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Abstract— There are many scientific applications that have 
high performance computing demands. Such demands are 
traditionally supported by cluster- or Grid-based systems. 
Cloud computing, which has experienced a tremendous 
growth, emerged as an approach to provide on-demand access 
to computing resources. The cloud computing paradigm offers 
a number of advantages over other distributed platforms. For 
example, the access to resources is flexible and cost-effective 
since it is not necessary to invest a large amount of money on a 
computing infrastructure nor pay salaries for maintenance 
functions. Therefore, the possibility of using cloud computing 
for running high performance computing applications is 
attractive. However, it has been shown elsewhere that current 
cloud computing platforms are not suitable for running this 
kind of applications since the performance offered is very poor. 
The reason is mainly the overhead from virtualisation which is 
extensively used by most cloud computing platforms as a 
means to optimise resource usage. In this paper, we present a 
lightweight virtualisation approach applied to WRF, a 
challenging communication-intensive, high performance 
computing application. Our experimental results show that 
lightweight virtualisation imposes about 5% overhead and it 
substantially outperforms traditional heavy-weight 
virtualisation such as VMware. 

Keywords- virtualisation; lightweight virtual machines; cloud 
computing; high performance computing 

I.  INTRODUCTION 
High performance computing (HPC) applications expand 

several scientific fields such as meteorology, astronomy, 
chemistry, and bioinformatics among others. Examples of 
these applications include weather forecasting, materials 
science, quantum chemistry calculations, accelerator 
modelling, and astrophysical simulations [1]. These kinds of 
applications have huge demands of computing resources, 
which are traditionally supported by cluster- or Grid-based 

systems. Cloud computing, which has experienced a 
tremendous growth recently, emerged as an approach to 
provide on-demand access to computing resources. The 
cloud computing paradigm offers a number of advantages 
over other distributed platforms. For example, the access to 
resources is flexible and cost-effective since it is not 
necessary to invest a large amount of money on computing 
infrastructure nor pay salaries for maintenance functions. 
Therefore, the possibility of using cloud computing for 
running high performance computing applications is 
attractive. However, it has been shown elsewhere [2-6, 14-
17] that current cloud computing platforms are not suitable 
for running this kind of applications since the performance 
offered is very poor.  The reason is most cloud computing 
platforms make extensive use of virtualisation as a means to 
optimise resource usage. Virtualisation faces two core 
challenges: it does not offer quality of service (QoS) 
guarantees and has a performance penalty that is unsuitable 
for certain kinds of applications [9]. 

In this paper, we present an application-level 
virtualisation framework, called Distributed Virtual Task 
Machine (D-VTM), which can significantly increase 
performance while retaining the benefits of cloud computing 
in terms of ease of management, cost reductions, resource 
usage optimisation, etc. 

The main focus here is on applying the framework to the 
Weather Research and Forecasting (WRF) model [10], a 
challenging communication-intensive, high performance 
computing application. This application serves as our first 
attempt to evaluate our approach. We rely on our previous 
work on lightweight virtualisation in middleware [11], which 
focused on serial computations (e.g. transcoding a video file 
to MP4). We have extended this work here whereby 
lightweight virtualisation is applied to distributed 
computations (e.g. MPI applications), hence, making it 
suitable for HPC environments. Our focus is on developing 



an open-ended framework for lightweight virtualisation in 
HPC environments, rather than being tied to any particular 
virtual machine (VM) implementation. We present a 
particular implementation of the framework on Linux; 
however, this implementation is only presented as a means to 
evaluate the framework. Our experimental results show that 
our lightweight virtualisation imposes about 5% overhead, 
hence, making our approach suitable to run WRF in a cloud 
computing environment. The results also show that D-VTM 
substantially outperforms traditional heavy-weight 
virtualisation such as VMware. 

The paper is structured as follows. Section II introduces 
the motivation behind our work. Section III presents some 
related work. Our virtualisation framework is presented in 
section IV. The experimental results are shown in section V. 
Finally, some concluding remarks are given in section VI. 

 

II. APPLICATION AND MOTIVATION 
We approach the problem of mitigating natural disasters, 

which involve hurricanes, forest fires, and air pollution. For 
example, a number of hurricanes have had a devastating 
impact in the U. S. as well as in the north and south part of 
Mexico. Therefore, a better prediction capacity is required to 
generate better evacuation plans when this type of disasters 
happens. 

The Weather Research and Forecasting (WRF) model 
[10] is gaining acceptance worldwide as one of the best 
models to carry out weather prediction. H-WRF [12] is an 
extension of WRF to support the prediction of hurricanes. 
Importantly, WRF can also be used to predict the evolution 
of forest fires as well as to determine and predict air 
pollution. However, the numeric model used by WRF 
demands a large amount of CPU power. Such demand can be 
increased dramatically if WRF is used to model a big 
geographical area with a high-resolution level (for example 
<1 km). Satisfying the high computational demands of WRF 
requires putting together large numbers of computing 
resources through infrastructures such as clusters, grids, or 
clouds. 

Currently, Mexico does not possess a user-friendly 
system whereby Mexican meteorologists have open and 
remote access to perform on demand runs of WRF. In the 
best case, some meteorologists have access to a local 
computer infrastructure where on demand runs can only be 
carried out with the assistance of highly trained computer 
engineers. Some other meteorologists do not even have 
access to enough computing power to run WRF in a 
reasonable amount of time. Furthermore, to the best of our 
knowledge there is not a system, worldwide, able to offer on 
demand runs of WRF in cloud environments. 

Within the DiViNE (Disaster mItigation on VIrtualised 
eNvironmEnts) project [29] (which is part of the LA Grid 
initiative [13]) we are developing a WRF Web portal able to 
carry out on demand runs of WRF on cloud computing 
environments. One of the main research challenges we are 
addressing involves using lightweight virtualisation as a 
means to make cloud computing environments suitable for 
running high performances applications such as WRF. 

 

III. RELATED WORK 
Much research work has focused on evaluating the 

suitability of virtualised environments for executing HPC 
applications. Jackson et al. [2] and Ekanayake et al. [14] 
presented comprehensive studies of the performance of 
parallel applications on the Amazon EC2 cloud platform 
and a Eucalyptus cloud system, respectively, using a set of 
typical HPC applications. Related cloud performance 
studies also considered several specific HPC applications 
including climate modeling [15], bioinformatics [16], lattice 
optimisation [17], and astronomy workflows [27]. These 
results all indicate that cloud execution incurs a significant 
performance overhead, particularly high for 
communication-intensive applications. Wang et al. [3] 
concentrate on the networking performance of Amazon EC2 
and reports that the underlying Xen-based virtualisation 
approach causes significant throughput instability and delay 
variations. An experimental study of running WRF on large-
scale virtualised environments is presented in [6]. While the 
overhead of using VMs instead of physical machines is 
relatively low for single-cluster environments, the overhead 
becomes prohibitive when using multiple clusters. 

Addressing the performance limitations of virtualised 
environments is currently receiving considerable attention. 
Huang et al. [5] and Raj et al. [18] proposed mechanisms to 
reduce the overhead of network I/O virtualisation by 
exploiting the self-virtualisation capability of modern 
network devices. Amazon has recently introduced a new 
cloud service, EC2 Cluster Compute instances, specifically 
targeting HPC applications. Early benchmark results are 
positive but still indicate performance degradation 
compared to conventional clusters when executing large-
scale parallel MPI applications [4].  

An interesting approach to address the performance 
limitations of virtualised environments is to apply alternative 
virtualisation approaches. Performance studies using general-
purpose benchmarks show that traditional, heavyweight 
virtualisation approaches, such as Xen [19] and VMware 
[20], incur a performance penalty from 10-20% compared to 
native OS environments [21][22]. Even worse, this penalty is 
higher when there is a huge amount of IO operations. 
Moreover, heavyweight VMs do not offer response time 
guarantees [9]. Operating system-level VMs [23], [24] are an 
alternative to obtain a performance near to the native 
operating system. However, the main drawback of this 
approach is that the kernel needs to be recompiled; in our 
work, we adopt application-level virtualisation instead, 
which exploits the existing lightweight virtualisation 
facilities provided by the operating system. Lange et al. [25] 
proposed a low overhead virtualisation solution for 
supercomputing by embedding the virtual machine monitor 
inside of a lightweight kernel. However, this solution relies 
on the existence the lightweight kernel which supports only 
limited applications tailored for supercomputing.  In contrast, 



our lightweight virtual machine framework does not impose 
such kind of assumptions. 

Other related work is exploiting the characteristics of 
virtualised environments to improve the execution of HPC 
applications. Henzinger et al. [7] presented a cloud-based job 
execution environment that uses static scheduling techniques 
to provide a simple, flexible pricing model for users. Lee et 
al. [8] proposed a job scheduling scheme that exploits the 
resource heterogeneity in clouds to simultaneously provide 
high performance and fairness. Finally, Vecchiola et al. [28] 
present a cloud platform with flexible scheduling policies, 
allowing HPC applications to exploit the on-demand 
elasticity capabilities provided by clouds. Such scheduling 
approaches and mechanisms are orthogonal to the 
lightweight virtualisation problem studied in this paper and 
can be combined with our proposed framework.  

IV. THE LIGHTWEIGHT VIRTUAL MACHINE FRAMEWORK 
FOR HPC ENVIRONMENTS 

The D-VTM framework is based on application-level 
virtualisation. This kind of virtualisation is built on top of the 
operating system services. Hence, the same operating system 
image is used for all virtual machine (VM) instances. As 
mentioned earlier, the D-VTM framework relies on the VTM 
framework [11], our earlier work on lightweight 
virtualisation. Briefly, the VTM framework includes three 
main elements, namely resource factories, resource 
managers, and abstract resources. Factories are in charge of 
creating resources whereas managers are responsible for 
managing them. Abstract resources explicitly represent 
system resources. There may be various levels of abstraction 
in which higher-level resources are constructed on top of 
lower-level resources. At the lowest-level are the physical 
resources such as CPU, memory, and network resources. 
Higher abstraction levels then include the representation of 
more abstract resources such as virtual memory, team of 
threads, network connections and more generic type of 
resources. Top-level abstractions are virtual task machines 
(VTMs), which encompass lower level resources (e.g. 
processes and memory) and provide the execution 
environment of serial computations (e.g. transcoding a video 
file to MP4). 

In this paper, we have extended the concept of VTMs to 
composite and distributed VTMs. A D-VTM provides the 
execution environment of a distributed computation (e.g. a 
WRF run) involving multiple processes running in parallel 
on different nodes. In addition, the framework was also 
extended with a number of VM management functions, as 
shown in Fig. 1. The Job Scheduler is in charge of receiving 
job requests accompanied with the desired number of VM 
instances. The VTM Scheduler keeps track of resource usage 
and determines if the required resources are available. Also, 
in case of resource contention, the amount of resources given 
to the D-VTMs can be reallocated by the VTM Scheduler. 
When the requested resources are available, a resource 
reservation is performed and the Job Scheduler asks the VTM 
Factory to create instances of D-VTMs. Hence, the life-cycle 
of D-VTMs (i.e. creation and deletion of D-VTMs) is 
controlled by the VTM Factory. Finally, the Job Monitor is 

in charge of monitoring task execution on the D-VTMs. In 
case a task fails (e.g. the task halts or has an abnormal exit), 
the Job Monitor informs the Job Scheduler about this 
situation, which in turns ask the VTM Scheduler to stop the 
execution of the D-VTM associated with the failing task. 
Afterwards, the VTM Scheduler releases the resources of the 
D-VTM involved. A notification is sent to the user of such a 
failure. The Job Monitor also keeps track of resource usage 
for billing purposes. Further details of each of these modules 
are presented below. 

 

 
 

Figure 1.  Overall architecture of the D-VTM Framework 

A. Distributed VTMs 
A D-VTM represents a virtual machine encapsulating a 

pool of resources allocated for the execution of its associated 
tasks. The UML model in Fig. 2 illustrates details concerning 
the relationship between tasks and D-VTMs. Composite 
tasks are constituted by a number of independent sub-tasks, 
which can be executed in parallel. Sub-tasks are not further 
partitioned and are called primitive tasks. In addition, 
primitive tasks are only related to one address space. 
However, distributed tasks involve two or more address 
spaces. It should be noted that a composite task is not 
necessarily distributed. 

Similarly, VTMs not containing other VTMs as lower-
level resources are named primitive VTMs. There is a one-to-
one relationship between primitive VTMs and primitive 
tasks. A composite VTM may encompass various local 
primitive VTMs. In this case, the primitive VTMs represent 
the virtual cores of a virtual machine (i.e. a composite 
VTM). Importantly, a distributed VTM is a specialisation of 
composite VTMs whereby two or more address space are 
involved. Hence, a distributed VTM includes various local 
and remote primitive VTMs. Finally, the VTM scheduler and 
VTM factory are defined on a per-address space basis. 

The operation for running a job is the following: 
run(program_name, dir_input_data, 
input_files, dir_output_data, output_files)  

 
This operation starts the execution of the given program, 

which involves multiple parallel processes. The process IDs 



(pids) of such processes are evenly attached to the virtual 
machines contained within the D-VTM. 

We used Control Groups (Cgroups) [26] to implement D-
VTMs. Cgroups is a generic process-grouping framework, 
which is part of the Linux kernel since version 2.6.24. The 
amount of resources used by processes can be controlled per 
group of processes. A portion of the resources can be 
allocated to each group; for instance, a portion of the CPU 
can be assigned to each group. The processes belonging to a 
group share the group’s resources and their resource usage is 
limited to the resources owned by the group. In our 
prototype, a VM instance (i.e. a primitive VTM or composite 
VTM) has allocated 50% of a CPU core. Nevertheless, a 
different share can be configured. Hence, two VMs are 
allocated per physical core. Also, primitive VTMs run a 
single process whereas composite VTMs run one process per 
virtual core. 

 

 
 

Figure 2.  UML Diagram of Relationships between VTMs and Tasks 

 
Virtual cores are implemented as sub-groups, i.e. groups 

belonging to a group. In this case, the resources used by the 
sub-groups are constrained by the amount of resources 
allocated to the group they belong to.  Therefore, a D-VTM 
involves multiple virtual machines running across different 
nodes. Each virtual machine may be either uni-core or multi-
core. Our prototype was implemented in C++ and it currently 
has control over CPU resources. 

 

B. The Job Scheduler 
Job requests are attended by the Job Scheduler. Clients 

are able to send requests by invoking the schedule() 
operation. A number of parameters are involved in a request, 
which mainly specify the virtual execution environment and 
the data related to the program to be executed. The operation 
for scheduling a job is the following: 

schedule(no_vms, no_vcores, program_name, 
dir_input_data, input_files, 
dir_output_data, output_files, job_id) 
 

The parameters that specify the virtual execution 
environment are the former two and define the desired 
number of virtual machines and the number of virtual cores 
per virtual machine, respectively. The program related data 
involves the program name, the directory where the input 
data is placed and the input file names. In addition, the 
directory of the output data and output file names are 
provided. Upon successfully execution of the schedule() 
operation, the job ID is obtained as an output parameter. 

When a job request is received, the Job Scheduler 
executes the script shown below. First, the Job Scheduler 
asks the VMT Scheduler to perform an admission test, 
whereby it is determined if the requested virtual machines 
are available. In case the admission test is successful (line 1), 
the VTM Scheduler performs a resource reservation (line 2) 
and the scheduling parameters are obtained, which involve 
the specific physical cores that will be used as well as the 
CPU share given to each virtual machine (line 3). This 
schedule information is used by the VMT Factory to create 
the requested virtual machines (line 4). As a result, a job ID 
and a D-VTM are obtained. Afterwards, the D-VTM 
performs the run() operation, which is in charge of starting 
the execution of the requested program within the created 
virtual machine environment (line 5). 
 
1. if ( vtmSched.admit(no_vms) ) 
2. vtmSched.reserve(no_vms) 
3. vtmSched.schedule(no_vms, no_vcores, 
schedParam) 
4. vtmFactory.newResource(schedParam, 
job_id, d_vtm) 
5. error =d_vtm.run(program_name, 
dir_input_data, input_files, 
dir_output_data, output_files) 
6. if error 
7.  return error 
8. else 
9. return error 
 

C. The VTM Scheduler 
The admit() operation examines whether there are 

enough physical resources to satisfy the demands of the 
number of virtual machines requested. The operation returns 
true in a successful case, otherwise returns false. Resource 
reservation is achieved by the operation reserve(), which 
updates a register of both allocated and unused resources. 
Conversely, once the execution of a job has finished, the 
resources (i.e. the VMs) used can be released by the 
release() operation. This operation updates the register of 
unused resources. The current implementation keeps track of 
physical cores that are available as well as the information of 
which physical cores are using each running job.  

The schedule() operation receives as input the number 
of virtual machines that will be created and the number of 
virtual cores for each virtual machine. This operation 



produces as output the scheduling parameters that will be 
used to run the virtual machines in terms of the physical 
virtual cores assigned to each virtual machine as well as the 
CPU share for each virtual machine.  

Jobs can be finished by the operation finish(). This 
operation can be used, for example, when a job has 
overcome the maximum allowed execution time. The 
implementation of this operation basically kills all the 
processes belonging to the job and invokes the release() 
operation to release the resources used by the job. 

 

D. The VTM Factory 
The VTM Factory is responsible for creating D-VTMs. 

The following operation is used for this purpose. 
 

newResource(schedParam, job_id, d_vtm) 
 

The schedParam argument defines the specific physical 
cores that will be used as well as the assigned CPU share for 
the virtual machines. This argument involves a two-
dimensional array of integers mij in which i is number of 
virtual machines that will be created. mj0 represents the core 
number where the virtual machine will be allocated, mj1 
involves the share value for each virtual machine, and mj2 
represents the number of virtual cores that the associated 
virtual machine will include. The number of virtual cores can 
be either 0 or a multiple of 2. As a result of the operation 
invocation, a job id and a D-VTM are obtained. 

 

E. The Job Monitor 
The Job Monitor is in charge of monitoring the execution 

of jobs. In case a job finishes its execution, the monitor 
detects and informs of this situation to the Job Scheduler, 
which in turns asks the VTM Scheduler to release the 
resources allocated to the job.  The Monitor also detects 
when a job has overcome the maximum execution time 
allowed and informs the Job Scheduler of such a situation. In 
this case, the Job Scheduler asks the VTM Scheduler to stop 
the execution of the job and release the resources associated 
with the job. Other operations supported by the Job Monitor 
are the following. 

 
getStatus(job_id, status)  
getExecutedTime(job_id, exec_time) 
 

The former reports the status of a job, which can be 
running, suspended, or finished. The latter retrieves the 
execution time that a job has consumed. 

V. EVALUATION 
We present a performance evaluation of the C++ 

prototype and compare it with VMware whose performance 
is similar to Xen’s [21][22]. Our experiments are run in a 
private cloud setup based on the Nadimit cluster located at 
CUCEA, University of Guadalajara. The cluster contains 48 
cores, which involves 6 nodes where each node includes two 
quad-core Xeon 5500 2.0 GH and 12 GB of main memory. 

The cluster runs Linux Centos 5.5, kernel 2.6.38 and uses 
Intel MPI 3.2.2, which is based on MPICH2. All the jobs 
considered in the experimental scenarios involve executing 
an independent run of WRF 3.2.1. In the case of Job 1, we 
used a 7.5 Km by 7.5 Km domain decomposition with 20 km 
resolution, which contains 120 x 70 grid points; and a 
simulation time of 24 hours. A larger simulation time was 
used in the rest of the jobs to make sure Job 1 finishes its 
execution before the other jobs. All runs of Job 1 were 
performed three times and the average of these runs was 
considered. We found a standard deviation of about 5%. We 
are using VMware ESX 4.1. VMware VMs are configured 
with one CPU, 1 GB RAM, and 7 GB of disk. These VMs 
run paravirtualised Linux Centos 5.6 with kernel 2.6.18. 

All lightweight VMs and VMware VMs run a single 
process and have a 50% share of a physical core. In addition, 
each of the VMs belonging to the same job run on a different 
processor in the case of scenario 1 and scenario 3. Finally, in 
the context of this work the term ‘overhead’ is used to mean 
the ratio whereby a virtualisation approach is slower than the 
native approach. The overhead is calculated as follows:  
overhead = ((100*ei)/ej) - 100, where ei is the 
execution time of a virtualisation approach and ej is the 
native execution time. 

A. Experimental Results 
The first experimental scenario starts running 5 jobs 

namely, Job 2 to Job 6, in which each job runs 6 lightweight 
VMs. The execution time of Job 1 is measured for a different 
number of VMs, as shown in Fig. 3. The same scenario is 
repeated for the case of using VMware VMs. Finally, this 
scenario is repeated on the native Linux, i.e. without the use 
of any virtualisation. In this case, Job 2 to Job 6 run 6 
processes, each one on a different processor. Afterwards, Job 
1 increases the number of the processes it runs. This is 
equivalent to running the VMs in terms of the number of 
processes run.  The lightweight VM approach obtains a 
much better performance than VMware VMs, as shown in 
Fig. 3. Only about 5% overhead is imposed by the former 
whereas the latter has an overhead that ranges from 17% to 
223%. 

 
Figure 3.  The execution time of Job 1 while Job 2 to Job 6 are executing. 



The second experimental scenario is similar to the first 
scenario. The difference is that the measurements are taken 
on Job 1 while no other jobs are executing. Also, in the case 
of VMware, VMs are given 100% of the physical core 
whereas lightweight VMs receive only 50% of the physical 
core. In Fig. 4 we can observe that VMware VMs start with a 
better performance than the lightweight VMs. This result is 
expected as VMware instances are given more CPU 
resources. Despite of the fact that the lightweight VMs are in 
this disadvantageous condition, they outperform the VMware 
instances when 16 VMs are reached. 

 

 

Figure 4.  The execution time of Job 1 while no other jobs are executing.  

Finally, the third scenario is also similar to the first 
scenario. The difference is that the VMs of Job 2 to Job 6 
have 4 processes as a means to stress the use of CPU, while 
Job 1 keeps running a single process. The performance of  
VMware VMs is clearly degraded as the number of VMs 
increases, as shown in Fig. 5.  

 

 
 

Figure 5.  The execution of Job 1 while the other jobs stress the CPU 

It should be noted that the lightweight VMs obtain a 
better performance than the native Linux.  The reason is the 

latter does not have any control on the amount of CPU 
resources given to Job 1 while the CPU is stressed by other 
processes. In contrast, the lightweight VMs isolate the 
amount of resources used by Job 1. Furthermore, the 
lightweight approach maintains a fairly similar level of 
resource isolation even in overload conditions. This assertion 
is corroborated in Fig. 6 where scenario 1 and scenario 3 are 
compared in the case of lightweight VMs. In contrast, the 
performance of VMware instances gets worse when the CPU 
is overloaded, as shown in Fig. 7. 

 
 

 
Figure 6.  Comparing the performance of lightweight VMs in scenario 1 

and scenario 3 

 

 
 

Figure 7.  Comparing the performance of VMware VMs in scenario 1 and 
scenario 3 

B. Discussion 
 
Lightweight VMs have shown to be a suitable 

mechanism to run WRF efficiently while retaining the 
benefits of cloud computing such as resource usage 
optimisation. The total overhead imposed by the lightweight 
VM approach is about 5%. In contrast, VMware VMs have a 
much higher overhead that go up to 223%. It is expected that 
in larger-scale scenarios the overhead of VMware instances 
worsens since this is the trend shown in Fig. 7. 



The performance of VMware VMs degrades rapidly 
when several jobs are sharing the same resources whereas 
the lightweight VM approach maintains a similar 
performance for different loads. This can be observed when 
comparing the first and third scenarios in Fig. 6 and Fig 7. 
The rapid degradation of VMware instances is due to the fact 
that this kind of virtualisation is negatively impacted by 
communication-intensive applications such as WRF. 

VMware instances behave better when the resources used 
are not shared by other jobs, as shown in Fig 4. Therefore, 
the hardware cannot be shared by other applications in order 
to optimise the performance of VMware instances. However, 
this contradicts one of the principles of cloud computing in 
which resource sharing is advocated as a means to optimise 
resource usage. Even if this contradiction were not 
fundamental, the performance of the lightweight approach is 
clearly superior in this scenario, as shown in figure 4. 

Although, our lightweight VMs cannot allow different 
operating systems to run on top of the host operating system, 
there are certain environments in which having a single 
operating system running is enough to cover the demands. 
For instance, various Linux applications can benefit from 
achieving resource isolation from a VM and still share the 
same operating system image for working properly. 

 

VI. CONCLUDING REMARKS 
We have presented the D-VTM framework, which is a 

lightweight virtualisation approach to make cloud computing 
suitable for running high performance applications. Our 
framework is based on application-level virtualisation in 
which VMs are built on top of the operating system services. 
At the core of the framework we have D-VTMs, which 
represents a distributed VM encapsulating a pool of 
resources and provide the execution environment of 
distributed computations. A D-VTM involves multiple 
lightweight VMs running in different nodes in charge of 
executing a parallel application. In addition, a number of VM 
management functions are provided. The Job Scheduler 
attends job requests accompanied with the desired number of 
VM instances. The VTM Scheduler is able to determine the 
availability of resources as well as performing resource 
reservations. Instances of D-VTMs are created by the VTM 
Factory. Lastly, the Job Monitor is responsible for 
monitoring the execution of jobs.  

The experimental results have shown that our lightweight 
VM approach involves about 5% overhead. In contrast, 
VMware VMs are slower and the performance obtained is 
prohibitive when the hardware is shared with other CPU- and 
communication-intensive applications. Therefore, our 
approach is much more efficient than VMware VMs for 
running WRF while retaining the benefits from cloud 
computing.   

The experimental results presented were focused solely 
on WRF; future work will look into evaluating our approach 
with other HPC applications. Also, experiments on a larger 
cluster are due. Our prototype will be extended to control 
other kind of resources such as memory and network 
resources. Finally, we will also consider dynamic D-VTM 

resource management which allocates resources to 
lightweight VMs on demand according to application 
performance and resource utilisation objectives. 
 

ACKNOWLEDGMENT 
Hector A. Duran-Limon would like to thank the State 

Council of Science and Technology of the State of Jalisco 
(COECYTJAL) (grant 495-2008), IBM (Faculty Award 
2008) and the Mexican’s Public Education Ministry (grant 
PROMEP 103.5/08/0992) for supporting this work. Ming 
Zhao’s research is sponsored by National Science 
Foundation under grant CCF-0938045 and Department of 
Homeland Security under grant 2010-ST-062-000039. This 
work is part of the Latin American Grid (LA Grid) initiative 
[13]. The authors are also thankful to the anonymous 
reviewers for their useful comments. Any opinions, findings 
and conclusions or recommendations expressed in this 
material are those of the authors and do not necessarily 
reflect the views of the sponsors. 

 

REFERENCES 
 

[1] K. Antypas, J. M. Shalf, and H. Wasserman, “NERSC-6 workload 
analysis and benchmark selection process,” LBNL, Tech. Rep., 2008. 

[2] K. Jackson, L. Ramakrishnan, K. Muriki, S. Canon, S. Cholia, J. 
Shalf, H. Wasserman and N. Wright, “Performance Analysis of High 
Performance Computing Applications on the Amazon Web Services 
Cloud Amazon Web Services Cloud”, CloudCom 2010. 

[3] G. Wang and T. E. Ng, “The Impact of Virtualization on Network 
Performance of Amazon EC2 Data Center”, INFOCOM 2010. 

[4] Sun, C., Nishimura, H., James, S., Song, K., Muriki, K., and Qin, Y., 
“HPC Cloud applied to Lattice Optimization”, International Particle 
Accelerator Conference (IPAC´11), San Sebastian, Spain, September 
2011 

[5] Wei Huang, Jiuxing Liu, Bulent Abali, and Dhabaleswar K. Panda. 
2006. “A case for high performance computing with virtual 
machines”. In Proceedings of the 20th annual international 
conference on Supercomputing (ICS '06). ACM, New York, NY, 
USA, 125-134. 

[6] Juan C. Martinez, Lixi Wang, Ming Zhao, and S. Masoud Sadjadi. 
2009. “Experimental study of large-scale computing on virtualized 
resources”. In Proceedings of the 3rd international workshop on 
Virtualization technologies in distributed computing (VTDC '09). 
ACM, New York, NY, USA, 35-42 

[7] Thomas A. Henzinger, Anmol V. Singh, Vasu Singh, Thomas Wies, 
and Damien Zufferey, “Static Scheduling in Clouds”, HotCloud 2011  

[8] Lee, G.; Chun, B.; Katz, R.H., “Heterogeneity-Aware Resource 
Allocation and Scheduling in the Cloud”, 3rd USENIX Workshop on 
Hot Topics in Cloud Computing (HotCloud 2011) 

[9] Kroeker, K. L. 2009. The evolution of virtualization. Commun. ACM 
52, 3 (Mar. 2009), p. 18-20. 

[10] WRF, 2011. The Weather Research and Forecasting Model. 
http://wrf-model.org 

[11] H.A. Duran-Limon, M. Siller, G.S. Blair, A. Lopez, and J.F. 
Lombera-Landa. Using lightweight virtual machines to achieve 
resource adaptation in middleware. IET Softw. 5, 229 (2011). 

[12] HWRF, 2011. The Hurricane Weather Research and Forecast System. 
http://wwwt.emc.ncep.noaa.gov/?branch=HWRF 

[13] LA Grid, Latin American Grid, http://latinamericangrid.org/ 



[14] J. Ekanayake and G. Fox, “High Performance Parallel Computing 
with Clouds and Cloud Technologies.” In 1st International Conference 
on Cloud Computing (CloudComp09), 2009. 

[15] Constantinos Evangelinos and Chris N. Hill, “Cloud Computing for 
parallel Scientific HPC Applications: Feasibility of running Coupled 
Atmosphere-Ocean Climate Models on Amazon’s EC2,”  Cloud 
Computing and Its Applications 2008. 

[16] Jaliya Ekanayake, Thilina Gunarathne, and Judy Qiu, “Cloud 
Technologies for Bioinformatics Applications,” IEEE Transactions 
on Parallel and Distributed Systems, Vol. 22, Issue 6, June 2011. 

[17] Changchun Sun, Hiroshi Nishimura, Susan James, Kai Song, Krishna 
Muriki, Yong Qin, “HPC Cloud Applied To Lattice Optimization,” 
Proceedings of 2011 Particle Accelerator Conference, New York, 
NY, USA. 

[18] H. Raj and K. Schwan, "High Performance and Scalable I/O 
Virtualization via Self-virtualized Devices", In Proceedings of the 
16th International Symposium on High Performance Distributed 
Computing, Pages 179-188, 2007. 

[19] Barham, P., B. Dragovic, K. Fraser, S. Hand, T. Harris, A. Ho, R. 
Neugebar, I. Pratt, and A. Warfield. Xen and the Art of 
Virtualization. in ACM Symposium on Operating Systems Principles 
(SOSP). 2003. 

[20] VMware. VMware Infrastructure 3 architecture. Technical paper. 
[21] XenSource. A Performance Comparison of Commercial Hypervisors, 

2007.  
[22] VMware. A Performance Comparison of Hypervisors, 2007. 
[23] Resource containers: A new facility for resource management in 

server systems. Gaurav Banga, Peter Druschel and Jeffrey C. Mogul. 
Resource containers: A new facility for resource management in 

server systems. In Proceedings of the 1999 USENIX/ACM 
Symposium on Operating System Design and Implementation. 1999. 

[24] Linux-Vserver. http://www.linux-vserver.org 
[25] J. Lange, K. Pedretti, P. Dinda, P. Bridges, C. Bae, P. Soltero, A. 

Merritt, “Minimal Overhead Virtualization of a Large Scale 
Supercomputer,” Proceedings of the 2011 ACM SIGPLAN/SIGOPS 
International Conference on Virtual Execution Environments (VEE 
2011), March, 2011. 

[26] Control group (cgroup). 
http://www.mjmwired.net/kernel/Documentation/cgroups/ 

[27] Hoffa, C., G. Mehta, T. Freeman, E. Deelman, K. Keahey, B. 
Berriman and J. Good, On the Use of Cloud Computing for Scientific 
Workflows,” SWBES 2008. 

[28] Vecchiola, C., Pandey, S., and Buyya, R., “High-Performance Cloud 
Computing: A View of Scientific Applications”, 10th International 
Symposium on Pervasive Systems, Algorithms, and Networks 
(ISPAN '09). IEEE Computer Society, Washington, DC, USA, 2009. 

[29] DiViNE, Disaster mItigation on VIrtualised eNvironmEnts, 
http://maestro.cucea.udg.mx/~hduran/project/NaturalDisasterMitigati
on/v2_NaturalDisasterMitigation_project.html 
 

 
 

 
 
 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


