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Abstract In this paper, we present an approach with the goal to improve the
underlying architecture of cloud systems. For this, we propose UML2Cloud, a
framework targeted at modeling and checking cloud systems. The main core
of UML2Cloud uses UML profiles to capture the main elements of a cloud
system including, among other elements, its underlying architecture and the
interaction with clients. Additionally, UML2Cloud uses Model to Text (M2T)
transformation techniques to automatically generate configuration documents
representing complex cloud scenarios.

In this work, we use these documents as input for a cloud simulation tool,
called Simcan2Cloud, to simulate the behavior of different systems. Thus, the
analysis of the performance results obtained from the simulations allows us
to draw some conclusions about how to improve the efficiency of the studied
clouds by adjusting the hardware resource configuration.
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1 Introduction

Cloud computing provides technology for users and enterprises with ubiqui-
tous, flexible and on-demand access over the Internet to a shared pool of
configurable computing resources, including servers, databases, software ap-
plications, storage capacity and computing power [I8]. Cloud computing ser-
vices have two main mandatory characteristics: on-demand self-service and
elasticity of provision. On-demand self-service refers to the use of cloud ser-
vices by end users according to their computing requirements, and elasticity
of provision to the capabilities for cloud scalability in response to changes in
the number of users or required services in general.

Cloud computing is a strategic technology and many barriers must yet
be overcome for its widespread use in enterprises. In the European Union,
according to Eurostat, 21% of enterprises reported the use of cloud services
in 2016, mainly e-mail and storage services. Only 11% of them reported the
use of advanced services (financial applications, CRMs, computing power).
Compared with 2014, this represents an increase of about 7% in the use of
cloud computing services.

During the last years, cloud optimization has become a hot topic in the
scientific community [32, B3, 49]. In this paper, we present an approach for
improving cloud architectures using modeling and simulation techniques. For
modeling purposes, a UML profile [41] is proposed. Modeling is a proven and
well-accepted engineering technique, and to help users to visualize the final
product, we usually build models.

UML (Unified Modeling Language [42]) is a well-known modeling language
which includes a complete set of tools for the design of real-time systems. We
focus on component and sequence diagrams, which allow us to model the
structural relationships between the system components and the dependencies
among them, the flow of actions, and the interactions between different roles
in the system, respectively.

To our knowledge, there are no previous works modeling the cloud client
interactions with a cloud simulator using UML interaction diagrams. As shown
in the related work section, most works focus on modeling the hardware char-
acteristics of cloud systems and then perform simulations using specific work-
loads. We use UML structure and interaction diagrams to model the entire
cloud system since they allow us to model the underlying cloud infrastructure,
as well as the cloud resource allocation to users, and finally, to analyze the
system performance. Furthermore, UML profiling techniques allow us to define
cloud-specific elements using stereotypes. We also check the correctness of the
defined cloud models, which ensures that these models faithfully represent the
cloud system under study.

Setting up large cloud deployments is a laborious and complex process. A
common approach used to alleviate these issues is to use simulators. However,
these simulators also need to be configured in their language. This task is facil-
itated by using the proposed modeling techniques to create, visualize, edit and
export cloud system configurations. Specifically, the defined UML profile cap-



Title Suppressed Due to Excessive Length 3

tures the user interactions with a cloud provider, as well as the main features
of the underlying cloud infrastructure. This UML profile stages the interac-
tions between users and cloud providers, using subscriptions to be notified
when the required cloud infrastructure is available. Thus, with the proposed
and implemented framework, we can create models for specific user behaviors
and cloud infrastructure characteristics. Then, M2T (Model To Text) trans-
formation techniques are used to automatically generate the configuration files
for a cloud simulator. Our framework has been designed to support different
cloud simulators. At present, it provides support for a preliminary version of
Simcan2Cloud, an open-source simulation tool targeted at modeling and sim-
ulating cloud environments, which is currently under development. The main
strength of this simulator lies in its flexibility and scalability. In addition, each
system can be modeled by fully customizing the data-centers that support the
cloud. In general, this configuration includes the size of each data-center, the
main features of each physical and virtual machine, and the communication
networks. Furthermore, users can include new policies and algorithms for rep-
resenting key aspects of cloud systems, such as the behavior of the clients who
access the cloud and resource allocation policies, among others.

The paper is structured as follows. The background of Model-Driven Ar-
chitecture (MDA) is described in Section [2l The UML profile and the tool
that we have implemented to create and edit cloud system models are pre-
sented in Section [3] The cloud simulator we use, namely Simcan2Cloud, is
introduced in Section [d] and the transformation tool to obtain the input files
for Simcan2Cloud from the cloud system models is described in Section

Several experiments that illustrate the complete methodology are presented
in Section [6] including performance and scalability analysis and the execution
of real traces over a modeled cloud architecture. Section [{] covers the related
work, and finally, Section [§] contains the conclusions and future lines of work.

2 Modeling and Meta-modeling

Model-Driven Engineering (MDE) [46] is a software development methodology
for creating and exploiting domain models effectively. In MDE, models are used
to accomplish the phases of software engineering, so it provides a larger process
definition than Model-Driven Development (MDD) [26], which only focuses on
development. In MDD we model a system that is transformed into the real
thing, such as code, documentation or reports, among others. Model-Driven
Architecture (MDA) [39] is an Object Management Group (OMG) initiative
that proposes a set of standards that specify interoperable technologies for
implementing MDD.

The evolution towards MDE has brought with it new concepts such as
Model, Metamodel and Model transformation. A software model is a descrip-
tion of a system written in a well-defined language, with specific syntax and
semantics, which can be interpreted by a computer [22]. A meta-model is a
model that defines the structure of a modeling language. If a model is an
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abstraction of the real world, a meta-model is an abstraction of a model. De-
pending on the system goals we can use different model artifacts, so model
transformation techniques are used to automatically transform models that
have been created by using a specific technology into equivalent models that
are based on a different technology.

Mens and Van Gorp [28] have established a taxonomy of model trans-
formation techniques depending on the transformation target, distinguishing
between endogenous and exogenous transformations. Endogenous transforma-
tions are performed between models expressed in the same language, while
exogenous transformations are performed between models expressed using dif-
ferent languages. Thus, in Model-to-Model transformations (M2M) both source
and target are models whereas, in Model-to-Text transformations (M2T), text
artifacts (e.g. source code, reports, configurations, documentation, etc.) are
obtained from models.

Model transformations are performed automatically by using several stan-
dards provided by OMG, such as QVT [43] (for M2M transformations) and
MOFM2T [37] (for M2T transformations). In this paper, we use Acceleo [30],
an open-source code generator from the Eclipse Foundation based on the
MOFM2T (MOF Model to Text) standard to transform the UML stereotyped
models into text documents specifying the simulator configuration and the
client interactions. Acceleo uses a template-based approach, in which a pa-
rameterized template with the model elements specifies how the text must be
generated. These templates specify the text structure with position markers
for including the data extracted from the models. These markers are essentially
queries which select and extract model values.

In general, we complete the visual descriptions of the systems by defining
certain constraints that the model elements must fulfill. These constraints can
be later validated by using OCL (Object Constraint Language) [40], which
is a standardized language defined by OMG that allows us to define these
constraints and make queries to obtain values from the model.

3 UML Cloud Profile Framework

In this section, we present an overview of the UML2Cloud profile and the tool
that we have implemented to create and edit cloud system models. This UML
profile allows us to have an accurate representation of both the cloud infras-
tructure and the interactions of the clients with the cloud provider to request
the services they need. A complete version of the UML2Cloud profile can be
found in a previous work [5].

3.1 UML2Cloud Profile

We consider that a cloud system (see Figure consists of a cloud provider, one
or more data centers, and clients (also called cloud users) requesting resources
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Fig. 1 Underlying architecture of a cloud system.

from the cloud. The cloud provider manages a catalog of Virtual Machines
(VMs) and the hardware resources provided by the data-centers. Each data
center consists of a collection of physical machines, also called nodes, which
are grouped in racks. Thus, each rack contains a set of machines with the
same hardware features, that is, CPU, memory and, storage. Based on this
infrastructure, the cloud provider offers a catalog of VMs that clients request
according to their computational requirements. Hence, the VMs required are
mapped to physical machines, using a resource allocation policy, on which they
are executed.

It is important to remark that our proposed profile is not focused on a
specific simulation tool. On the contrary, we provide a general view of the
underlying behavior of cloud infrastructures.

At present, there exists a wide variety of cloud simulators that can be
used both to model and simulate cloud environments [9, [19]. Some of the cur-
rent well-known cloud simulators are cloudSim []], simGrid [12] and Green-
Cloud [23]. However, we have chosen Simcan2Cloud due to the following rea-
sons: i) Simcan2Cloud has been developed using SIMCAN as a basis, which
is a mature simulator that has been currently validated against real HPC
architectures [35]; ii) Simcan2Cloud provides an intuitive graphical interface
(GUI) that provides a high level of flexibility to model a wide spectrum of
cloud scenarios. In contrast, these simulators require to manually configure
the modeled scenarios, which is a complex and error-prone task; iii) an intu-
itive APT is provided to include new functionality into Simcan2Cloud, which
allows adding new user profiles to represent the behavior of different types
of users and new resource allocation policies; iv) we know Simcan2Cloud in-
depth and, therefore, we can include the required profiles accurately into the
simulation platform.

Since many components of a data center are usually the same, and to
facilitate the reuse of these components, we have defined the relationships
between components as stereotype associations (see Figure . In this figure,
we can see that the cloud infrastructure consists of a set of data centers. Each
data center consists of a set of racks, which in turn consist of a set of machines
(computing and storage). As we can have several data centers with the same
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Fig. 2 UML2Cloud profile. Properties and associations of cloud infrastructure stereotypes.

configuration, the DataCenterElement data type has been defined to represent
a set of data centers that have the same configuration. In the same way, the
RackElement data type has been defined to represent a set of racks with the
same configuration. As an illustration, in the rack definition, we must indicate
the number of boards, the number of machines per board and the network
bandwidth for the communication between machines.

The interactions between the users and the cloud provider are captured
in terms of the messages they exchange. Thus, a Sequence Diagram (SD) is
used to establish this relationship (see Figure . In this sequence diagram,
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Fig. 3 Cloud provider and user interaction SD.

the user requests a set of VMs from the cloud provider, where VMs is a set of
VM tuples, which are defined as follows:

(number of instances, VMtype, renting time)
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Then, the cloud provider responds with a set of IPs. These are the IPs
of the machines that can possibly attend to the user demands. However, the
cloud provider can also return an empty set of IPs, which means that it cannot
currently satisfy the request. In the first case, if the cloud provider returns a
non-empty set of IPs, the user sends an execute message to the cloud provider
to start the executions of the selected Apps on the indicated machines. Two
cases can then arise:

— the execution of all these Apps terminates in time, so an ok message is
returned to the user, which in turn terminates its execution;

— a failure message is returned from the cloud provider, either because the
execution runs out of time (rentingTime), or due to a failure.

When a failure message is received, the user can decide to abort, but they
can also decide to submit a subscription to the cloud service to be notified
when some machines are available to satisfy the request. This subscription
has a timeout associated (maxzSubTime), which means that it is only valid for
that period. Upon receiving the notification, the user sends again the ezecute
message to the cloud provider; otherwise, when the subscription time-out ex-
pires, the user aborts. Finally, the initial request could be answered with an
empty response, and the user can then again decide either to abort or submit
a subscription (lower part of first alt operation in SD). Note the first loop in
the SD to send an execute message in the case of being notified by the cloud
provider with the IPs of the corresponding machines.

The relationships between the components are shown in Figure[d] as stereo-
type associations. As an illustration, a VM request consists of the following
elements: number of cores, computing units (CUs) for the CPU cores, disk size
and memory size.

In addition to the implicit constraints derived from the stereotype relation-
ships, such as the one-to-one or one-to-many relationships, the model must
meet some other constraints to ensure its correctness. Thus, we have defined
and checked 34 constraints in order to validate our model. These constraints
have been defined using OCL rules, see [5] for the details.

3.2 UML Cloud Profile Tool

A tool has been developed to create and edit cloud scenarios, and this tool is
available on an Ubuntu virtual machine at the URL http://antares.sip.
ucm. es/cana/umlCloud/, where instructions and a demo video have also been
included.

This tool is an extension of the Model4 Cloud tool [5]. In this new version of
the tool, the main contribution is the addition of a plug-in for the transforma-
tions of the UML cloud models to configuration files of a cloud simulator. The
tool has been implemented as an Eclipse feature by extending the Papyrus
UML tool.
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Fig. 4 UML2Cloud profile. Associations and properties of cloud interaction stereotypes.

Thus, we have defined and implemented the UML2Cloud profile, as well
as the diagram styles, property views, palettes and menus that provide the
graphical view of the framework (see Figure |5). The diagram style (see 1 in
Figure [5)) customizes the diagram graphical representation through Cascade
Style Sheets (CSS) to show the stereotype properties directly in the diagram.
The property view (see 2 in Figure [5]) allows users a quick access to the stereo-
type properties to change their values. The palette (see 3 in Figure [5) allows
users to easily create the components needed to model the cloud system, with
the stereotypes already applied.

Transformations of UML cloud models to configuration files of a cloud
simulator are implemented using M2T. Thus, we can automatically produce
simulations of the cloud system modeled and obtain quantitative results from
these simulations. In part 4 of Figure [5| we can see the generated files section,
in which the two files that are generated by the transformation are shown,
namely omnet.ini and scenario.ned.

These transformations are implemented by using several plug-ins (see Fig-
ure @ The new plug-ins implementing these transformations are marked in
red in the figure. This tool allows us to include transformation plug-ins for dif-
ferent cloud simulators, so <system> denotes the specific cloud environment
used for the deployment. A description of all the plug-ins implemented follows:

— es.uclm.uml2cloud.profile: This plug-in contains the UML profile de-
fined to model cloud systems. It also registers the profile, so the end-users
will be able to use the profile easily.

— es.uclm.uml2cloud.validation: This plug-in contains the OCL constraints
needed to validate the cloud system models.
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Fig. 6 Tool package diagram.

— es.uclm.uml2cloud.customization: This plug-in extends the Papyrus
graphical editor to customize it in order to facilitate the use of the defined
profile. This includes the customization of the tool palette, the properties
view and the graphical appearance of the UML elements.

— es.uclm.uml2cloud.examples: This plug-in contains several examples of
cloud systems modeled with the profile. These examples could then be used
as a starting point for the modeling of a specific scenario instead of starting
from scratch.

— es.uclm.uml2cloud.m2t.<system>: This plug-in implements the auto-
matic transformation from cloud systems modeled with the UML cloud
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profile to the configuration files of the target system. This transformation
is implemented with Acceleo, which is an implementation of the MOFM2T
standard. The plug-in generates the files corresponding to the modeled sce-
nario. These files can be either the configuration files for a simulator or a
real deployment environment. This transformation is generic, but the con-
figuration files produced are specific to the cloud simulator used or to the
real environment. This plug-in must, therefore, be implemented for each
cloud simulator supported by our framework, so the word system denotes
the specific simulator on which the transformation is applied. We currently
provide support for the transformation to the Simcan2Cloud tool, so a plug-
in called es.uclm.uml2cloud.m2t.simcan2cloud has been implemented.

— es.uclm.uml2cloud.m2t.<system>.ui: This plug-in implements the con-
textual menu that allows the users to easily execute the transformations.
It also depends on the cloud simulator used, so it must be implemented for
each cloud simulator supported by our framework.

4 The Simcan2Cloud simulator

The simulation of cloud systems, which usually involves a very large number
of heterogeneous resources and millions of user requests, requires precise, ef-
ficient and flexible modeling techniques. The cloud system under study must
be precisely modeled to accurately represent its behavior. It is then necessary
that simulation tools provide enough flexibility to model a wide range of cloud
configurations.

In order to fulfill these requirements, we have chosen Simcan2Cloud, a sim-
ulation platform based on SIMCAN [35] that is currently under development E

This tool allows us modeling and simulating cloud computing infrastruc-
tures, in which some parts of the simulation engine, such as the functionalities
for sending messages along a path of modules and managing requests, have
been inherited from SIMCAN. However, the representation of some hardware
components, such as computing nodes, storage nodes, and data-centers have
been adapted to be used in Simcan2Cloud, while the underlying infrastruc-
ture and functionality of the cloud have been designed and implemented from
scratch.

Simcan2Cloud has been written in C++ using OMNeT++ [52], a simu-
lation framework based on discrete event simulation (DES), which has be-
come very popular in the research community over the last few years. Some
of the most well-known simulators for modeling distributed systems, such as
INET [48], OverSim [2] and RINAsim [53], to name just a few, use OMNeT++
as a basis.

The underlying infrastructure of Simcan2Cloud is depicted in Figure
Simcan2Cloud has been designed to provide a high level of flexibility. Thus,

1 Simcan2Cloud is being developed by the DTRS (Design and Testing Reliable Systems)
research group of the Complutense University of Madrid and supervised by Dr. Alberto
Nunez
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its architectural design can be divided into three main parts that can be in-
dividually modeled to generate a simulated cloud scenario. The generation of
users represents the workload to be processed by the cloud, that is, the users
that access the cloud in the simulated scenario. This part plays a very im-
portant role in the cloud environment [54]. In essence, each user rents one or
several VMs for a specified time frame, where one or several services, previ-
ously requested by the user, are executed. The cloud provider contains data
structures and algorithms for managing user requests and allocating resources.
Finally, the data-centers represent the hardware part of the cloud. These con-
tain the models of the physical machines where the VMs requested by the
users are deployed.

The following sections provide a detailed description of the underlying de-
sign of Simcan2Cloud and the input required to generate a simulation scenario.

Data Center 1 Data Center 2 Data Center n

Storage nodes Computing nodes Storage nodes Computing nodes Storage nodes Computing nodes

EEEJ EE} o

DC Manager DC Manager DC Manager
N

A A

DC, :
Cloud Provider
'
DC, ) L
( Wy H Resource Scheduling policies
-/
DC,

). !
$ 22222
User Generator W il il
S 9 ¢ 9 ¢ @
a a0 & & &

Fig. 7 General architecture of Simcan2Cloud.
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Fig. 8 Simcan2Cloud class design diagram.

4.1 Class Design Diagram of Simcan2Cloud

A simplified view of the class design diagram of Simcan2Cloud is given in
Figure [8] For the sake of simplicity, only the most relevant classes are shown
in this diagram.

This class diagram represents the underlying infrastructure of a complete
cloud system. The main objective of this design is two-fold. Firstly, it must
provide mechanisms for modeling a wide spectrum of cloud scenarios. Since
each part of the cloud can be individually modeled by re-using existing mod-
els, researchers are able to combine these models from a repository, which
considerably increases the total number of possible configurations to simulate
a cloud scenario. For instance, it is possible to combine different algorithms
to generate users with several resource allocation policies used by the cloud
provider. Secondly, it must allow the inclusion of new components to increase
the scalability of Simcan2Cloud, such as adding policies for managing user
requests in the cloud provider and adding new hardware models representing
the behavior of different devices.

To accomplish this objective, each part of the system provides basic func-
tionality that must be used for each new component that is added to the
simulator. In general, these functionalities are included in the base classes,
such as CloudProviderBase and UserGeneratorBase. For instance, 3 different
algorithms for generating the workload are included in different classes, namely
UserGenRandom, UserGenEzponential, and UserGenAllAtOnce, which inherit
from UserGeneratorBase.
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4.1.1 Generation of Users

In Simcan2Cloud, the workload is represented by a collection of users accessing
the cloud. The main classes involved in the generation of users are as follows:

User: Each User object represents the behavior of a user in a real cloud.
Basically, a user is modeled by defining the rented VMs and the services that
are executed on them. Each VirtualMachine is modeled by setting its hard-
ware features (CPU, memory, and disk). Services can be configured by setting
the required parameters to model a specific behavior. The current version of
Simcan2Cloud provides several services, such as web servers and data-intensive
applications for processing large amounts of data, among others.

UserGeneratorBase: This abstract class contains references to the services
and VMs offered by the cloud. This class also provides some facilities for creat-
ing user instances. Initially, this class parses the configuration of the workload,
that is, each modeled user involved in the simulated cloud scenario and the
number of user instances to be created. It is important to mention that this
process is performed before the Simcan2Cloud starts to execute the simula-
tion and, therefore, all the user instances are created when the simulation time
is still zero. The algorithm that orchestrates how the users access the cloud
must be located in a class that inherits from UserGeneratorBase. We can see in
Figure [§] three classes focusing on this objective: UserGenExponential, which
generates the workload by using an exponential distribution function, User-
GenRandom, which randomly generates the time when each user accesses the
system, and UserGenAllAtOnce, which makes users access the system all at
once, at the beginning of the simulation.

4.1.2 Cloud Provider

In general terms, the main tasks of a cloud provider consist of attending to user
requests, locating the resources requested by the user among the associated
data-centers, and generating an answer for these requests. Additionally, the
cloud provider creates the illusion of managing infinite resources by hiding
deployment details, even if the cloud owns several data-centers that are located
in different geographical locations. The classes involved in serving users are as
follows:

CloudProviderBase: This abstract class contains the main functionalities
for managing user requests, such as searching for the available resources in
a data-center and deploying a given Virtual Machine on a ComputingNode
located in a DataCenter. Moreover, this class accesses both the data structures
containing information about each data-center and the structures containing
each user request. Resource allocating policies must be implemented in a class
that inherits from CloudProviderBase, such as ProviderFIFO, which attends
to user requests by using a FIFO policy, and ProviderBestFit, which uses
the “best fit” algorithm for deploying VMs on the available resources. To
accurately represent the behavior of a cloud system, the cloud provider exports
an API that acts as the interface between the users and the cloud.
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void handleUserAppRequest (SM_UserAPP* userAPP_Rq);
void acceptAppRequest (SM_UserAPP* userAPP_Rq);
void rejectVmRequest (SM_UserVM* userVM_Rq);

void notifySubscription(SM_UserVM* userVM_Rq);
void timeoutSubscription(SM_UserVM* userVM_Rq);
void freeUserVms (std::string strUsername);

int getTotalCoresByVmType(std::string strVmType) ;

Listing 1 Excerpt from the API exported by the Cloud Provider.

CloudProviderAPI: This interface exports an API containing a list of op-
erations that can be invoked by the users to communicate with the cloud.
Listing |I| shows an excerpt from the API offered by the cloud provider. It is
important to mention that this API contains a large number of methods and,
for the sake of clarity, we only show the most representative ones in this listing.

4.1.8 Data Centers

Broadly speaking, a DataCenter represents the physical resources managed
by the cloud system. The underlying infrastructure of Simcan2Cloud groups
these resources into three categories: computing nodes, storage nodes, and
communication networks. The main classes for managing a data-center are as
follows:

DataCenterManager: This class is in charge of different tasks focused on
managing the available resources, such as maintaining a list of the idle CPUs
and updating the amount of free memory on each physical machine, among
others.

ComputingNode: This class represents a physical machine where the VMs
requested by users are deployed. A computing node can be customized by
configuring the CPU system, the memory system, and the disk.

StorageNodes: This class represents a physical machine that manages large
amounts of data. In general, these machines do not deploy the VMs requested
by users, but store data that are accessed by them.

Network: This class represents a network for interconnecting the nodes of
the data center.

4.2 Input for Simcan2Cloud to Simulate a Cloud Scenario

In order to simulate a cloud computing scenario, Simcan2Cloud requires two
input files:

— scenario.ned, a plain-text file that configures the topology of the system.
In particular, this file contains the type of a cloud provider, the type of
a user generator, the models of one or several data-centers and how these
are connected to the cloud provider through a communication network.

— omnetpp.ini, a plain-text file that contains a list of (parameter,value) pairs
for configuring each module involved in the simulated scenario.
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network CloudScenariof{
parameters:
string servicelist;
string vmList;
string userList;
string dataCentersList;
submodules:
dc_A:DC_4kcn_512sn;
dc_B:DD_8kcn_1ksn;
cloudProvider:CloudProviderFirstFit;
userGenerator:UserGeneratorNormal;
connections allowunconnected:
cloudProvider.toDataCenter++ --> Eth10G -->
dc_A.fromCloudProvider;
cloudProvider.fromDataCenter++ <-- Eth10G <--
dc_A.toCloudProvider;
cloudProvider.toDataCenter++ --> Eth10G -->
dc_B.fromCloudProvider;
cloudProvider.fromDataCenter++ <-- Eth10G <--
dc_B.toCloudProvider;

cloudProvider.toUserGenerator --> Eth10G -->
userGenerator.fromCloudProvider;
userGenerator.toCloudProvider --> Eth10G -->

cloudProvider.fromUserGenerator; 1}

Listing 2 Excerpt from the scenario.ned configuration file.

CloudScenario.vmList = "2 VM_med 15.0 2 2.0 500.0 4.0 VM_large
23.0 4 4.0 1000.0 8.0"

CloudScenario.userList = "2 User_A 10000 1 AppDatalntensive 5 1
VM_med 1 2 User_B 50000 1 AppDatalIntensive 3 2 VM_large 1 3
VM_med 1 1"

CloudScenario.dataCentersList = "2 dc_A 1 4 Rack_Cmp 16 64
Node_Cmp 500 4.0 4 60000 1 2 Rack_Sto 16 16 Node_Sto 4000
16.0 4 30000 dc_B 1 8 Rack_Cmp 16 64 Node_Cmp 500 4.0 4 60000
1 4 Rack_Sto 16 16 Node_Sto 4000 16.0 4 30000"

CloudScenario.userGenerator.allUsersArriveAtOnce = false
CloudScenario.userGenerator.intervalBetweenUsers = normal (5s,0.3s)
CloudScenario.userGenerator.maxSubscriptionTime = 8

Listing 3 Excerpt from the omnetpp.ini configuration file.

Basically, the configuration of a simulated cloud scenario is divided into
three groups: Workload, Data-Centers and Cloud-Provider. In order to illus-
trate the input for Simcan2Cloud, we present a running example. The config-
uration files of this example are depicted in Listing [2| and Listing [3| Since a
configuration file may contain hundreds of lines, only the most representative
parameters are shown in this example.

The workload represents a collection of users that access the cloud. The
configuration of a workload must contain the number of instances, for each user
type, to be generated in the simulated cloud environment and how these users
access the system. First, the models of each VM involved must be provided.
This example models two VMs (see line 1 of Listing . The first VM, called
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VM_med, contains 2 CPU cores with a computational power of 2.0 CUs, a
500 GB disk and 4 GB of memory. However, VM_large provides 4 CPU cores
with 4.0 CUs, a 1,000 GB disk and 8 GB of memory. Similarly, this example
models 2 user types (see line 2 of Listing|3)). The workload used in this example
consists of 10,000 User_A instances, each one executing 5 instances of a service
called AppDatalntensive on one VM_med, and 50,000 User_B instances, each
executing 3 instances of the service AppDatalntensive on 1 VM_large and 1
VM_med. The user generator uses a normal distribution to calculate the time
between two consecutive user requests (see line 6 of Listing [3). Finally, the
parameter that configures the maximum subscription time is set in Listing
(see line 7).

The cloud in this example consists of 2 data-centers. The first data-center,
called dc_A (see lines 8-9 of Listing [2)), contains 4,096 computing nodes al-
located in 4 racks, where each one houses 16 boards, each one allocating 64
blades. These blades, also called computing nodes, are provided with a 500
GB disk, 4 GB of memory and a CPU with 4 cores with a computing power
of 60,000 MIPS. This data-center also contains 512 storage nodes, grouped in
2 racks. The second data-center, called dc_B, contains 8,192 computing nodes
and 1024 storage nodes. This data-center uses the same configuration for the
computing and storage nodes as the previous data-center. These parameters
are configured in Listing |3| (see line 3).

The cloud provider in this example is configured in Listing (see line 10). In
this case, the cloud provider uses a first fit algorithm to allocate the requested
VMs on the available resources.

Finally, lines 13-20 of Listing [2] contain the connections between each data-
center and the cloud provider. In this case, each link is configured as a 10Gpbs
Ethernet.

5 Mappings and Transformations

The transformations from a UML cloud model to the corresponding Sim-
can2Cloud configuration files are performed in several steps by using hier-
archical subtransformations. In the following, we define the transformations
performed and we describe the unit tests applied for their validation.

5.1 Transformation

The hierarchical transformations - applied to the UML cloud model - to ob-
tain the corresponding configuration files for the Simcan2Cloud simulator are
shown in Figures[9)and[I0] These transformations are implemented in the plug-
in es.uclm.uml2cloud.m2t.simcan2cloud, which has been implemented using
Acceleo for the generation of the .ned and .ini files corresponding to the mod-
eled scenario. A set of Acceleo templates has therefore been designed, with
each one corresponding to a subtransformation shown in Figures [9] and [I0]
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Figure [9] contains the transformations implemented to produce the .ned con-
figuration file (topology). The main transformation is generate NEDFile, which
invokes the subtransformations generateHeaderNEDFile, generateDataCenter-
Definition and generatelnfrstructure to produce the header section, data cen-
ter definition part and general infrastructure information, respectively. These
subtransformations invoke the other subtransformations in the bottom of the
figure to generate the information about the rack elements, rack connections,
data center network and elements, cloud connections, users and cloud provider.

In the same way, Figure [10| contains the transformations implemented to
produce the .ini file (cloud parameters). The main transformation is gener-
ateINIFile, which invokes the subtransformations generateHeaderINIFile, gen-
erate CloudProviderConfiguration, generateDataCenterConfiguration and gen-
erate User GeneratorConfiguration to produce the header section, cloud provider
configuration section, data center parameters and configuration of the user
generator, respectively.

| generateNEDFile |

¥

| generatelnfrastructure |

| generateHeaderNEDFile | generateDataCenterDefinition

v ¥ v v

generateCloudConnections ‘

generateDataCenterElements

| generateRackElements | | generateRackConnections |

Y A 4 Y

generateDataCenterNetwork

| generateUsers | | generateCloudProvider |

Fig. 9 Simcan2Cloud M2T .ned transformation scheme.

| generatelNIFile |

v v v v

generateDataCenterConfiguration

| generateHeaderINIFile | generateCloudProviderConfiguration generateUserGeneratorConfiguration

| generateApplicationList | | generateVmList | | generateRackList | | generateRackConfiguration |
A 4 Y
| generateUserList | | generateDataCenterList
T
| generateSubmitList | | generateConnectList |

generateApplicationInstantiationList

generateVMinstantiationList |

Fig. 10 Simcan2Cloud M2T .ini transformation scheme.

Thus, the user needs to press only the Acceleo-Model-to-Text transforma-
tion button in the tool (see Figure[L1)), which will trigger the two main trans-
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Fig. 11 A snapshot of the tool: transformation button.

formations generateNEDFile and generateINIFile mentioned above (see lines
7 and 8 in Listing [4| in Appendix , to produce the configuration files sce-
nario.ned (system topology) and omnetpp.ini (configuration parameters).

5.2 Transformation Validation

Proving the correctness of model transformations formally is difficult and re-
quires formal verification techniques. An alternative approach that is widely
applied in the industry is validation by testing. Validation of model transfor-
mations is important for ensuring their quality [24]. Successful validation must
take into account the characteristics of model transformations and develop a
suitable fault model on which test case generation can be based, by checking
the correctness of the output provided by the model transformation. Thus,
in this work, we use the unit testing method proposed by Tiso et al. [51] to
generate a test case for each subtransformation appearing in Figures [ and [10]

This test suite is also implemented as an Acceleo transformation, which is
built by defining a template for each test case (i.e., a test template for each
subtransformation). During its execution, the Acceleo transformation performs
four logical steps. First, an OCL query extracts — from the input model — the
specific suitable elements to be used as input for the subtransformation and
executes the test case for each element obtained. The template then builds
a corresponding regular expression and executes the subtransformation being
tested by passing the model element as a parameter. These regular expressions
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network cloudInfrastructure {
#i##
submodules
dc_ dataCenter_000 : dataCenter {
##H#
}
cloudProvider : cloudProviderF!
i
gates:
fromDatgCenter [1];
toDataCenter [1];

}
#it#
connections allowyinconnected :
systemManager JtoDataCenter ++ --> ned . IdealChannel -->
dc_datadenter! 000 .in;
systemManager . fromDataCenter ++ <-- ned . IdealChannel <--
dc_dataCenter| 000 . out;

£ DataCenters B Racks
companent» «component» «component»
«CloudInfrastructure» <<Dat§.‘gnter» «ComputingRack»
“cloudnfrastructure ___SldataCenter _SJcomputingRack

|+ «DataCenter»
network=1.0Gbps
rackElements=[ (numberQfR

«Cloudlnfra#ructure»

cloudProvider=cloudProvider computingRack]
network=1.0Gbps /

gates :
inComm [1}~
outComm [1];
inStorage [0];
outStorage [0];
}
connections allowunconnected :
cloudManager .out --> ned . Id€alChannel --> teCloudProvider ;
cloudManager .in <-- ned-<IdealChannel <-- fromCloudProvider ;
rackCmp _ computingRack_000 .out --> {datarate=1.0Gbps;} --> dataCenterNetwork . inComm ++;
rackCmp _ computingRack 000 .in <-- {datarate=1.0Gbps;} <-- dataCenterNetwork . outComm ++;

Fig. 12 Transformation example.

are defined by checking the structure of configuration files. A Java method
is next invoked through a special type of Acceleo query called Java Service
V\/'rappeIEI7 which matches the output of the subtransformation with the regular
expression to check if it is correct. Finally, the test template report is written
as an HTML report to make reading easier. Figure [[3shows a unit test report
that was obtained when the subtransformation generateHeaderNEDFile was
implemented. The result of the test for the DataCenter! element was Fail,
which means that the structural definition of this element was not correct
since the code produced did not match the regular expression. Hence, this
subtransformation had to be modified to fix the error.

2 Acceleo - Java Service Wrappers: https://wiki.eclipse.org/Acceleo/Getting_
Started#Java_services_wrappers
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SIMCAN M2T Transformation Unit Tests
File under test: generateNEDFile.mtl
Function under test: generateHeaderNEDFile(aScenario : Scenario)
Model Element Test Result Text Fragment

Function under test: generateDataCenter(aDataCenter : DataCenter)

Model Element Test Result Text Fragment

module DataCenterl {

parameters:

string appList;
tri List;

DataCenterl string st

string userList;

gates:

input fromCloudProvider;

output toCloudProvider;

Fig. 13 Unit test report.

6 Empirical Evaluation

In this section, we carry out an experimental evaluation where different cloud
architectures have been modeled and analyzed. The idea is to check how the
underlying architecture of the cloud processes a given workload and, in those
cases where the cloud collapses, to locate the saturation point. In essence,
a workload consists of a large number of users requesting VMs to the cloud
for executing applications. To generate representative workloads, we provide
different types of users, which have been designed by using our proposed profile
(see Figure|3), and ten different configurations of VMs where a CPU-intensive
application [34] is executed.

In this study, our proposed profile has been used to model both the users
accessing the cloud and the underlying cloud infrastructure (see Section .
In the following, the term user refers to a client that requests resources from
the cloud, user model denotes the behavior of a user and workload refers to a
collection of users interacting with a cloud system.

Firstly, we present the experimental settings in Section [6.1} In Section [6.2]
we investigate how the behavior of the users affects the overall cloud perfor-
mance for processing a workload. In essence, this behavior is determined by
the number of resources required by each user and the maximum amount of
time a user is willing to wait for obtaining the requested resources, which is
established via the maxSubTime parameter (see Figure [3). Next, we analyze
in Section how the user distribution for accessing the cloud affects over-
all system performance. In this case, the workloads to be processed by the
cloud have been generated by using different statistical distributions. In each
experiment, the scalability of the systems using different data-centers is also
studied.
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6.1 Experimental settings

This section describes in detail the settings used to carry out the experiments.
The generated workloads have been simulated in the modeled cloud systems
(see Figure by using the Simcan2Cloud simulation tool.

£ OfferedResources| £ FacilitiesStructure]
«component» «component» «component»
«Application» «Cloudinfrastructure» «DataCenter»
ppD: ve d ture DataCenter
«Application» «Cloudinfrastructure» “DataCenter»
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inputData=375.0MByte DataCenter)] rackElements=[ (numberOfRacks: 4,
outputData=250.0MByte network=1.0Gbps ComputingRack), (numberOfRacks
parameter=[ (inputFile (string): /inputFile_0.dat), (outputFile (string): /outputFile_0.dat) 1,
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“M» M WM» «ComputingRack» «ComputingMachine»
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disk=100.0GByte disk=2500GByte disk=500.0GByte network=1.0Gbps storage=Storage_2TB
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Fig. 14 Cloud system model.

Firstly, we provide 10 different models of VMs. Each cloud has been mod-
eled as containing one data-center. All the physical machines are allocated
in racks, where each rack contains a configurable number of blades that are
grouped on boards. Each board contains a switch that interconnects all the
blades allocated on the board. Thus, a global switch connects the switches of
each board with the exterior network. All the components of the data-center
are connected using a Gigabit Ethernet network.

The modeled data-centers are homogeneous in the sense that all the nodes
of the same type have the same hardware features. Hence, all the computing
nodes that are allocated to execute the VMs rented by the users, are equal.
Similarly, the storage nodes, which are used to manage the data accessed by the
computing nodes, have the same characteristics. However, the configuration of
the computing nodes and the storage nodes differ. Each computing node has
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UserA CloudProvider

request([(5,VMsmall,2h)])

K...........I??EQQ??@E’?) ............
loop J E E
at  JlPs<>@] ! :
loop J : execute([(1,datalntensiveApp)L,IPs) .
alt [ oK e :
exit I:I :
S e )
alt : subscribe([(5, VMsmall, 2h)], 3h) o
at ) i notify(Ps) ... :
oemeenn fmeout :
exit |:| '
exit I:I H
alt  Jexit I:l :
: subscribe([(5, VMsmall, 2h)], 3h) J
At )bl notify(Ps) 5
e fimeout .|
exit I:I :

Fig. 15 Cloud interaction model for User4 using mazSubTime = 3h.

been modeled using a 4-core CPU at 60000 MIPS, a 2 TB disk and 64 GB of
RAM. Similarly, each storage node contains a 2-core CPU at 52500 MIPS, a
2000 GB disk and 16GB of RAM.
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6.2 Analyzing the overall system performance

To analyze the overall system performance, we define different workloads to be
processed by the cloud. Furthermore, scalability is also analyzed by using the
same workload configuration, but taking different sizes for the cloud studied.
Table [T] shows four different workloads that are used to analyze the behavior
of the cloud. In this table, the first column refers to the user type, the second
column represents the resources requested for the user, that is, the instance(s)
of the virtual machine(s) and the period(s) of time that the user expects to
use the VM. The following columns represent the workloads, namely wy, wa,
w3 and wy, each one indicating the number of user instances generated to
be processed by the cloud. As an illustration, Figure [I5 contains the specific
sequence diagram for the interactions of Usery with the cloud provider. In
this experiment, if a user requests resources from the cloud and these are not
available, the user submits a subscription to the cloud to be notified when
the requested resources become available. This subscription is only valid for a
period, which is indicated via the mazSubTime parameter.

[ User [ VMs requested by the user [ w1 [ w2 [ w3 [ w4 ]
Usera | 5 X VM gpqy for 2 h. 5000 | 1000 500 1
Userg | 5 X VM yedium for 2 h., 5 X VM 44, for 3 h. 1150 | 1000 | 1500 | 2490
Userc | 2 X VM pedium for 2 h. 3725 | 1000 | 1000 10
Userp | 50 X VM ,edium for 2 h. 125 1000 | 2000 | 1500
Userg | 1 X VM g for 10 b 0 1000 | 100 | 100

Userp | 2 X VM picro for 2 h.) 2 X VM gpqy for 3 h.
2 X VM mjero for 2 he) 2 X VM g for 2 h.
2 X VM pedium for 1 h.

Userg | 1 X VM panoranm for a day

Usery 1 X VM pano for a day

5 X VM gpmau for 2 h., 5 X VM 1 edivm for 3 h.
5 X VM 1474 for 3 hours.

1000 900 1799
1000 500 500

1000 500 100
1000 | 1000 500

1000 | 2000 | 3000

Userg

o |O|o| © |o

Usery

Table 1 Workloads defined to analyze the overall performance of the clouds.

Figure shows the results obtained from the first configuration, where
the cloud processes the workload wq, which consists of 10000 users as it is
presented in Table [} Each row in this figure shows the simulation results
obtained when using the same value for the subscription time. Thus, charts
a, b and c in the first row use a subscription time of 3 hours, charts d, e
and f use a subscription time of 5 hours, charts g, h and i use a subscription
time of 10 hours, and finally, charts j, k and 1 use a subscription time of 240
hours. It is important to remark that the variable maxzSubTime represents the
maximum amount of time that a user is willing to wait until the resources are
available. However, in these experiments, this time may not correspond with
the time elapsed since the user requests the sources until the user has access
to them. Each column of the charts in Figure [16| shows the simulation results
using a data-center containing the same number of physical machines. In this
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Fig. 16 Overall performance of the cloud for processing wy using different maxSubTime
values (3, 5, 10 and 240 hours).

case, 128, 256 and 512 computing nodes are used, while the number of storage
nodes used is 4, 8, and 16, respectively.

In each chart, the x-axis represents the user IDs, which are numbered from
0 to 9999, while the y-axis represents the waiting time (in hours), that is,
the time elapsed from the moment the user requests resources from the cloud
until the user has been granted access to the requested resources. Thus, the
maximum value on the y-axis corresponds to the subscription time. Those
users that do not obtain the requested resources within the subscription time
are represented with a red dot, which means that these users abandon the
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cloud, while the other users, namely those that have been able to access and
use the requested resources, are represented with a black dot.

The first row of the charts (a, b and ¢) represents the simulation of a cloud
using different data-centers, each one containing 128, 256 and 512 nodes, and
a subscription time of 3 hours. In those cases in which the data-center contains
128 and 256 nodes, it is noticeable that a high number of users, specifically
3895 and 1488, respectively, do not obtain the requested resources. Conse-
quently, the size of these data-centers is not enough to process the workload,
and therefore the cloud system collapses and is not able to provide resources
to a significant number of users. Although this scenario, in which the waiting
time progressively increases, is slightly alleviated when the number of physi-
cal machines is increased (see Figure b), using 512 nodes renders a better
scenario. In this case, only 5 users abandon the cloud, while most of the users
obtain the requested resources in the first few minutes.

The second row of the charts shows the simulation results when using a
subscription time of 5 hours. In this case, we obtain similar results to those in
the previous cases. The number of users that abandon the system in this case
is 3877, 1390 and 1 when a data-center containing 128, 256 and 512 nodes is
used, respectively. Similarly, the simulations using a subscription time of 10
hours do not drastically reduce the number of users that abandon the system.
In this case, the number of users that abandon the cloud is 3810, 1237 and 0
when a data-center containing 128, 256 and 512 nodes is used, respectively.

Finally, using a long subscription time renders a totally different scenario.
The last row of the charts depicts the simulation results when using a subscrip-
tion time of 10 days, that is, 240 hours. When considering a small data-center
containing 128 nodes plots, two different situations for the users arise. On the
one hand, those users requesting a small quantity of resources eventually ob-
tain access to the system. However, the average waiting time increases as the
number of users that are waiting for the resources increases (see lower black
line). On the other hand, those users requesting a large amount of resources
are forced to wait. Hence, these users usually abandon the system (see upper
red line). When the number of users that are waiting for resources decreases,
the cloud is able to provide the requested resources, and therefore, the wait-
ing time is progressively reduced. Using a data-center containing 256 nodes
renders a similar situation for the users. However, the system performance
improves significantly, and even when the system is saturated all the users are
able to obtain the requested resources before the subscription time expires (see
Figure k). Additionally, the average waiting time is considerably reduced
for those users requesting a small quantity of resources (see lower black line).
In these simulations, 1091 users abandon the system when the cloud contains
128 nodes, while none of the users abandon the system otherwise.

It is important to remark that when using a data-center containing 1024
nodes the system is able to provide the requested resources to all the users in
the first few minutes after their arrival.
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Fig. 17 Overall performance of the cloud for processing wa using different maxSubTime
values (3, 5, 10 and 240 hours).

In the next experiment the cloud processes ws, which consists of a total of
1000 users and contains a higher variety of users. The results of this experiment
are depicted in Figure

In general, the number of successfully processed users increases when the
variable maxzSubTime is also increased. This can be appreciated in the charts
[I7j, [[7k and [I7}], where the maximum subscription time is set to 240 hours.
In the rest of the cases, the cloud is collapsed, which is noticed by the red line
— at the top of the chart — indicating that are users abandoning the system.

However, we appreciate an interesting behavior when the system scales
horizontally, that is, when the cloud provides a higher number of physical
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Fig. 18 Overall performance of the cloud for processing w3 using different maxSubTime
values (3, 5, 10 and 240 hours).

machines. In these cases, the cloud completely processes the workload when the
cloud provides 256 physical machines. Also, the waiting time is reduced from
200 to — approximately — 140 hours in the worst-case scenario (see Figure k
and Figure 1). The different lines of these charts show how the waiting time
decreases for the different type of users (see Figure [L7]j). Broadly speaking,
the users that request a small number of resources (i.e. Usery) are more easily
allocated than the users requesting a high number of CPU cores (i.e. Usery).
Consequently, the latter may be waiting for longer intervals of time until the
resources are available. When the system is scaled, the chart only shows one
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line, which represents the same tendency for all the users that are waiting for
the resources (see Figure [17}1).
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Fig. 19 Overall performance of the cloud for processing ws using different maxzSubTime
values (3, 5, 10 and 240 hours).

Figure and Figure shows the results obtained when the cloud pro-
cesses the workloads ws and wy, respectively. Similarly, in these cases, the cloud
is also collapsed when the variable maxSubTime is set below 240 h. On the
contrary, when the users are willing to wait — as a maximum — 240 hours, the
overall performance is significantly improved. Only when the cloud provides
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512 physical machines all the users are successfully processed. However, we
observe different behaviors from these results.

Figure [18j shows different lines that depict how the waiting time increases
and decreases at the same time. As a similar scenario occurs when the cloud
process wy (see Figure , we notice several tendencies for the different type
of users requesting a different amount of resources. In this case, w3 contains a
higher number of users requesting a greater amount of resources than wo (see
Userg, Userp and User; in Table. These users are not able to obtain access
to the requested resources and, consequently, the waiting time is increased
until other users leave the system. Increasing the physical resources alleviates
this issue, providing similar performance to the one obtained when the cloud
process wa.

The processing of w, renders a different scenario. In this case, the waiting
time constantly grows when the system provides 128 physical machines. The
overall performance is slightly alleviated when the system provides 256 hosts.
However, the cloud is only able to fully process wy when the cloud provides
512 nodes. In this case, the waiting time reaches 150 hours in the worst-case
scenario (see Figure [19]1).

Additionally, we have carried out an experiment where a real trace has
been adapted to be executed in the Simcan2Cloud simulator. In particular,
this trace contains two years worth of accounting records produced by the
DJM software running on the 1024-node CM-5 at Los Alamos National Lab
(in short, LANL |

This trace contains up to 122000 users and has been gathered from a system
containing 1024 physical machines. However, we need the information that
specifies the resources required by each user and the time-stamp representing
the exact moment when each user access to the system. Specifically, we use the
following information from the trace: Job Number, Submit Time, Run Time,
Requested Number of CPU cores (VMs) and Requested time.

Figure [20] shows the results obtained by the cloud for executing the LANL
CM-5 trace using different configurations. In this case, we appreciate that
the system is not able to completely process all the user requests. However,
these results show that increasing the number of physical machines and the
value of the variable mazSubTime significantly improves the overall system
performance. In those cases where the cloud provides 512 physical machines,
several peaks are depicted (see charts[20]c, [20]f, [20]i and [20}1) which show how
the system fluctuates when the users that are waiting to obtain the requested
resources, finally get access to them. In those cases when the maxSubTime is
set to 240 h., these charts show the tendency of the waiting time, which is
more noticeable when a small data-center is used.

3 Trace available at: http://www.cs.huji.ac.il/labs/parallel/workload/logs.html
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Fig. 20 Overall performance of the cloud for processing the trace LANL CM-5 using dif-
ferent maxzSubTime values (3, 5, 10 and 240 hours).

6.3 Analizing the impact of the user distribution

The second experiment has been carried out to analyze how the user dis-
tribution affects overall system performance. In this case, different workloads
consisting of 50000 users have been created by using several statistical distribu-
tions, which establish a time interval between two consecutive users accessing
the cloud (see Table . Thus, we use the following distributions to generate
the workloads: Exponential, Erlang, Chi-square, Normal, Weibull, Truncnor-
mal and Uniform.
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Figure[21|shows the results obtained when the cloud processes the workload
ws. Specifically, Figure 2I]a shows the simulation results using a data-center of
512 nodes and 21} b shows the simulation results using a data-center containing
1024 nodes. In these charts, the x-axis represents the subscription time, the
y-axis represents the distribution used to generate the workload, where the
values of each distribution are indicated in seconds, and the z-axis refers to
the number of users that abandon the cloud, that is, they do not obtain the
requested resources within their subscription times. The generated workloads
are sorted by using a sorting criteria based on the density of users. Hence,
the exponential distribution generates a workload in which users arrive at the
cloud system within a 200 hour time-frame, while the uniform distribution
generates a workload in which users arrive at the cloud within a 1600 hour
time-frame.

[ User [ VMs requested by the user [ ws [ we ]
Usera | 5 X VM gpmay for 2 h. 47500 | 2000
Userg | 5 X VM yedium for 2 h., 5 x VM 144, for 3 h. 5000 2000
Userc | 2 X VM medium for 2 h. 47000 | 2000
Userp | 50 X VM pedivm for 2 h. 500 2000
Userg 1 X VM nano for 5 h. 0 2000
Userp 1 X VM picro for 5 h. 0 2000
Userg 1 X VM gpan for 5 h. 0 2000
Useryg 1 X VM pedium for 5 h. 0 2000
Usery 1 X VM jgrge for 5 h. 0 2000
User y 1 X VM g14rge for 5 h. 0 2000
User g 1 X VM pziarge for 5 h. 0 2000
Useryp, 1 X VM yziarge for 5 h. 0 2000
User 5 X VM nano for 2 h., 5 X VM picro for 3 h. 0 2000
Usern 5 X VM gman for 2 h., 5 X VM ,pedium for 3 h. 0 2000
Userp 5 X VM medium for 2 h., 5 X VM j4pye for 3 h. 0 2000
Userp 5 X VM 4rge for 2 h., 5 X VM 31474 for 3 h. 0 2000
Userg 5 X VM g14rge for 2 h., 5 X VM py14rge for 3 h. 0 2000
Userr | 5 X VM picro for 2 h., 5 X VM 4,0 for 3 h. 0 2000
5 X VM gnay for 2 h., 5 X VM edium for 3 h.,

USErs | 5 x VM upge for 3 h. 0 | 2000
10 X VM pjcro for 2 h., 10 X VM ypeqium for 3 h.,

Usert | 10 x vM Jelarge for 3 h. 0 2000
20 X VM 147ge for 2 h., 20 X VM 1474 for 3 h.,

Useru | o0 x v 2elarge for 3 h. 0 2000
5 X VM pano for 2 h., 5 X VM picro for 3 h.,

Userv | 5« VM yiarge for 3 h. 0 2000
10 X VM pnano for 2 h., 10 X VM picro for 3 h.,

Userw | 10 x v 2elarge for 3 h. 0 2000
10 X VM gy for 2 h., 10 X VM ,eqivm for 3 h.,

Userx | 10 x VM y4rge for 3 h. 0 2000

Usery 1 X VM nano_na for 12 h. 0 1500

Useryz 1 X VM pano for a day 0 500

Table 2 Definition of several workloads to analyze the impact of the user distribution on
the overall system performance.
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These charts show that the cloud is able to properly process workloads
containing a low density of user requests, that is, workloads generated by using
both a Uniform and a Trucnormal distribution, which generate user requests
within a 1600 and 1400 hour time-frame, respectively. In this case, only 145
users abandon the system when a subscription time of 2 hours is considered.
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Fig. 21 Performance of the cloud for processing ws



34 Adrian Bernal et al.

However, as the density of users increases, the number of users that aban-
don the cloud increases as well. Although this effect can be appreciated in
both clouds, the system using a data-center containing 512 nodes easily col-
lapses. In this case, when using a Weibull distribution, in which the workload
generates users accessing the cloud within a 960 hour time-frame, the cloud is
not able to entirely attend to all the user requests and, consequently, around
2000 users abandon the cloud.

The same effects can be observed when using the other distributions. The
worst-case scenario consists in processing a workload generated with an ex-
ponential distribution, where around 47000 users abandon the system. How-
ever, using a larger data-center partially alleviates this scenario, allowing the
cloud to properly process most of the workload, thus providing the requested
resources to all users. Only when the workload is generated by using both
the Erlang and exponential distributions the cloud is not able to process the
workload entirely, and consequently, around 8000 and 32000 users abandon
the cloud, respectively.

As we noticed the variable maxSubTime has a slight impact on this exper-
iment, we have performed a simulation by scaling — vertically — the system to
process the workload wg. For this, we have configured each physical machine
in the cloud to provide 16, 32, 64 and 128 CPU cores. In this case, the variable
maxSubTime is set to 5 hours.

When the cloud provides 512 physical machines (see Figure[22]a), the num-
ber of users that abandon the system in the best-case scenario ranges from
14520 to 14244, that is, when the workload is generated using a uniform distri-
bution. In the worst-case scenario, that is, using the exponential distribution,
the number of users that cannot reach the requested resources ranges from
37889 to 33128. These results show that the number of CPU cores has a
greater impact on the overall system performance when the number of users
that concurrently access the system increases. This fact is depicted when the
workload is generated using an exponential distribution. In this case, the time-
frame between two users is considerably smaller than the space between two
users generated using a uniform distribution.

However, we obtain better results when the cloud provides 1024 hosts. In
this case, the number of users that abandon the cloud ranges from 5768 to 5473
when the users are generated using the uniform distribution. When we use an
exponential distribution to generate the workload, the number of users that
are forced to leave the system ranges from 32536 to 22547. Consequently, in
this case, increasing the number of CPU allows the cloud to provide resources
to 9989 users, which — approximately — represent the 20% of the total number
of users in the trace.

Broadly speaking, the user distribution has a direct impact on the overall
system performance. For this, it is crucial to customize the system using the
most appropriate configuration, adjusting the number of physical machines
and the number of CPU cores per machine.
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7 Related Work

In the last years, optimizing, modeling and investigating the cloud have become
a focus of much interest [I5], 20, 27] B0]. However, these are very challenging
tasks due to the following reasons. First, providing an accurate and formal
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model of the cloud is complex. There are a large number of variables (i.e. the
behavior of users and workload) and components (CPUs, memories, networks,
virtual machines) that must be formally modeled to accurately represent the
behavior of the system. Second, since there are a large number of variables
that cannot be controlled, such as network traffic, it is very difficult to repeat
a test case.

At present, some well-known cloud providers and third-party cloud services
provide tools for calculating the financial cost of resource and service utiliza-
tion [1l 29] [44] [45]. Unfortunately, these tools calculate only the static cost,
that is, the cost associated with the requested resources for a time-frame.
Hence, data such as performance, average response time and percentage of
resource utilization are not provided by these tools.

A promising alternative way to investigate and model the cloud consists
in using simulation tools, as these offer several advantages: i) Simulation ex-
periments are cheap and repeatable, and can be launched in parallel in order
to reduce the execution time. ii) Simulation is more flexible than perform-
ing experiments on a real system. In a simulation experiment the entire model
can be easily modified by changing configuration parameters. On the contrary,
real systems require making changes to the hardware, which is usually more
expensive and time-consuming. iii) Simulation does not require specific hard-
ware to launch experiments. iv) Simulators can be easily shared with other
researchers. However, simulation also entails certain problems. For instance,
results obtained from simulation do not provide 100% accuracy and, in some
cases, modeling the required system under test with enough detail may require
a significant amount of effort and time.

The high diversity and continuously growing scale of simulation and model-
ing tools makes the selection of an appropriate tool to perform the required re-
search very difficult [T9]. Over the last few years, a wide spectrum of simulation
tools have been proposed to study different aspects of cloud systems [19], such
as energy consumption[I3] 23], throughput and utilization of resources [14} 20],
and VM scheduling strategies [31].

Taking into account the modeling challenge, and considering that the cur-
rent simulation tools use different languages to represent the cloud infras-
tructure, it is a good approach to use a common graphical modeling language.
Over the last few years, diverse cloud modeling approaches have emerged. Con-
sidering the report made by Bergmayr et al. [4] and focusing mainly on the
graphical modeling languages, we can find the following approaches: CAML
[3], TOSCA [6], MULTICLAPP [21] and MOCCA [25]. In Table [3| a compari-
son of our framework with these graphical modeling languages is presented.

CAML [3] makes it possible to represent cloud-based deployment topologies
in UML and refine them with cloud offerings captured by dedicated UML
profiles. It is based on a model library and profiles. These profiles allow you to
model cloud offerings from both technical and non-technical perspectives, for
example, performance and pricing features, respectively. As CAML is based
on UML, it can be directly applied to UML models, which is especially useful



CAML TOSCA MULTICLAPP MOCCA UML2Cloud
Scope Description of cloud- Description of Cloud applications Migration of existing Cloud datacenter
based deployment portable composite modeling from a software to a cloud and cloud provider
topologies and refine- cloud applications cloud- provider inde- environment. infrastructure mod-
ment of them with for their automated pendent perspective. eling and simulation.
cloud offerings cap- provisioning and life- Code generation for
tured by dedicated cycle management. target cloud environ-
UML profiles. ments from compo-
nent and interaction
configurations.
Target TaaS TaaS TaaS TaaS TaaS
PaaS PaaS PaaS PaaS PaaS
SaaS SaaS SaaS SaaS SaaS
% Abstract UML XML Schema UML MOF UML
b=l Concrete GUI Text & GUI GUI GUI GUI
>
n Serial. XMI XML & YAML XMI XMI XMI
Application Class Component Component Component Interaction (Seq.)
Structure Component Deployment Deployment Deployment Component
Deployment Deployment
Simulation
Modeling Arbitrary UML GUI Arbitrary UML GUI GUI
model editor model editor model editor model editor model editor
Refinement UML profiles Ontological types UML profiles N/A UML profiles
Implementation
artifacts
Generation m2t:UML-Java m2m: Deployment m2t:Service adapter m2m:Deployment m2t: UML2Cloud-

t2m:Java-UML
m2m:CAML-TOSCA

plan

m2m:Deployment

plan

plan

Simcan2Cloud

Table 3 A comparison of graphical cloud modeling languages with UML2Cloud.
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when UML models are previously obtained and one wishes to adapt them for
a cloud environment.

TOSCA [6] provides a way to enable portable automated deployment and
management of composite applications. It describes the structure of compos-
ite applications in terms of so-called service templates. An extended version
of TOSCA, called ToscaMart [47], enables developers to reuse existing com-
ponents and fragments of applications. TOSCA is based on XML, whereas
Vino4TOSCA [7] provides a graphical notation for service templates. The ap-
plication model can be completed with management plans that are included
by using existing workflow languages, such as BPMN [38], and can be seen as
the mapping between the cloud applications and cloud environments.

MULTICLAPP [21I] supports the modeling of cloud applications from a
cloud-provider independent perspective. This approach models the application
components in UML and refines them with a dedicated profile. Multicloud
applications are modeled as a composition of software artifacts, where each one
can be assigned to a different platform. Additionally, stereotypes are provided
that allow components to be annotated with QoS parameters, such as their
response time.

MOCCA [25] is a method for migrating existing software to a cloud en-
vironment. The MOCCA metamodel represents the architecture and the de-
ployment of the existing software. The deployment in a cloud environment
can be expressed in terms of a clustering of architectural elements and specific
implementation units that are assigned to the virtual resources of a cloud en-
vironment. The virtual resources are described in Open Virtualization Format
(OVF) [I7], which is a textual modeling language.

Most cloud modeling languages deal with the description of cloud deploy-
ment configurations for one or several target cloud environments. They allow
the modeling of the services and resources offered by the cloud provider but
without paying attention to the underlying hardware. Thus, there is a gap in
cloud data center infrastructure modeling, which some researchers might wish
to model and simulate in order to obtain certain data from the data centers.
The profile proposed in this work fills this gap. It allows researchers to model
the cloud provider infrastructure, making it possible to simulate it.

The above languages exploit model transformation techniques to generate
code or configuration and deployment scripts. However, even if we have these
codes or scripts from the models, it is still necessary to experiment in a real
cloud. Caglar et al. [10] proposes the use of MDE and simulation to estimate
the performance and cost of hosting the services in the cloud. It provides the
generation of simulation code for CloudSim [§, [II] from a model.

Other works have used MDE and simulation techniques successfully in
other areas [16, [50]. Syntony [16] is an Eclipse-based framework for automated
and tool-assisted development and analysis of network protocols. It uses UML
diagrams, and MARTE and UTP profiles, to describe complex protocols. Then,
it transforms the models into simulation code for OMNET++ [52].
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8 Conclusions and Future Work

In this paper we have presented a framework for modeling cloud systems,
called UML2Cloud, capturing the most relevant components of the cloud, such
as its underlying architecture, virtualization, users and workloads.

Thus, one of the main contributions of this paper is the implementation
of a complete framework supporting a UML profile for modeling the cloud
architecture, as well as the simulated user-cloud interactions. In this way, a
graphical representation of the cloud system is given, which allows us to easily
understand and configure the system infrastructure and interactions. With
the proposed framework a specific cloud scenario can be created by using the
editor, after which it is validated and automatically translated into the cloud
system configuration files to simulate the cloud system. UML2Cloud aids users
in the sense that it hides the low-level details related to the simulation tool,
that is, among other aspects, the syntax of the configuration files and scripts to
run the experiments. Hence, users do not need to know the simulation platform
used to simulate the modeled cloud environments.

From the results obtained by the simulator, we can draw conclusions about
how the user’s behavior affects the overall cloud performance. In these exper-
iments, a large number of users and VMs have been modeled, and several
workloads have been synthetically generated using a wide spectrum of user
distributions. Moreover, a real trace has been adapted to be executed in Sim-
can2Cloud, allowing to compare the results obtained from the executions of
the different workloads. As a result, the provided data renders interesting
conclusions that allow configuring the cloud to improve the overall system
performance depending on the workload to be executed.

In conclusion, using simulation allows us to check, without making an initial
investment, important factors of the cloud, such as its scalability and perfor-
mance. Hence, cloud providers can estimate the amount of resources needed to
satisfy the demand for a specific workload of users. Moreover, this framework
is very useful for analyzing both the horizontal and vertical scalability in those
cases in which the cloud provider decides to increase the size of a cloud.

An interesting line for future research is to complete the UML cloud profile
to model user decisions, cloud costs, and different allocation algorithms to
obtain quantitative results and thus draw conclusions from them.
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A Transformation templates and generated files

In this appendix we show how a piece of a cloud model is transformed into several lines of
text that belong to different parts of the scenario.ned configuration file. Let us consider the
excerpt of a cloud model shown in Figure Component and stereotype property values
are extracted through the implemented Acceleo templates, and then these are written in the
scenario.ned file. To start with, the main template generateSimcan2CloudFiles (see Listing
extracts the information from the main component, that is CloudInfrastructure, and calls
the generateNEDFile and generateINIFile templates. The generateNEDFile (see Listing [5))
template creates the scenario.ned file. This template extracts the data centers referenced by
the cloud infrastructure and calls the generateScenario and generateDataCenter templates
to fill in the file.

The templates shown in Listings [BJEl7E] and [0] write the part of the scenario.ned
configuration file shown in Listing In the same way, the templates shown in Listings
[[TT2)T3] and [I4] write the part of the scenario.ned configuration file shown in Listing [I5]

£ DataCenters £ Racks
«component» «component» «component»
«CloudInfrastructure» «DataCenter» «ComputingRack»
“J cloudInfrastructure ____SldataCenter _S)computingRack
«Cloudlnfrastructure» | 1— «DataCenter» | «ComputingRack»

datacenterw network=1.0Gbps -l machineType=computingNode
DataCenter, rackElements= [W machinesPerBoard=16
cloudProvider=cloudProvider computingRack network=1.0Gbps
network=1.0Gbps boards=8

Fig. 23 A piece of a cloud system model.
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Listing 4 Main Acceleo template.

[comment encoding = UTF-8 /]

[module
generateSimcan2CloudFiles (’http://www.uclm.es/UML/profiles/UML2Cloud/1’,
’http://www.eclipse.org/uml2/56.0.0/UML’)]

[import es::uclm::uml2cloud::m2t::simcan::files::generateNEDFile /]

[import es::uclm::uml2cloud::m2t::simcan::files::generateINIFile /]

[template public generateSIMCANFiles(aCloudInfrastructure
CloudInfrastructure)]

[comment @main /]
[aCloudInfrastructure.generateNEDFile () /]
[aCloudInfrastructure.generateINIFile () /]

[/template]

Listing 5 generateNEDFile Acceleo template.

[template public generateNEDFile(aCloudInfrastructure
CloudInfrastructure)]

[file (aCloudInfrastructure.getFolder ()+’scenario.ned’, false, ’UTF-8’)]
###

[aCloudInfrastructure.generateScenario () /]
[aCloudInfrastructure.datacenterElements.generateDataCenter () /]

[/filel

[/templatel

Listing 6 generateScenario Acceleo template.

[template public generateScenario(aCloudInfrastructure
CloudInfrastructure)]
network [aCloudInfrastructure.base_Component.name/]{
###
submodules:
[aCloudInfrastructure.datacenterElements.generateScenarioDataCenter () /]
[aCloudInfrastructure.generateScenarioCloudProvider ()/]
[aCloudInfrastructure.generateScenarioUserGenerator ()/]
[aCloudInfrastructure.generateScenarioConnections () /]
}
[/template]

Listing 7 generateScenarioDataCenter Acceleo template.

[template public generateScenarioDataCenter (aDataCenterElement
DataCenterElement)]

[for (index : Integer |
Sequence (Integer){1..aDataCenterElement.numberO0fDataCenters})]

dc_[aDataCenterElement .dataCenterType.base_Component.name/]_[index/]:
[aDataCenterElement .dataCenterType.base_Component .name/]{
###

}

[/for]

[/template]
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Listing 8 generateScenarioCloudProvider Acceleo template.

[template public generateScenarioCloudProvider (aCloudInfrastructure
CloudInfrastructure)]
cloudProvider:CloudProvider [aCloudInfrastructure.cloudProvider
.resourceAllocationPolicy/I{
###
gates:
fromDataCenter [’ [’+aCloudInfrastructure.datacenterElements ->
collectNested (numberOfDataCenters)->sum()+’]’/]
toDataCenter[’[’+aCloudInfrastructure.datacenterElements ->
collectNested (numberOfDataCenters)->sum()+°]1°/];
}
[/template]

Listing 9 generateScenarioConnections Acceleo template.

[template public generateScenarioConnections (aCloudInfrastructure
CloudInfrastructure)]
connections allowunconnected:
[for (aDataCenterElement : DataCenterElement |
aCloudInfrastructure.datacenterElements)]
[for (index : Integer |
Sequence (Integer){1..aDataCenterElement .numberOfDataCenters})]
cloudProvider.toDataCenter++ -->
{datarate=[aCloudInfrastructure.network.getBandwidth()/]1;} -->
dc_[aDataCenterElement.dataCenterType.base_Component.name/]
_[index/].in;
cloudProvider.fromDataCenter++ <--
{datarate=[aCloudInfrastructure.network.getBandwidth () /]1;} <--
dc_[aDataCenterElement.dataCenterType.base_Component .name/]
_[index/].out;

[/for]
[/for]
cloudProvider.toUserGenerator --> ned.IdealChannel -->
userGenerator.fromCloudProvider;
userGenerator.toCloudProvider --> ned.IdealChannel -->
cloudProvider.fromUserGenerator;
[/templatel

Listing 10 Excerpt 1 from the generated .ned file.

network cloudInfrastructure {
#HH##
submodules:
dc_dataCenter _000:dataCenter {
###
}
cloudProvider:cloudProviderFIF0 {
###
gates:
fromDataCenter [1];
toDataCenter [1];
}
H###
connections allowunconnected:
systemManager.toDataCenter++ --> ned.IdealChannel -->
dc_dataCenter _000.in;
systemManager .fromDataCenter++ <-- ned.IdealChannel <--
dc_dataCenter _000.out;
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Listing 11 generateDataCenter Acceleo template.

[template public generateDataCenter (aDataCenterElement
DataCenterElement) ? (aDataCenterElement.numberOfDataCenters>0)]
[aDataCenterElement .dataCenterType.base_Component .name/]
module [aDataCenterElement.dataCenterType.base_Component.name/]{
#H##
[aDataCenterElement.dataCenterType.rackElements ->select (
rackType.oclIsTypeOf (ComputingRack)).generateRackElement () /]
[aDataCenterElement.dataCenterType.rackElements ->select (
rackType.oclIsTypeOf (StorageRack)).generateRackElement () /]
[aDataCenterElement .dataCenterType.generateDataCenterNetwork () /]
connections allowunconnected:
dcManager.out --> ned.IdealChannel --> toCloudProvider;
dcManager.in <-- ned.IdealChannel <-- fromCloudProvider;
[aDataCenterElement.dataCenterType.rackElements—>select(
rackType.oclIsTypeOf (ComputingRack)).generateRackConnection (
aDataCenterElement.dataCenterType.network) /]
[aDataCenterElement .dataCenterType.rackElements->select (
rackType.oclIsTypeOf (StorageRack)).generateRackConnection (
aDataCenterElement.dataCenterType.network) /]
}
[/templatel

Listing 12 generateRackElement Acceleo template.

[template public generateRackElement (aRackElement : RackElement) 7
(aRackElement .number0fRacks >0)]

[for (index : Integer | Sequence(Integer){1l..aRackElement.numberOfRacks})]

[aRackElement .rackType.eClass () .name.toLowerFirst () /] _[aRackElement
.rackType.base_Component .name/]_[index/]:CloudRack;

[/for]

[/template]

Listing 13 generateDataCenterNetwork Acceleo template.

[template public generateDataCenterNetwork(aDataCenter : DataCenter)]
dataCenterNetwork:DataCenterNetwork{
gates:
inComm[’[’/][aDataCenter.rackElements->select (rackType.oclIsKindOf (
ComputingRack))->collectNested (numberOfRacks)->sum()/]1[’]1°/];
outComm [’ [’+aDataCenter.rackElements->select (rackType.oclIsKindOf (
ComputingRack))->collectNested (numberOfRacks)->sum()+°]1°/];
inStorage[’[’+aDataCenter.rackElements->select (rackType.oclIsKindOf (
StorageRack))->collectNested (numberO0OfRacks)->sum()+’]17°/];
outStorage[’[’+aDataCenter.rackElements->select (rackType.oclIsKindOf (
StorageRack))->collectNested (numberOfRacks)->sum()+’]°/];
}
[/template]
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Listing 14 generateRackConnection Acceleo template.

[template public generateRackConnection(aRackElement : RackElement,
network : Bandwidth) ? (aRackElement.numberOfRacks>0)]

[for (index : Integer | Sequence(Integer){l..aRackElement.numberOfRacks})]

[aRackElement .rackType.eClass () .name.toLowerFirst () /] _[aRackElement
.rackType.base_Component.name/] _[index/].out -->
{datarate=[network.getBandwidth () /]1;} --> dataCenterNetwork.inComm++;

[aRackElement .rackType.eClass () .name.toLowerFirst () /] _[aRackElement
.rackType.base_Component .name/] _[index/].in <--
{datarate=[network.getBandwidth () /];} <-- dataCenterNetwork.outComm++;

[/for]

[/templatel

Listing 15 Excerpt 2 of the generated .ned file.

module dataCenter {
###
rackCmp_computingRack _000:CloudRack;
dataCenterNetwork:DataCenterNetwork {
gates:
inComm[1];
outComm [1];
inStorage [0];
outStorage [0];

}

connections allowunconnected:
cloudManager.out --> ned.IdealChannel --> toCloudProvider;
cloudManager.in <-- ned.IdealChannel <-- fromCloudProvider;

rackCmp_computingRack _000.out --> {datarate=1.0Gbps} -->
dataCenterNetwork.inComm++;

rackCmp_computingRack _000.in <-- {datarate=1.0Gbps} <--
dataCenterNetwork.outComm++;
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