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the developers to set up the images, to choose how many
instances of them will be executed and how they interact. On
a university environment, with developers from different areas
of knowledge, a question arises:

Abstract—Cloud computing platforms have the potential to
beneﬁt scientiﬁc projects on all ﬁelds of knowledge. Its virtualized
resources and large storage capacity enable any scientist to
have access to high performance computing platforms at low
costs. In this paper, we present the MyCloud project, a cloud
computing infrastructure for the Technological University of
Paraná campuses, in southern Brazil. We show how to build and
instantiate virtual machines templates for BSP/CGM applications
that can be used on private cloud computing platforms.

•

We believe that our users do not need to have technical
knowledge about how to build a cluster on cloud platforms.
In order to simplify this process, we are developing a new
framework (based on open-sourced software), that is based
on the idea of having templates of virtual machines that are
optimized for a standard distributed programming model.

Keywords—Bulk Synchronous Parallel; Coarse Grained Multicomputer; Virtual Machines; Cloud Computing.

I.

I NTRODUCTION

The demand for computational power is increasing. Scientists from different ﬁelds of knowledge (like Computer
Science, Biology, Engineering, etc.) now relies on high performance computing to conduct their experiments.

The remaining of this paper is organized as follows.
Section II presents the UTFPR scientiﬁc context on which this
project is being developed. Existing open source frameworks
for build private cloud platforms are discussed on Section III
and the chose programming model (BSP/CGM) is presented
on Section IV. On Section V we present our solution for the
dynamic creation of test beds, based on the use of virtual
machines templates. We also show some preliminary tests
to validate the solution and to verify the scalability of this
solution when using BSP algorithms. Finally, we present how
this solution ﬁts the UTFPR needs and a discussion of the
results on Section VI.

Any scientist can now have access to computational power
equivalent to that of supercomputers at low costs, using public
cloud computing platforms like Amazon EC2 [1]. Despite that,
there is no easy way for the developers to set up a cloud
computing platform for their work. It is up to the developer to
choose the best parallel or distributed programming model and
how to deploy their programs on cloud computing platforms.
The MyCloud project, being developed at the Technological University of Paraná (UTFPR), aims to provide a
cloud computing platform and the its respective support tools
to allow scientists from all areas to use cloud computing
technology. This basic support is built using the Bulk Synchronous Parallel (BSP [2]), the Coarse Grained Multicomputer (CGM [3]) programming models, and the underlying
virtualization technologies that guarantees an optimized use
of the available computational resources.

II.

S CIENTIFIC C ONTEXT

The UTFPR has 12 campuses and 223 academic research
groups addressing scientiﬁc projects in CFD (Computational
Fluid Dynamics), Bioinformatics (pattern analysis), Medical
Informatics (DNA analysis and data mining), 3D simulation
Numerical analysis, Electronic Structure and Chemistry. Several algorithms are used as proof-of-concept in these ﬁelds
of knowledge. The MyCloud project goal is to share the
computational infrastructure available on each campus, in
order to create a big cloud computing platform, and to include
supporting tools to execute scientiﬁc applications. The ﬁrst
step of the MyCloud project is the deployment of the software
and hardware infrastructure in one campus (Campo Mourão).

On cloud computing platforms, customized virtual machine
instances are created and executed on clusters controlled by
some kind of virtual machine manager module. It is up to
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How to simplify the use of cloud computing platforms
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Table I.

instances can be acquired and released on demand by the
users (the request can be made using different user interfaces
such as an API, a command line interface, etc.). Each time
a user requests a new virtual machine, the platform chooses
a physical node (that can host multiple virtual machines) and
then the hypervisor instantiates and execute the virtual machine
image. It is up to the developer to conﬁgure the multiple virtual
machines being used (from setting up the SO to installing
and conﬁguring the program to be executed). This setting
can be assisted by software managers, such as Chef [12] and
Puppet [13], but the process is not trivial and more error prone.

C LOUD C OMPUTING FRAMEWORK FEATURES

Framework

Open Source

Amazon Web Services [1]

no

Apache CloudStack [7]

yes

Eucalyptus [8]

yes

OpenNebula [9]

yes

OpenStack [10]

yes

VMWare vCloud [11]

no

User interface
AWS Management Console,
AWS APIs and
Command Line
Interface (CLI)
CloudStack
API,
AWS
APIs,
CLI,
Web Interface
AWS
APIs,
CLI,
Web
Interface
AWS
APIs,
Open
Cloud
Computing
Interface
(OCCI), CLI,
Sunstone Web
Interface
AWS
APIs,
CLI,
OpenStack
Dashboard
Web Interface
vCloud API,
vCloud
Director
and
vCloud Connector

Hypervisors

XEN

XEN, KVM,
QEMU,
VMware
and Hyper-V
XEN, KVM,
QEMU,
VMware
and Hyper-V

Another model to expose the cloud computing platform is
known as Platform as a Service (PaaS), where the developer
writes its program to a speciﬁc framework provided by the
cloud computing provider. Amazon, for example, exposes the
Apache Hadoop framework [14] through the Elastic MapReduce (EMR) API. The developer just conﬁgure the cluster conﬁguration (e.g., the maximum number of nodes allowed) and
uploads the MapReduce application. The entire execution is
controlled and managed automatically by the EMR framework,
from the conﬁguration of the virtual images, to the monitoring
and execution of the MapReduce program itself.

XEN, KVM,
QEMU,
VMware
and Hyper-V
XEN, KVM,
QEMU,
PowerVM,
Hyper-V, LXC
and VMware

VMWare

Our solution lies somewhere in between these two models.
We provide the ﬂexibility of the IaaS model — enabling the
developer to customize the operating systems and libraries
to its speciﬁc needs — and some of the facilities provided
by the PaaS model, by supplying specialized virtual machine templates, optimized for some distributed programming
model. This way, a developer can simply choose a template
optimized for its programming model of choice (e.g. the
BSP/CGM programming model with MPI communications)
and the framework dynamically instantiates and starts the
virtual machines for the user, setting up all the environment
conﬁgurations needed by the software stack (e.g. conﬁguring
the IP addresses in the MPI stack, the BSPlib [15] and the
CGMlib [16]). In our implementation, we provide a dashboard
web interface, where the users can conﬁgure the size of the
required cluster and the SSH access the acquired machines.

Then each campus will be incrementally integrated to the
cloud platform. The distributed infrastructure will improve
the service availability and will expand the computational
resources available to the scientists.
The ﬁrst parallel and distributed programming language
for cloud supported by the project is the BSP/CGM model,
using the Messaging Passing Interface (MPI) as the interprocess communication model. Evidently any other programming model can be used on the platform, notably the wellknown MapReduce model [4], that is commonly used on
“big data” problems. Starting with support to BSP/CGM is
a sensible choice, not only because these models are widely
know among our Computer Science teachers and students, but
also because our preliminary studies [5] on the suitability of
the BSP/CGM model for cloud computing suggests that this
model scales well on such platforms. The BSP/CGM model is
explained in details on Section IV.
III.

IV.

T HE BSP AND CGM M ODELS

The Bulk Synchronous Parallel (BSP) model was ﬁrst
introduced by Valiant [2]. The computation is organized as
a sequence of supersteps. Each superstep is composed of
multiple parallel computational phases where each processor
(on all nodes) only performs local computations, followed
by a communication phase, where the communications of
data involve all the processors in a personalized all-to-all
communication. Between two supersteps there is a synchronization barrier, which guarantees the simultaneous start of all
processors for the next step.

C LOUD C OMPUTING F RAMEWORKS

A cloud computing framework is made of several components [6], each of which deals with different aspects of
the virtual machine execution on the available physical machines. For instance, cloud computing frameworks usually have
components to control the user interfacing, the deployment of
virtual machine images into cloud nodes, load balancing, the
virtual machine monitoring (managed by the hypervisor), etc.

Having global synchronizations at the end of each superstep may be seen as cumbersome, but there are signiﬁcant
advantages of doing so, especially for large scale distributed
systems. First of all, to ﬁnd a good way to overlap communication and computation, a precise knowledge of the hardware
is essential. This means that a ﬁne tuning of the application
must be redone whenever possible in the hardware. Secondly,
global synchronization points can be used straightforwardly to
provide checkpoints to store consistent partial states. Thirdly,

We have evaluated some of the available cloud computing
frameworks regarding features like the availability of the
source code, the user interface exposed to the developers
and the support for different hypervisors. The results are
summarized on Table I.
The cloud platform can be exposed to the end users using
different models. The most basic service model is the Infrastructure as a Service (IaaS) model, where the virtual machines
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there are several works exploring how the h-relation can be
effectively done, providing efﬁcient implementations on a large
diversity of scenarios [17]. An h-relation represents the sending
and the receiving of h amounts of data in each processor [18]
at each communication step.
Dehne et al. [3] introduced a slightly different model for
parallel programs that, in fact, can be considered as a special
case of the BSP model. The Coarse Grained Multicomputer
(CGM) model deﬁnes how a problem of size n will be executed
by p processors, each with a local memory limited to O(n/p).
Like in BSP, a CGM algorithm consists of a sequence of
rounds with distinct phases for local computation and global
communication. Usually, each processor will apply the best
sequential algorithm for the data available locally. The goal
when designing CGM algorithms is to minimize the number
of h-relations executed at the communication [19] phase.
Several implementations of the BSP model have been
developed since the initial proposal by Valiant. They provide
to users full control over communication and synchronization
in their applications. A comparison of several libraries was
conducted by Krusche [20]. On the CGM side, we can note the
implementation provided in the CGMlib [21], among others.

Figure 1.

model. Although optimized for a speciﬁc model, the virtual
machine is completely exposed to the users and can be tuned
and customized for particular needs. This enables the creation
of high performance computing platforms with little effort.

Works using BSP as a programming model for cloud computing ﬁrst appeared on the context of large graph processing
applications. These applications naturally appear on problems
from different areas of knowledge (Computer Science, Biology, Engineering, etc.) and use graphs to represent relations
among different entities, such as links on web pages, user
relations on social networks, ﬂow of goods, order of DNA fragments, etc. Goldman et al. [5] have analyzed the suitability and
scalability of BSP algorithms on cloud computing platforms.

We have implemented a prototype framework, based on
open-sourced software, that enables the dynamic creation and
conﬁguration of a cluster of nodes inside a cloud computing
platform that is well suited for the efﬁcient execution of
BSP/CGM applications using the MPI protocol.
MPI applications modeled using BSP/CGM have often
a master/worker architecture, where a master deﬁnes which
part of the computation each worker will execute. They also
generally use some kind of distributed ﬁle system to distribute
the data that must be processed by the application and to
collect the results. We leverage this common architecture in
our prototype implementation to automatically assign a master
server to be responsible for controlling the distributed ﬁle
system and the distributions of controlling of the IP addresses
for the workers. Our implementation relies on the NFS [38]
distributed ﬁle system, a DNS [39] and a DHCP [40] server
on the master and DHCP clients on the workers.

Many algorithms have been developed using BSP or
BSP/CGM. These include: Preﬁx Sum, Partition and Parallel
Sorting [21]; Next Element Search [22]; Longest Repeated
Sufﬁx Ending at Each Point in a Word [23]; Two-Dimensional
Parallel Pattern Matching [24]; Graph Planarity Testing [25];
Maximum Weight Matching in Trees [26]; Dynamic Programming for Solving the String Editing Problem [27]; AllSubstrings Longest Common Subsequence [28]; Maximal Independent Set Problem and P-Quantiles [29]; Knapsack [30];
Maximum Matching in Convex Bipartite Graphs [31]; Matrix
Chain Product [32]; Transitive Closure [33]; Biological Sequence Comparison [34]; Approximation Hitting set Algorithm
for Gene Expression Analysis [35]; Integer Sorting [36]; List
Ranking, Euler Tour, Connected Components, Spanning Tree,
Lowest Common Ancestor, Open Ear Decomposition and Biconnected Components, and Chordal Graph Recognition [37].
V.

Virtual machine instances inside the OpenNebula framework.

The ﬁrst and only manual step is to upload the application
to the master node using SSH. Then, in order to execute a MPI
application, each worker must be able to gather the following
information: (i) the IP address of the NFS server; (ii) the
application to be executed; (iii) the list of all IP addresses of all
nodes belonging to the cluster being deployed (MPI requires
this to execute all-to-all communications). Using our proposed
architecture, (i) can be easily discovered by the system using
the DHCP protocol, that not only conﬁgures the IP of each
worker, but also inform which node is the DNS server and,
therefore, the NFS server. When the worker node mounts the
NFS ﬁle system, it automatically have access to the application
to be executed (ii) and also informs the master of its IP address.
This list of all IP address can be straightforwardly obtained
from the master using the NFS command showmount, which
solves the last problem. Once the list of IPs is obtained, the
workers can conﬁgure the MPI framework “hostﬁle” and start
the execution of the application.

H OW TO S IMPLIFY D EVELOPMENT ON C LOUDS U SING
V IRTUAL M ACHINE T EMPLATES ?

The main goal of this work is to simplify the use of cloud
computing platforms for scientists of all areas. These scientists
have increasingly computational needs — so they must have
the option to customize the computational platform in order to
optimize it for their needs — while, at the same time, should
not have to deal with all the technicalities related to building
and conﬁguring clusters of nodes on cloud platforms.
Our proposal is based on the usage of virtual machines
templates optimized for a particular distributed programming

We have implemented our prototype using the Oracle
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VM VirtualBox1 virtualization software package. Each virtual
image have installed a Debian 6.0 GNU/Linux distribution. In
order to execute MPI applications, we have also the portable
and high-performance MPICH22 implementation of the MPI
standard. The BSP/CGM applications have at their disposal
the BSPlib [41] and the Cgmlib [21] version 0.9.5.

8

Computational time
Communication time

7
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6

The virtual images are controlled by the OpenNebula [9],
an IaaS (Infrastructure as a Service) framework. The ﬁnal user
can control its virtual image instances using the web dashboard
based on the OpenNebula Sunstone interface.
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A. Experimental evaluation
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(a) Parallel Sorting algorithm (n=400,000)

In this section we present some experiments using an OpenNebula test bed and BSP/CGM virtual machine templates. All
nodes uses Qemu KVM hypervisor and are managed by the
OpenNebula framework, as shown on Figure 1. The ﬁgure also
depicts the physical infrastructure utilized in our experiments.
Each computer node used in the experiment has 1 Core Duo
E6750 2.66 GHz, 2 GB of RAM, a 230 GB HD SATA II and
NIC FastEthernet (100 Mbps).
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Scalability is an important requirement for scientiﬁc algorithms. The use of virtualization by the cloud platforms can
result on bigger network latencies and some processing overhead. The goal of our experimental evaluation is to validate
our proposed architecture and templating schema and also to
study the scalability of BSP/CGM algorithms on the MyCloud
cloud platform.
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(b) Partition algorithm (n=9,999,999)
Figure 2.

We have executed our experiments using two BSP/CGM
applications described by Chan et al. [21]: Partition and
Parallel Sorting. These algorithms are relevant because they
are part of the solution of several scientiﬁc applications.
Figures 2a and 2b shows our results with the Parallel Sorting
and Partition algorithms, respectively. Each ﬁgure presents the
average execution and communication times obtained over the
increase on the number of virtual machines deployed. Each
result is presented with a conﬁdence interval of 95%.

Evaluation of Partition and ParallelSorting algorithms [21].

intra-node communication is performed. In our experiments,
the virtual NIC was managed by the Virtio [42] driver, a device
accelerator used by the Qemu KVM hypervisor.
Our results corroborate the results obtained by other works,
like the one from Jamal et al. [43], that also analyzed the
scalability of virtual machines on multi-core systems. They
have also found that the scalability on virtualized platforms
suffers from the overhead caused by communication. Other
approaches to ensure efﬁcient execution on cloud computing
platforms include QoS guarantees for the virtual machines
[44], [45] and clever scheduling heuristics designed to assign
virtual machines to physical machines based on characteristics
like the multi-core cache structure [46] or the analysis of the
I/O and CPU bounds of the applications [47].

The MPI framework treats each virtual machine as an
available processor. Thus, our experiments triggers the execution of up to 24 workers distributed among eight physical
machines (three virtual machines instantiated on each cloud
node). The time spent by the programs were measured using
the CGMTimers class, part of CGMlib library [16].
The results suggest that the computational and communication time of the algorithms evaluated scale well with
the increase on the number of virtual machines. They also
show that for a higher number of virtual machines, the time
spent by communication have a high impact on the algorithms
performance. This increase in the communication times can
be partially explained by the mechanism used to virtualize the
network (the virtual network).

VI.

C ONCLUSIONS

In this paper we presented the MyCloud project and our
approach to address different needs from scientists using an
easy-to-use virtual machine templating scheme. We presented
our prototype implementation, based on open-sourced software, that relies on OpenNebula and on Oracle VM VirtualBox to instantiate and manage the virtual images on a
cluster of computing nodes. We presented and evaluated or
templating schema using virtual machines templates optimized
for applications using the BSP/CGM programming model.
Our preliminary results showed that BSP/CGM algorithms can
scale well on the MyCloud platform, and that the performance
of these applications are bounded by the overhead caused

Figure 3 depicts the virtual networks are build over the
real physical NICs. The network communication are managed
by the virtual network (that can be used in bridge or switch
mode). The virtual network optimizes communication between
different virtual machines by bypassing the real NIC when only
1 https://www.virtualbox.org/
2 http://www.mpich.org/
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[4]
[5]

[6]

[7]
[8]

Figure 3.

The virtual network infrastructure.

[9]
by inter- and intra-node communication when the number of
virtual machines increases.
A. Future Work

[10]

As future work, we intend to investigate more implementation details that could improve the performance of the
virtual machines on our platform (like the use of the Virtio
network device accelerator, that was essential to guarantee
the performance of our experiments). We would like also to
investigate how to improve the communication performance
of BSP/CGM algorithms, and use this particular programming
model to create a fault-tolerant system.

[11]

[12]
[13]

For the ﬁnal users (scientists at UTFPR), we intend ﬁrst
to increase the number of available templates optimized for
other programming models (like, for instance, the MapReduce
model). We want also to polish the dashboard web interface,
that are now dependent on the OpenNebula Sunstone interface,
in order to assist non-expert users to conﬁgure the number of
required computational resources and ease the upload of the
applications to the cloud platform. We also plan to implant a
parallel programming education project to graduate students
to help scientists to make a better use of the platform.
When all UTFPR campuses ﬁnishes the integration of their
computational resources to the platform, we expect that the
platform will be open to scientists and students from other
universities as well.

[14]
[15]
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