CloudExpert automatically generates the workloads
to be processed by the different cloud configurations. Similarly, CloudExpert generates dif-
ferent configurations of virtual machines, to evaluate, among other features, how the simulators
deal with the dynamic management to allocate resources in the cloud.

The Testing Engine (in short, TE) is the central piece of CloudExpert. It automatically
generates and executes — without the intervention of the user — follow-up test cases using meta-
morphic testing techniques, as described in Section[4.1] In order to generate a reliable test suite,
CloudExpert uses the rules previously selected by the user. The features and properties of the
cloud are reflected in the input part of each rule (see Section.1]), which must be satisfied by the
generated test cases. Therefore, the generated test cases aim at the part of the system reflected in
the selected rules. This way, not only the search space is reduced by focusing the testing target
on specific features, but each test aims at a relevant part of the system previously defined by an
expert, hence providing appropriate and quality test cases.

The GUI provides a user-friendly interface that aids users to design a cloud system and to
select those features of the cloud to be studied. This module has been implemented in Java,
which favours portability. Figure f] shows its main window, which is divided into two frames.
The left one shows the current configuration: the source cloud model, the workload and the
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loaded MRs. These elements are stored into a repository. This way, users can manage different
clouds, workloads and MRs by loading and editing them using the GUI. The right frame of the
window shows two log areas. The log area at the top shows a general log indicating the progress
of evaluating the adequacy of each simulator, while the log area at the bottom shows the results
obtained during the testing process.

Cloud

lysii imul s [cloudsi n il age, dissect, greencCloud,
Cloudid |cloud_oo01 simGrid
Loading cloud model [OK]
cloud_000 5 |Analysing cloud model [OK]
cloud_o01 E Loading workload [OK]
cloud_002 z |Analysing workload [OK]
cland_ans =
e Progress to 0%
select cloud Progressto 25 %
workload [Progress to 50%
Progressto 75 %
Wworkloadid w1 Progressto 100 %

w1 A
w2 (-]
w3 v
wa = Results

IDONE! All the simulators have been analysed successfully.

= ’ [The most suitable simulators are:
Select workload

- cloudsil age: 100% 40% 100% 100% 99% 100%
Rules - simGrid: 100% 63% 100% 0% 100% 100%

Loaded MRs &

salact ks

Figure 3: Main menu of CloudExpert GUIL

Figure [4] shows the editor of cloud models. In this window, users can provide the required
parameters for modeling the underlying cloud architecture. The left area shows a tree containing
the currently modeled clouds, which can be loaded into the system to be edited. The right part
of the editor shows the required parameters for modeling the cloud. Once the cloud model is
configured, a file containing the cloud model is created using the generic template.

¥ Clouds E Cloud description
cloud_oot¢
cloud_00" model cloud_ooo (S
cloud_oo: e
cloud_o0: description 1024 node:
cloud_o0:

cloud_oo! ram 16384 ramSpeed 1600
cloud_oo¢

cloud_o03 bw 2000000 sto 1000000
cloud_o0¢-

mips 600000 pes

bandwidth 102500000 [EEEITNTST

Figure 4: Cloud Editor of CloudExpert.

Figure [5|shows a viewer for managing the metamorphic rules in CloudExpert. These rules
may be (un-)selected to configure the criteria for simulation selection. The set of rules is ex-
tensible, since new rules can be created by the expert, but specifying their behavior requires
programming in Java.

We next summarize the main steps required to check the adequacy of cloud simulators. Please
note that Step 0 is performed by the expert user, and Step 1 by the regular user, but all other steps
are automatic.
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Name | Description Act... |~

The cloud <m has a better CPU system than m'. The workloads w and w' are equal. Then, the &
energy required to execute w over cm should be less than or equal to the energy required
to execute w over cm'

Rule 1

The cloud cm contains more physical machines than the model cm'. The workloads w and w are 1
equal. Then, the ratio between the number of machines of cm and cm'’ should be greater than
or equal to the ratio between the energy consumption required to execute w over cm and

Rule 2

The cloud cm has a better storage system than cm' . The workloads @ and w' are equal. Then | .
the time required to execute w over cm should be less than or equal to the time required to
execute w' overcm'

Rule 3

The cloud cm has a better natwork system than cm'. The workloads w and u' are squal. Then, |
the time required to execute w over cm should be less than or equal to the time required ko
execute w' over cm'.

Rule 4

The cloud cm has a better memory system than cm'. The workloads w and w' are equal. Then, 1
The time required to execute w over cm should be less than or equal to the time required to
execute w' over cm's

Rule 5

Rule6  (The clouds cm and cm" are equal. The workload w’ contains w. Then, the time required to & |-

o ED

Figure 5: Viewer/chooser of metamorphic rules

Step O This is the setting-up phase. Initially, the expert must design a proper catalog of MRs
that accurately models the underlying behavior of the cloud, which is stored in the KB.
Additionally, the expert must deploy a collection of cloud simulators in the SE.

Step 1: The regular user interacts with the GUI to design a cloud model and a workload to be
processed by the cloud. Once these elements are provided, the GUI displays the list of
MRs in the KB. The user must select those MRs representing the features that must be
evaluated in the simulators, like storage, energy consumption and CPU, among others.

Step 2: The SE translates the cloud model provided by the user to the formats readable of the spe-
cific simulators. In some cases, it is possible that a simulator is not capable of simulating a
specific feature and, consequently, the corresponding MRs representing these features are
discarded from the testing process.

Step 3: The TE generates, for each selected MR in Step 1, a large number of follow-up test cases.
These test cases focus on the features represented in the MRs. Next, these follow-up test
cases are executed.

Step 4: The RE processes the data generated from the execution of the follow-up test cases. For
this, the MRs contained in the KB are used to check if the obtained results satisfy the
constraints reflected in each rule.

Step 5: Finally, a report containing the adequacy of each simulator is generated. This report is
presented to the user through the GUI.

4.3. Metamorphic rules

In this section, we present the catalog of MRs that are currently available within CloudExpert’s
KB. As explained in Section[d.I} MRs use two cloud models and two workloads, denoted by cm,
cm’, w and w’ respectively, where cm is the original cloud model designed by the user, w is the
workload — defined by the user — to be processed by c¢m, and cm’ and w’ represent a variant model
and workload, respectively, generated automatically by the Testing Engine.
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Table [3| shows a detailed description of each MR, where the first column refers to the name
of the MR and the main cloud aspect tackled (Energy, Storage, Network, Memory and CPU),
the second column shows both the input (MR;) and output (MR;) relations and the last columns
shows a description of each relation. Some of these rules, which target at energy consumption,
are inspired by previous work focused on improving the overall energy consumption in cloud
systems (Canizares et al.| (2020). The rest of the rules are new.

Rule Constraints Rule description
The cloud ¢m has a better CPU system than m’.

MRI MRI; The workloads w and w’ are equal.
Energy MR1 The energy requirgd to execute w over cm should be less than or equal
i to the energy required to execute w’ over cm’
MR2, The cloud cm contains more physical machines than the model cm’.
MR2 ! The workloads w and w’ are equal.

The ratio between the number of machines of cm and cm” should be
Energy MR2, greater than or equal to the ratio between the energy consumption

required to execute w over cm and the one required to execute w’ over cm’.
The cloud c¢m has a better storage system than m’.

MR3 MR3; The workloads w and w’ are equal.
Storage MR3 The time required to execute w over cm should be less than or equal
¢ to the time required to execute w’ over cm’
- 7
MR4 MR4; The cloud c¢m has a better network system than m’.

The workloads w and w’ are equal.
Network The time required to execute w over cm should be less than or equal

MR4, X X , ,
to the time required to execute w’ over cm'
MR5 MRS; The cloud ¢m has a bett?r memory system than m’.
The workloads w and w’ are equal.
Memory MR5 The time required to execute w over cm should be less than or equal
¢ to the time required to execute w’ over cm’
The clouds ¢ m’ 1.
MR6 MR6; e clouds cm and cm’ are equal

The workload w’ contains w.
CPU The time required to execute w over cm should be less than or equal
to the energy required to execute w’ over cm’

Table 3: Catalog of Metamorphic Rules

As mentioned in the previous section, the catalog of rules is extensible, to cover more details
of existing aspects (energy, storage, network, memory, CPU) or new aspects (e.g., virtualization).
Additionally, the existing rules can be combined to create new ones. Let us illustrate this with an
example. Let suppose that we have two basic rules, namely r| and r,, where the former estab-
lishes that “if the computing power of a cloud system is increased, then the provided performance
increases as well”, while the latter establishes that “if the network bandwidth increases, the en-
ergy consumption is reduced”. Then, we can create a new rule, namely rj,, which establishes
that “if the computing power and the network bandwidth of a cloud increases, then the obtained
performance is increased and the energy consumption reduced”. Please note that we can com-
bine the input parts of the rule, that is, relations of its underlying features, and the outputs like,
in this case, the performance and the energy consumption of the cloud. It is important to remark
that an expert with deep knowledge in cloud computing is needed to design proper and valuable
rules, as well as to properly combine them.

4.4. Configuring the simulator adequacy score

Assessing the adequacy of a simulator is a complex task that involves considering differ-
ent inter-related parameters and user requirements. On the one hand, users may be especially
interested in the behavior of specific aspects of the cloud under study (i.e., storage, energy con-
sumption and networking) while others might be less relevant for them. On the other hand, the
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simulator performance might be an important factor to take into account in the selection. This
way, in order to increase the flexibility provided by CloudExpert, we allow users to weight the
importance of the MRs used, and the period of time that is considered as acceptable for executing
the simulations.

Regarding the relevance of each MR, let us suppose that a simulator provides accurate re-
sults for simulating the network system of a data-center, but the results provided to simulate the
energy consumption are not as accurate as expected. In this case, for those users interested in
simulating the network of a data-center, the capability of the simulator for representing the en-
ergy consumption is useless. Thus, these users may indicate a low — or null — relevance for this
feature when calculating the adequacy of the simulator. For this purpose, each MR is assigned a
weight, so that the greater is the relevance of the MR, the greater is its weight.

With respect to performance, we can configure how important for the user is the simulator
execution time. It is well known that, in simulation, there is usually a correlation between the
execution time and the accuracy of the results. Depending of the simulation platform, these
values might differ, to a greater or lesser extent.

To cope with these scenarios, we propose an adequacy score, called simScore, to measure how
suitable is a simulator to represent the properties reflected in the MRs. More concretely, simScore
uses intermediate results that are calculated by CloudExpert using an average of normalized
weights to calculate the suitability of each simulator. This score is calculated using Equations I]
and[2] If the user requirements only focus on the capability of the simulators for representing the
different properties of the system, simScore is calculated using Equation [I]as follows:

n
simScore = M (1)
2 Wi

where x; is to the percentage of test cases that satisfy the i-th MR. Therefore, obtaining a
value of 100% means that the results provided by the simulator satisfy the MR in all the executed
test cases. Additionally, w; denotes the weight assigned by the user to this MR and 7 is the
number of selected MRs.

When the user considers that the performance of the simulator is relevant, we extend simScore
with the factor shown in Equation [}

i Xi Wi « m
Z?:[ Wi Lnax
where 1 is the total execution time of the simulator and t,,,, is the maximum execution time —
set by the user — allowed to execute the simulations. The right part of the equation balances the
simScore value of the simulator depending on its execution time. This way, accurate simulators
provide high simScore values, but this is decreased in proportion to their efficiency.

In order to clarify the calculation of the simScore for a given simulator, we present a syn-
thetic example where two simulators, simy and simp, are analyzed. In this process, the six MRs
presented in Table 3] are used.

We denote by ES(R, sim, W, t,,,.) = (X, t) the application of CloudExpert to calculate the
adequacy of a simulator, where R = (MRy,...,MR,) is a tuple with the MRs used during the
evaluation process, sim is the simulator being evaluated, W = (wy,...,w,) is a tuple with the
weights assigned to each MR, f,,,, is the maximum time allowed to execute the simulations
during the evaluation process, X = (xy,..., X,) is a tuple with the percentage of test cases that
satisfy each MR;, and ¢ is the total time required for the simulator to execute all the test cases.
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For this example, we use W = (10, 100, 50, 100, 100, 100). First, we apply CloudExpert to
calculate the adequacy of sim, obtaining the following results:

ES(R, sima, W, 50) = ((100, 100, 100, 100, 100, 100), 200)

In this case, simy satisfies 100% of the simulated test cases for the six MRs, which means
that this simulator is totally capable of simulating all the properties expressed by all MRs. The
total time required for simulating all the test cases involved in the evaluation process is 200 time
units. Next, we apply our intelligent system to evaluate the adequacy of simjp.

ES(R, simg, W, 50) = ((90, 100, 85, 90, 100, 100), 50)

In this case we observe that not all the MRs are completely satisfied by all the test cases. For
instance, MR; and MR, are satisfied by the 90% of the test cases, while 85% of the test cases
fulfill MR5. The total time required for this simulator to simulate the test cases is 50 time units.

Once the intermediate results are calculated, we can differentiate two scenarios. In the first
one the user is not interested in the performance of the simulator and, so Equation (1] is used
to calculate simScore. We obtain a simScore of 100 and 96 for evaluating sim, and simp re-
spectively. In this case, CloudExpert recommends sim, over simp. For the second scenario,
simulator performance is important, and CloudExpert uses Equation 2] to calculate simScore,
which is calculated by using the total execution time required by each simulator and the param-
eter t,,,, provided by the user. Figure@ shows the obtained results using different values of #,,,,..
These results show that increasing t,,,, has a direct impact on the simScore obtained. Moreover,
the simScore remains the same when #,,,, = t.
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Figure 6: simScore using different values of f,4x

5. Empirical evaluation

In this section we report on an empirical evaluation to check the suitability of CloudExpert
for measuring the adequacy of six well-known cloud simulators (see Table |1)) in different sce-
narios. This evaluation has been divided in different parts. First, in Section we formulate
two research questions. Next, Section [5.2] presents the experimental evaluation. Section [5.3|
presents a validation process that seeks to verify the obtained results. Finally, the discussion of
the obtained results and the answers to the research questions are presented in Section [5.4}
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5.1. Research questions

The empirical study described in this section seeks to answer the following two questions:

RQ1 Is it possible to properly recommend the most appropriate cloud simulator for specific user
requirements?

As mentioned, one of the challenges for modeling and simulating cloud systems lies in the
selection of an appropriate simulator. In general, researchers invest significant effort and
time for installing, configuring and evaluating current simulation tools before performing
the experimental process. Moreover, in order to properly selecting the most appropriate
simulator, features like performance and accuracy, which can only be studied by executing
the simulators and analyzing the provided results, must be considered.

In this work, we are interested in investigating if an intelligent system is capable of prop-
erly alleviating this task for the researchers. We face this problem by providing an intelli-
gent system, called CloudExpert, which automatically measures the adequacy of different
cloud simulators to model and represent cloud scenarios.

RQ2 Can CloudEzpert identify the strengths and weaknesses of a cloud simulator?

There is no cloud simulator that fully simulates each aspect of a cloud computing system.
Instead, each cloud simulator focuses on specific parts of the system. The documenta-
tion of each simulator and the papers found in the current literature are unfortunately not
enough to give a clear view of the accuracy and limitations of each simulator. Hence,
in this work we study whether CloudExpert is able to identify the main strengths and
weaknesses of different cloud simulators.

5.2. Experiments

In this section we presents three experiments carried out to show the applicability, effective-
ness and validation of CloudExpert.

CloudExpert needs to be configured by an expert user. Basically, the expert must design
and code the appropriate MRs representing the most relevant features and properties of the cloud,
and configure the cloud computing simulators to be analyzed. For this study, we use the six MRs
presented in Section4.3] and use the six cloud simulators in Table[I]

After the setting-up step, non-expert users can use CloudExpert to evaluate the different
cloud simulators for specific scenarios. In this study, we evaluate CloudExpert from the point
of view of the non-expert user, which only needs to provide the cloud model to be analyzed, and
the workloads. For this study, we manually generate ten different workloads and design a cloud
model that consists of 1024 nodes interconnected through a 10-Gigabit Ethernet network. Each
node provides a CPU at 32K MIPS, 16 GB of RAM, and a disk drive with a capacity of 1TB.

During the evaluation process, 300 follow-up test cases were automatically synthesized by
CloudExpert to analyze each simulator, which means that approximately 2100 simulations were
executed. The experiment was performed on a desktop PC with an AMD Ryzen 7 1700 CPU at
3,7 GHz, 16 GB of DDR4 memory and a Seagate HHDD with a capacity of 1 TB.

5.2.1. Experiment 1: Preliminary analysis of different cloud simulators
The main objective of this experiment is to render a preliminary view of how CloudExpert
is applied to check the appropriateness of different cloud simulators to simulate a cloud scenario.
For this, we first use CloudExpert to calculate the adequacy of each simulator (its simScore, see
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Section[#.4) when all the MRs are equally involved in the evaluation process (i.e., with a weight
of 100) and time restrictions are not applied.

Figure[7)shows the intermediate results provided by CloudExpert in this experiment, where
a spider chart represents the results of each analyzed simulator. Each chart contains six axes,
corresponding to each MR. Each axis ranges from 0 to 100, refereeing to the percentage of
test cases that fulfill each MR. Table [4] shows the simScore obtained by the simulators using
Equation|[T}

Since two of the selected features (MR3 and MRs in charts [7]b, [7lc, and[7}e) cannot be rep-
resented by GreenCloud, SimGrid and CloudSim-Plus, these simulators obtain poor adequacy
scores. Although iCanCloud obtains promising results, it only validates fully three MRs (MR,
MR3 and MR in chart md). The features reflected in the rest of the MRs provide acceptable
results. Although DISSECT-CF and CloudSim-Storage obtain similar scores, CloudSim-Storage
fully validates 4 out of 6 features of the cloud, hence obtaining the best score.

(e) CloudSim-Plus (f) CloudSim-Storage

Figure 7: Results of the evaluation process using all the MRs.
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[ DISSECT-CF [ GreenCloud | SimGrid | iCanCloud | CloudSim-Storage [ CloudSim-Plus |
[ 74 [ 215 | 605 | 83 | 731 [ 565 ]

Table 4: SimScore obtained without time restrictions.

5.2.2. Experiment 2: Analyzing the sensitiveness of CloudExpert using different configurations

The cloud is a complex system for which many different aspects can be studied. However,
different aspects may have different importance for a simulation study. To model each scenario,
it is necessary to provide the set of weights for establishing the relevance of the MRs. Let us
remind that the greater is the importance of the properties of the rule, the greater is the weight
associated with it.

In this second, experiment, we model different scenarios, providing different importance to
the energy, storage, network, memory and CPU aspects of a cloud infrastructure. The weight
configurations are shown in Table[5] The first configuration (w;) uses the same weight for all the
MRs. In the second one (w;) the weights have been established by selecting the maximum score
— from the intermediate results — obtained by all simulators in each MR. Hence, MR, MR3, MR,
and MR, have associated the weight 100, the MR, has associated the weight 60 (corresponding
with the maximum value of adequacy of this rule, which has been achieved by the SimGrid
simulator) and MRs has associated the weight 80 (corresponding with the maximum value of
adequacy achieved by the iCanCloud simulator). Finally, the configurations w3 to wg have been
designed to highlight each specific aspect of the cloud modeled by the MRs.

. Ener; Storage Network Memo CPU
Weight config - —grer gl}\//IRZ MR§ MR4 MRsw MRG
w1 100 100 100 100 100 100

5 100 60 100 100 30 100

s 100 50 50 50 50 50

ws 50 100 50 50 50 50

ws 50 50 100 50 50 50

ws 50 50 50 100 50 50

wr 50 50 50 50 100 50

ws 50 50 50 50 50 100

Table 5: Configurations of the weights associated to each MR.

Tablespresent the simScore of each simulator by using different t,,,, values and the con-
figurations depicted in Table[5] The simScore of each simulator is also represented in Figure [9]
where the x-axis of each chart represents the value of f,,, defined by the user and the y-axis
shows the value of the simScore. Additionally, a summary of the results is presented in Table[T4]
We can observe that, using a range of #,,,, between 50 and 200, the most suitable simulator is
CloudSim-Storage (CS). Then, using a range of #,,,, between 400 and 800, DISSECT-CF (D) is
considered as the best option. However, if the user does not have time limitations, or the .,
parameter can be equal or greater than 1600, the most suitable option is the iCanCloud (1CC)
simulator.

Figure[§|shows a comparison of the performance provided by the simulators that obtained the
best simCore in the previous experiment. The x-axis represents the ID of the follow-up test cases
executed by each simulator, while the y-axis shows the time, measured in seconds, required to
execute the test cases. This chart shows that the fastest simulators are SimGrid and CloudSim-
Storage, providing similar performance. DISSECT-CF requires 437 seconds, on average, for
executing the simulations. The slowest simulator is iCanCloud, requiring 1137 seconds, on
average, for executing the simulations. In this particular case, iCanCloud provides a full network
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Simulator tnax =50 | tyax =100 | tax =200 | oy =400 | tyar =800 | e = 1600
DISSECT-CF 9.87 19.73 39.47 74.00 74.00 74.00
GreenCloud 27.50 27.50 27.50 27.50 27.50 27.50
SimGrid 50.42 60.50 60.50 60.50 60.50 60.50
iCanCloud 3.79 7.59 15.17 30.34 60.68 85.33
CloudSim-Storage 60.97 73.17 73.17 73.17 73.17 73.17
CloudSim-Plus 37.67 56.50 56.50 56.50 56.50 56.50

Table 6: SimScore obtained by applying

the configuration w; and different values of #,,4y.

Simulator tnax =50 | tyax =100 | tax =200 | tpay =400 | tyar =800 | tyu = 1600
DISSECT-CF 10.46 20.92 41.84 78.44 78.44 78.44
GreenCloud 29.07 29.07 29.07 29.07 29.07 29.07
SimGrid 52.13 62.56 62.56 62.56 62.56 62.56
iCanCloud 3.95 7.89 15.79 31.58 63.16 88.81
CloudSim-Storage 65.28 78.33 78.33 78.33 78.33 78.33
CloudSim-Plus 39.88 59.81 59.81 59.81 59.81 59.81

Table 7: SimScore obtained by applying

the configuration w; and different values of #,,4y.

Simulator tmax =50 | tyax =100 | tpax =200 | tyuay =400 |ty =800 | tyu = 1600
DISSECT-CF 10.34 20.69 41.37 77.57 77.57 71.57
GreenCloud 23.57 23.57 23.57 23.57 23.57 23.57
SimGrid 55.12 66.14 66.14 66.14 66.14 66.14
iCanCloud 3.89 7.77 15.54 31.09 62.17 87.43
CloudSim-Storage 64.17 77.00 77.00 77.00 77.00 77.00
CloudSim-Plus 41.81 62.71 62.71 62.71 62.71 62.71

Table 8: SimScore obtained by applying the configuration w3 and different values of #4y.

Simulator tnax =50 | tyay =100 | tax =200 | tyay =400 | tyar =800 | tye = 1600
DISSECT-CF 9.43 18.86 37.71 70.71 70.71 70.71
GreenCloud 26.43 26.43 26.43 26.43 26.43 26.43
SimGrid 50.71 60.86 60.86 60.86 60.86 60.86
iCanCloud 3.50 7.00 13.99 27.99 55.97 78.71
CloudSim-Storage 57.02 68.43 68.43 68.43 68.43 68.43
CloudSim-Plus 36.10 54.14 54.14 54.14 54.14 54.14

Table 9: SimScore obtained by applying

the configuration w4 and different values of #,,4y.

Simulator tmax =50 | tax =100 | tyax =200 | tyay =400 | tyax =800 | tyex = 1600
DISSECT-CF 10.34 20.69 41.37 71.57 71.57 71.57
GreenCloud 23.57 23.57 23.57 23.57 23.57 23.57
SimGrid 43.21 51.86 51.86 51.86 51.86 51.86
iCanCloud 3.89 7.77 15.54 31.09 62.17 87.43
CloudSim-Storage 64.17 77.00 77.00 77.00 77.00 77.00
CloudSim-Plus 32.29 48.43 48.43 48.43 48.43 48.43

Table 10: SimScore obtained by applying the configur:

ation ws and

different values of #,,,y.

Simulator tax =50 | tmax = 100 | tyax =200 | tyar =400 | tygx =800 |ty = 1600
DISSECT-CF 10.27 20.53 41.07 77.00 77.00 77.00
GreenCloud 30.00 30.00 30.00 30.00 30.00 30.00
SimGrid 55.12 66.14 66.14 66.14 66.14 66.14
iCanCloud 3.82 7.63 15.26 30.53 61.05 85.86
CloudSim-Storage 64.05 76.86 76.86 76.86 76.86 76.86
CloudSim-Plus 41.71 62.57 62.57 62.57 62.57 62.57

Table 11: SimScore obtained by applying the configuration we and different values of #,,,4,.
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Simulator tnax =50 | tyax =100 | tax =200 | oy =400 | tyar =800 | e = 1600
DISSECT-CF 8.46 16.91 33.83 63.43 63.43 63.43
GreenCloud 23.57 23.57 23.57 23.57 23.57 23.57
SimGrid 43.21 51.86 51.86 51.86 51.86 51.86
iCanCloud 3.78 7.57 15.14 30.27 60.55 85.14
CloudSim-Storage 52.26 62.71 62.71 62.71 62.71 62.71
CloudSim-Plus 32.29 48.43 48.43 48.43 48.43 48.43

Table 12: SimScore obtained by applying the configuration w7 and different values of #,,,,y.

Simulator tnax =50 | tyax =100 | tax =200 | tpay =400 | tyar =800 | tyu = 1600
DISSECT-CF 10.36 20.72 41.45 77.71 77.71 77.71
GreenCloud 37.86 37.86 37.86 37.86 37.86 37.86
SimGrid 55.12 66.14 66.14 66.14 66.14 66.14
iCanCloud 3.89 7.77 15.54 31.09 62.17 87.43
CloudSim-Storage 64.17 77.00 77.00 77.00 77.00 77.00
CloudSim-Plus 41.81 62.71 62.71 62.71 62.71 62.71

Table 13: SimScore obtained by applying the configuration wg and different values of #,,,,y.

ftmar | tmar =50 | trar = 100 | Gnax =200 | tmar =400 | Guax =800 | Luar = 1600 || Selection
w1 Cs CsS CsS D D 1CC CsS
) Cs CsS CsS D D 1CC Cs
w3 CS CsS Cs D D 1cC Cs
w4 cs CsS s D D 1CC Cs
s cs CsS CsS b b 1CC CsS
w5 Cs CS CsS b b (€ CsS
o Cs CS CS b D (€ CsS
s Cs CsS CsS D D 1CC CsS

[Selection | €S | € | G | D | D | 1C ] __Cs

Table 14: Summary of simulators recommended by CloudExpert.
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5.2.3. Experiment 3: Checking the suitability of cloud simulators for simulating the different
parts of the cloud

In the third experiment, the suitability of the cloud simulators to simulate a specific part of
the systems is measured. For this experiment, we have generated one million of configurations,
with different combinations of weights (using intervals of 10) to establish the relevance of each
MR.

Table[T5]presents the number configurations in which CloudExpert recommends each sim-
ulator for a specific t,,,, value. It can be observed that each simulator is recommended under
some configuration. The table shows in bold face the simulators that are recommended more
frequently for each f,,,,. Similarly to the results from the previous experiment, we can notice
that the simulators recommended more frequently are CloudSim, DISSECT-CF and iCanCloud.
Nevertheless, it is important to note that the time restriction for executing the simulation plays
an important role in the final decision.

tax/Simulator DISSECT-CF GreenCloud SimGrid iCanCloud CloudSim-Storage CloudSim-Plus
tmax = 50 0 881 161307 10 839681 0
tmax = 100 0 91 161989 12 839999 991
tnax = 200 0 87 161971 36 839985 983
tmax = 400 599700 75 135193 368 274668 945
tnax = 800 562856 26 122741 68323 254637 476
max = 1600 91790 10 31680 847748 31950 100

Table 15: Number of times that CloudExpert recommends each simulator

Figure [I0] presents the percentage of configurations that makes CloudExpert — given an
MR - to choose a simulator. Each chart of this figure shows the results for a specific simulator,
where the x-axis represents the #,,,, value and the y-axis shows the percentage of configurations
where the simulator is recommended. Each chart illustrates the major weakness and strength of
each simulator for representing the properties reflected in each MR. For example, we can see
that DISSECT-CF is never recommended when the time allowed to execute the simulations is
below 800 seconds, since there are other faster simulators. GreenCloud is mostly recommended
when MRs (memory) and MRg (CPU) are of interest. SimGrid is recommended for every #,,.,
but the number of recommendations in which MRj (storage) is involved is very low. For low
tmax Values (when performance is a strong requirement), iCanCloud is recommended in config-
urations only involving MRs (memory). However, for higher values of t,,,, this simulator is
recommended in configurations in which each MR is represented. CloudSim-Storage is recom-
mended in configurations with a variety of MR involved, even for low t,,,, values. Interestingly,
it is recommended more times than SimGrid when MRj3 (storage) is involved. For higher val-
ues of 7,,,,, we can see that the number of recommendations involving MR, (energy) and MRs
(memory) decreases. Finally, CloudSim-Plus is never recommended for configurations involving
MR; (energy of physical machines), MRj3 (storage) or MRy (network).

5.3. Validation process

This section presents a study to validate the results obtained from the previous experiments,
which consists of two different parts. In section [5.3.1| we show some experiments where the
effectiveness of CloudExpert is measured using different faulty cloud simulators. Next, in Sec-
tion[5.3.2] we present some data — acquired from human experts in the field of cloud simulation
— to verify the results provided by CloudExpert.
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Figure 10: % of configurations that makes CloudExpert recommending a simulator for each MR.

5.3.1. Measuring the effectiveness of CloudExpert using faulty version of cloud simulators

In order to check the effectiveness of CloudExpert, we have repeated some experiments us-
ing faulty simulators. Since the faulty simulators are clearly not a suitable choice for accurately
and efficiently simulating cloud systems, we expect that these simulators are not considered as
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a relevant recommendation made by CloudExpert. Thus, we have seeded different faults in
DISSECT-CF and CloudSim-Storage. These faults are known errors — discovered in previous
versions of these simulators — that have been extracted from the official gitHub repositories. In
particular, DISSECT-CF have been seeded with three errors: allows reducing the number of calls
to the actual consolidation methocﬂ minor performance improvement to the simple consolida-
tmﬂ and VM scheduling refactoring and minor performance improvemem‘sﬂ It is important to
mention that these errors only affect the performance of the simulator, that is, the output provided
by the faulty version is the same than the one provided by the simulator used in the previous ex-
periments. Overall, the time required to finish the execution of the simulations is increased —
approximately — by a 20%. We have repeated the same experiment described in Section[5.2.3]us-
ing the faulty version of DISSECT-CF, where we analyze the number of times that CloudExpert
recommends a simulator to simulate the cloud provided by the user. These results are shown in
Table[T6] We observe that both versions obtain the same results when #,,,, < 200, which means
that this simulator is not recommended because the simulations require more than 200 seconds
to be executed. However, when #,,,, = 400, the number of times that CloudExpert recommends
this simulator drastically drop — when the faulty version is used — from 599,700 to 409. How-
ever, when the constraints to provide a recommendation are relaxed, that is, when ¢,,,, > 800,
the results obtained are the same for both versions. In this case, although the faulty version is
20% slower, the requirements of the user allows that this drop of performance does not affect to
the final recommendation.

simulator tmax = 50 | tmax = 100 | tax =200 | fax =400 | fax =800 | fyax = 1600
DISSECT-CF 0.9.3 0 0 0 599700 562856 91790
DISSECT-CF 0.9.3 with faults 0 0 0 409 562856 91790

Table 16: Number of times that CloudExpert recommends each simulator

Similarly, CloudSim-storage have been seeded with several minor bugﬂ In this case, the in-
jected bugs affect the functional behavior of the simulator in the sense that the output provided by
both versions of the simulator — CloudSim-Storage 1.0 and CloudSim-Storage 1.0 with errors —
differs. In order to compare these versions of the CloudSim-Storage, we have repeated the exper-
iment described in Section[5.2.1] Table[17]shows the number of test cases that satisfies each MR
using CloudSim-Storage and a faulty version of this simulator. In this case, we observe that the
faulty version of ClousSim-Storage provides worse results in MRI, MR2 and MR4, which reflect
properties related to energy and network. It is important to remark that a wrong output indicates
a loss in the accuracy of the simulator and, consequently, CloudExpert does not consider these
cases as a suitable choice for simulating cloud systems.

Simulator MR1 MR2 | MR3 | MR4 | MR5 | MR6
CloudSim-Storage 1.0 100 40 100 99 0 100
CloudSim-Storage 1.0 with faults 91 39 100 79 0 100

Table 17: Percentage of test cases that satisfies each MR using different version of cloudSim-storage

! https://github.com/kecskemeti/dissect-cf/commit/adad 13982f80b2333304797bd7db1659e0b8ade6

2https:// github.com/kecskemeti/dissect-cf/commit/d45fde1733a15907eb1ea4885997f7ae81f8490e

3 https://github.com/kecskemeti/dissect-cf/commit/8d6beb54 1bd2b1599ca84 1bbb3b930cada057093

4https:// github.com/Houarnoughi/CloudSimStorage/commit/f6c8c52c8efb962bbbf68065055781d59a454264
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5.3.2. Validation results obtained from the knowledge of human experts in cloud simulation

To verify the results provided by CloudExpert, we have gathered data from eight users of
cloud simulators using an online survey. The expertise level of these participants ranges from
regular users with basic knowledge to experts with deep knowledge in cloud simulation. Let us
remark that some of these participants are developers of the most widely adopted cloud simula-
tors by the research community, like CloudSim, CloudSim-Plus and SimGrid. We designed the
survey to collect data in four stages:

e Stage 1: This stage consists in obtaining data related to the background of each partici-
pant. In essence, this data is related to demographic data, including field of expertise, area
of expertise (academic or industry), years of experience in the field of cloud simulation,
expertise level in this field and participation level — if it is the case — in the development of
a cloud simulator.

o Stage 2: In this stage, our aim is to understand the knowledge of each participant on a set
of simulators. More precisely, we are interested in analyzing the participants’ capability to
select the most appropriate cloud simulator to model specific features of the cloud. Let us
remark that no additional data — to aid the participant — was provided at this stage. For this,
we ask the participants if they know about the six well-known cloud simulators used in this
work (see Table[I)). Additionally, we ask for the cloud features supported by each cloud
simulator without specifying its version and, next, we ask the same indicating a specific
version of each simulator. Finally, we present a cloud scenario and ask to each participant
which is the most appropriate cloud simulator to simulate such scenario.

e Stage 3: In this stage, the recommendations calculated by CloudExpert are facilitated to
aid the participants for answering questions, which are the same than the ones presented
in the previous stage. This way, he/she may use — or not — this information to respond the
questions.

o Stage 4: In this final stage, the participants must evaluate the recommendations made by
CloudExpert to simulate specific cloud scenarios.

In summary, most of the participants of this study have been involved in the development of
a cloud simulation tool, and have more than five years of expertise in this field. However, it is
important to remark that none of the participants know in depth all the presented cloud simulation
platforms. In fact, there is no simulator that is known — in depth — by all the experts, despite in the
current literature some of these tools reach 1,000 cites, like GreenCloud (>1000) and SimGrid
(> 2000). The rest of the simulators have a significant number of cites, like Dissect-cf (>100),
iCanCloud (>400), CloudSim-Storage (>25) and CloudSim-Plus (>50).

After a careful analysis based on the data submitted by the participants, we can draw the
following conclusions.

First (and obviously) the participants that have been involved in the development of cloud
simulators show a high knowledge in those simulators. In general, the participants agree with the
recommendations provided by CloudExpert. However, there are slight variations with regard to
the suggestion made by CloudExpert, when the participants select the version of the simulator
to represent specific cloud features, these being clarified by an e-mail sent by the expert, which
denotes that this work is interesting for them. On the contrary, the participants show a superficial
knowledge in the rest of the simulators. This way, we believe a system like CloudExpert can
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help experts to choose the best simulator — which is perhaps out of their knowledge — for a given
scenario.

Second, in those situations where the participant has a limited knowledge of the cloud fea-
tures that can be represented by a cloud simulator, CloudExpert aided to chose a proper version
of the simulator.

Third, we have detected a significant number of mistakes when participants had to select
a version of the simulator to represent specific cloud features. This reinforces the view that
a manual selection of a simulator to solve a specific scenario — even by an expert — can be
erroneous, and a system like CloudExpert can help in this task.

Fourth, the final evaluation of the recommendations made by CloudExpert has been satis-
factory. It is worth mentioning that some of the participants are highly qualified experts in this
field, who have developed some of the simulators used in this work, hence providing valuable
feedback information. Finally, in general, the participants were satisfied with their final recom-
mendations.

5.4. Discussion of the results and answers to the research questions

In this section we discuss the obtained results and answer the research questions formulated
in Section[5.11

RQ1: Is it possible to properly recommend the most appropriate cloud simulator for specific
user requirements?

In order to answer this question, we have carefully analyzed the results obtained in the ex-
periments presented in Section [5.2.Tand [5.2.2] These experiments have been designed to check
the adequacy of CloudExpert for recommending the most appropriate simulator for simulating
cloud scenarios. Additionally, we have performed a validation study in Section[5.3]to certify the
results obtained in the previous experiments.

In these experiments, several scenarios have been modeled by providing different impor-
tance to the energy, storage, network, memory and CPU aspects of the cloud. We observe that
CloudExpert generates different recommendations depending of the user requirements. In sum-
mary, taking into account the adequacy calculated by CloudExpert and the performance of each
simulator, CloudSim-Storage appears as the most appropriate simulator to tackle the aspects of
the cloud modeled by the six MRs (see Table[T4), which also provides a good trade-off between
accuracy and performance.

To verify these results, we have performed a validation study where users with different ex-
pertise levels in the field of cloud simulation evaluate the recommendations made by CloudExpert.
In general, we can conclude that the participants are satisfied by the suggestions provided by
CloudExpert. Additionally, this study has been completed with an experiment where faulty
versions of the simulators are used. The idea is to observe whether the final recommendation,
made by CloudExpert, varies when using a less suitable simulator (caused by a real failure). In
this case, we show that CloudExpert does not consider the faulty versions of the simulators as
a relevant recommendation.

Hence, we can conclude that the answer to RQI1 is yes, it possible to automatically rec-
ommend a cloud simulator for specific user requirements. In essence, CloudExpert uses both
the accuracy of each simulator and the time required to execute the simulation to provide a
recommendation. Hence, in those cases where the time for finishing the simulation is limited,
CloudExpert clearly recommends CloudSim-Storage, which provides a good accuracy/perfor-
mance ratio. However, when the time constraint is less restrictive, CloudExpert recommends
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DISSECT-CF as the most appropriate simulator. In those cases where the time is not a rele-
vant restriction, iCanCloud seems to be the best choice, providing high accuracy at the cost of
requiring a long execution time for providing the results.

RQ2 Can CloudEzpert identify the strengths and weaknesses of a cloud simulator?

In order to answer this question, we have carefully analyzed the results obtained from the
third experiment presented in Section

The results presented in Table [I5] and Figure [I0] show that DISSECT-CF, SimGrid and
CloudSim-Storage provide good results for simulating the major part of the properties reflected
in the MRs, but DISSECT-CF is not recommended when the time allowed to execute the simu-
lations is below 800 seconds. On the contrary, when the execution time restriction is relaxed, the
memory system (MRs) is not accurately represented. SimGrid and CloudSim-Storage provide
similar results. The main difference between these simulators lies in their weakness. While the
main weakness of SimGrid is the storage system (MR3), a noticeable weakness of CloudSim-
Storage is the energy consumption (MR;). The rest of the simulators provide acceptable results
for a reduced number of MRs. GreenCloud shows good results — independently of time restric-
tions — for simulating the memory system and the CPU. The major strength of iCanCloud is
clearly the memory system. However, this simulator requires a long execution time to generate
the results, and only when performance is not an issue it is recommended for other aspects of
the cloud. CloudSim-Plus provides acceptable results for simulating the energy consumption of
CPUs (MR)) independently of the performance required.

Overall, we can conclude that the answer to RQ2 is yes, CloudExpert is able to automati-
cally identify the strength and weakness of different cloud simulators.

6. Threats to validity

In this section, we discuss the threats to validity of our empirical study.

6.1. Internal threats

Internal validity concerns whether our findings, which are based on the obtained results from
the empirical study, truly represent a cause-and-effect relationship. Thus, the internal validity of
our study lies in the implementation of our experiments.

The design and implementation of CloudExpert has been performed by three experts and
experienced programmers. In order to provide a high level of flexibility, allowing the execution
of CloudExpert in a wide spectrum of platforms, the system has been implemented in Java.
The source code has been thoroughly examined and tested — by hand — to check the correctness
of the implementations.

The MRs for representing the behavior of cloud systems have been designed by two experts
in this field. These rules are based on a previous work focusing on improving the overall en-
ergy consumption in cloud systems |Cafizares et al.| (2020). We are aware that it is possible to
obtain different results if other MRs are used instead. Nevertheless, it is important to remark
the relevance of the expert, who is key for accurately and appropriately design the MRs used in
CloudExpert.

In order to verify the obtained results, we have performed a validation study where different
participants — experts and regular users — show how appropriate are the commendations made by
CloudExpert to represent a cloud scenario. In some cases — at stage 2 — where the participants
do not have access to the suggestions provided by CloudExpert, the recommendations provided
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by CloudExpert do not match with the ones provided by the participants. However, this result
is modified — at stage 3 — when the participants have access to such information, which denotes
that, when the users do not have a clear choice, CloudExpert provides valuable information that
can be used by the participant to improve the final answer.

Additional issues affecting our findings might arise due to the cloud simulators used in the
empirical study. We mitigate this threat by using six-well known simulators widely adopted by
the community and, thus, we expect these simulators are correct and do not contain important
errors.

6.2. External threats

External validity concerns the extent to which the results of a study can be generalized.

We have designed — by hand — eight different configurations, covering a wide-range of user
requirements to analyze the adequacy of six well-known cloud simulators. We think that these
configurations are representative. However, we also generated — automatically — one million con-
figurations to mitigate this issue, carefully analyzing the number of cases where CloudExpert
recommends each simulator. These results are summarized in Table

We have used a cloud configuration that reflects a wide range of features to be represented by
the simulators, like performance, energy consumption, and the capability to represent hardware
resources. Although we believe that this model is representative, we cannot guarantee that the
obtained results are the same for all the possible scenarios.

6.3. Constructs threats

Construct validity concerns whether the used measures are representative or not.

The adequacy of each simulator is calculated by using two measures widely adopted in the
community, accuracy and performance. Although it is possible that the simulators used in the
empirical study contain defects, we control this threat by executing a large number of test cases.

7. Conclusions and future work

In this paper we have presented CloudExpert, an intelligent system for evaluating and se-
lecting cloud simulators. The system has a novel design that manages a collection of cloud
simulators and uses metamorphic techniques to automatically generate test cases and to check
if the provided outputs represent the expected behavior of the target system. The design of
CloudExpert allows vertical scaling, by including new cloud simulators into the system, and
horizontal scaling, by adding new rules for accurately modeling the underlying cloud infrastruc-
ture.

In order to check the applicability of CloudExpert we have carried out an empirical study
where six well-known cloud simulators have been evaluated using six MRs. After a careful
analysis of the obtained results, we can summarize the following achievements that have been
reached with CloudExpert. First, the carried out experiments show promising results, since
CloudExpert recommends the most appropriate cloud simulator by not only analyzing the
user requirements for simulating the target cloud architecture, but also taking into account the
performance of each simulator for simulating a wide range of cloud configurations. Second,
CloudExpert is able to automatically identify the weakness and strengths of each simulator. In
those cases where the evaluation is focused on a reduced number of features, CloudExpert is
able to quickly make a decision to select the most appropriate simulator. However, in those cases
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where the number of features to be evaluated increases, CloudExpert requires to generate a
high number of follow-up test cases, requiring a considerable CPU power to completely execute
the evaluation process. Moreover, other aspects should be taken into account to make the final
decision, like the performance of each simulator, which is calculated by CloudExpert, and the
difficulty to model a cloud, where the intervention of the user is required. Finally, we show that
the flexible and scalable design of CloudExpert allows including new cloud simulators into the
system, widening the range of possible clouds for being studied.

Additionally, it’s important to remark the main limitations that have been identified during
the experimental analysis. CloudExpert is written in Java using a single-thread design. Conse-
quently, CloudExpert is not able to be executed in parallel, hence using the available CPU cores
of the computer where it is executed and, therefore, all the simulations are executed sequentially.
Furthermore, we would like to remark that the role of the expert is crucial to accurately evalu-
ate the cloud simulators, since the designed MRs must be carefully designed and coded into the
system. Otherwise, a wrong design of the MRs may lead to incoherent results.

We think that CloudExpert provides a significant contribution to the scientific community.
Although CloudExpert is targeted at researchers dealing with cloud simulators, our approach
is specially useful for non-experts users that analyze and study cloud systems using simulation
tools. First, CloudExpert allows users to focus on those simulators that cover the features of
interest, discarding the rest and, consequently, saving time and effort. Second, CloudExpert is
able to automatically generate a high number of test cases, providing relevant information of the
cloud to the user. Third, CloudExpert automatically translates the cloud model provided by the
user to the format of each simulator, keeping the user unaware of the underlying configuration of
each simulator, which in most cases consist of large plain-text files difficult to understand.

As future work, we plan to include new cloud simulators and to automatically generate work-
loads adapted to the user needs.

In order to increase the performance of CloudExpert, we also plan to add support for multi-
thread executions. Hence, simulations would be launched in parallel, thus exploiting the paral-
lelism of the CPU cores provided by the computer — or virtual machine — where CloudExpert
is executed. Furthermore, CloudExpert can be easily executed in the VMs provided by current
clouds providers, like Amazon (Amazon Elastic Compute Cloud, 2020), Google (Google Cloud,
2020) and Microsoft (Microsoft Azure, [2020). There are only two requirements for successfully
executing CloudExpert in a VM. First, the VM must provide a recent version of the JRE (Java
Runtime Environment). Second, the VM must provide an Operating System compatible with the
simulators deployed by CloudExpert. In summary, a VM containing Linux and a JRE would
be enough to execute CloudExpert. We plan to deploy CloudExpert on some of these clouds
to increase its performance, and make it accessible as a service.

Moreover, we are currently working on combining MRs to evaluate, with greater precision,
the adequacy of each simulator. For this, we are evaluating the possibility of using artificial
intelligence techniques for using a guided search that allows the system to provide reliable results
in a reduced time period. Finally we are also considering the extension of these techniques to
fog computing simulators [Markus & Kertész (2020).
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