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Abstract 
Resource sharing and implementation of software 

stack for emerging multicore processors introduce 
performance and scaling challenges for large-scale 
scientific applications, particularly on systems with 
thousands of processing elements.  Traditional 
performance optimization, tuning and modeling 
techniques that rely on uniform representation of 
computation and communication requirements are 
only partially useful due to the complexity of 
applications and underlying systems and software 
architecture.  In this paper, we propose a workload 
modeling methodology that allows application 
developers to capture and represent hierarchical 
decomposition and distribution of their applications 
thereby allowing them to explore and identify optimal 
mapping of a workload on a target system.  We 
demonstrate the proposed methodology on a Teraflops-
scale fusion application that is developed using 
message-passing (MPI) programming paradigm.  
Using our analysis and projection results, we obtain 
insight into the performance characteristics of the 
application on a quad-core system and also identify 
optimal mapping on a Teraflops-scale platform. 

 
 
1. Introduction 
 

Parallel computing systems are showing a 
significant trend towards the use of chip 
multiprocessors (multicore).  Systems composed of 
multicore processors represent a strong dichotomy 
from the traditional computing system configuration.  
As multicore systems become more prevalent it 
remains to be seen how large-scale scientific 
applications will perform and scale efficiently on these 
systems. Specifically, it remains to be understood what 
components of these emerging systems will influence 
the achievable performance of large-scale scientific 
applications.   

Workload characterization and performance 
modeling provides for a possible solution to 
understanding how applications will perform on these 
multicore systems.  There are many modeling 
techniques available for the analysis of large-scale 
scientific applications [1][3][4][10][16][17].  In each of 
the modeling techniques used a specific goal or 
measurement can be seen as the main motivation for 
the modeling process, which in turn determines 
strengths as well as shortcomings of a given approach.  
In order for scientific applications to perform 
efficiently on multicore systems, a modeling approach 
is needed that provides insight into an application’s 
code structure, algorithmic characteristics, scaling 
parameters, and communication requirements.  
Moreover, flexibility and extensibility are critical 
requirements for a modeling scheme such that it would 
enable both application and system developers to 
project workload requirements and understand 
workload sensitivity for future system and problem 
configurations. 

In this paper, we propose a workload modeling 
methodology that allows application developers to 
capture and represent hierarchical decomposition and 
distribution of their applications thereby allowing them 
to explore and identify optimal mapping of a workload 
on a target system. We introduce a method to 
symbolically model the message-passing (MPI) 
communication requirements and code hierarchy of 
large-scale scientific applications.  The workload 
requirements of scientific applications can be seen as 
extensions of several key input parameters within the 
application.  Varying these parameters causes changes 
in the performance of the application by increasing 
message volume for communication, altering the 
number of time steps for nested loop operations, and 
changing the number of floating point calculations 
being done within multiple nested loops.  Furthermore, 
such changes are often directly related to a select 
number of key input parameters.  We also present a 
method for understanding the MPI collective 



communication involved in scientific applications as 
these operations relate to the application hierarchy and 
are often considered as the critical scaling bottlenecks. 

We demonstrate the proposed methodology on a 
Teraflops-scale fusion application, GYRO, that is 
developed using the message-passing (MPI) 
programming paradigm [13]. GYRO, an advanced 
Eulerian Gyrokinetic-Maxwell equation solver [5], is a 
fusion application that has scaled to thousands of 
processing nodes on high-end supercomputing 
platforms including the Cray XT and IBM Blue Gene 
systems [6][8] and is studied by many scientists in the 
high-performance computing community [15]. Within 
the GYRO application, multiple communicators are 
used for decomposition of tasks and several costly 
collective operations, such as MPI_Allreduce and 
MPI_Alltoall.  The symbolic models generated in this 
work are used to gain a detailed understanding of 
GYRO’s performance on a quad-core system and 
future projections of the application’s performance 
requirements.  This allows for a sensitivity analysis of 
the workload requirements for larger system 
configurations and future problem sizes for the 
application.  For example, we studied the growth rate 
of message sizes for MPI_Allreduce and MPI_Alltoall 
with respect to input parameters used for those 
operations.  The contribution of the work presented in 
this paper is not only a method to model 
communication hierarchies of large-scale applications 
but also a framework to support systematic model 
generation and validation for high-end applications 
written in Fortran or C/C++ with MPI programming 
paradigm. 

The remainder of this paper is organized in the 
following manner.  Section 2 describes several 
motivating examples that have led to the development 
of this work and provides background to the targeted 
application, platforms, and modeling infrastructure.  
Section 3 presents the modeling methodology followed 
by sensitivity analysis of the workload requirements of 
the GYRO application in section 4.  Section 5 
concludes this paper and discusses future work. 
 
2. Motivation and Background 
 

Achieving high performance efficiencies on 
existing Teraflops-scale supercomputing systems has 
become a chief motivator in the refinement of 
performance modeling methodologies.  The recent rise 
in hierarchical architectures, such as those utilizing 
chip multiprocessors (multicores) has further 
exacerbated current performance results as these 
system offer parallelism at multiple scales: within core, 
within chip, across chips, within a compute node, and 

across the compute nodes.  A new method is needed to 
fully decompose an application’s requirements and 
project those parameters for future systems, such as 
petascale compute systems.  Particularly, the process of 
tuning and optimization has become extremely 
challenging on emerging multi-core based 
supercomputing systems.  We present preliminary 
results and analysis for two large-scale applications on 
a contemporary quad-core based massively parallel 
computing platform. 

 
2.1  High Performance Computing Platforms  
 

Emerging compute systems that utilize multicore 
processors are configured hierarchically with multiple 
processors within a node.  These systems also utilize 
various levels of sharing for memory subsystems. The 
quad-core AMD opteron processor is used in the 
Jaguar Cray XT4 system, available at Oak Ridge 
National Laboratory (ORNL)[6]. Each core on the 
processor has an individual 512KB L2 cache and a 
2MB L3 cache is shared amongst all four cores. The 
Jaguar system makes use of the Cray SeaStar 3D torus 
network that is design to provide reliability and a very 
high bandwidth. 

Bassi is a distributed, shared memory compute 
system that is available at the National Energy 
Research Scientific Computing Center (NERSC) [14]. 
Bassi utilizes the IBM POWER5 chip.  The system 
configuration has varying levels of hierarchy because 
of the use of a dual core module (DCM). The 
POWER5 chip is a dual-core processor that shares L2 
and L3 caches between both processors on chip.  Bassi 
has eight processors per node. 

Jaguar and Bassi are representatives of a strong 
dichotomy from previous computing systems.  Within 
these systems, there are various levels of resource 
sharing involved.  As systems become more complex 
in composition the tools that are used for analyzing the 
performance of such applications must evolve as well. 
 
2.2. Large-scale Scientific Applications 
 

Computer simulations are now considered as a 
critical component of scientific discovery along with 
theoretical and experimental studies [15].  A number of 
these breakthrough simulations require massive 
computing power that has only recently become 
available.  With the availability of hundreds of 
Teraflops-scale platforms like Blue Gene and Cray XT 
systems, the leading issue is now scaling these 
applications to tens of thousands of processing core.  A 
number of these applications are written using the 



message-passing (MPI) programming environment, 
however, the application developers are experimenting 
with different hierarchical decompositions schemes to 
scale applications on thousands of multicore-based 
processing elements.   

In this study, we focus on a plasma fusion 
application called GYRO. GYRO is an advanced 
Eulerian gyrokinetic-Maxwell equation solver  and 
employs a hierarchical decomposition scheme using 
sub-communicators [11].  The application is capable of 
facilitating a better understanding of plasma micro-
instabilities and turbulence flow in the tokamak 
geometry. The code ports to a variety of systems and 
can scale to several thousand processors [12]. 

Our target application has shown sensitivity to 
communication infrastructure in earlier studies [2].  
Modeling efforts of GYRO have led to a more detailed 
understanding of the communication characteristics of 
this communication intensive application [7].  
Specifically, the performance of GYRO on multicore 
platforms has been evaluated to a great degree.  The 
collective communications of MPI_Allreduce and 
MPI_Alltoall in GYRO cause performance bottlenecks 
within the application.  On multicore systems, using 
the smallest number of processors or cores within a 
node will give the best performance for several 
scientific applications.  However, the effects of using 
multiple communicators within the application for 
performing costly collective operations remains to be 
understood and represented in current or previous 
modeling efforts. 
 
2.3. Preliminary Results 
 

Figure 1 shows the scaling characteristics of a 
molecular dynamics simulation on an AMD quad-core 
based massively parallel system.1  The scaled version 
of the rhodopsin benchmark was used for these 
simulation experiments.2 The experiments are run 
utilizing one core per node (N1), two cores (N2) and 
all four cores (N4). 

We compare this with ideal scaling, which is 
calculated by dividing runtimes by a factor of 2.  We 
note that performance of the code is consistent for 
small number of MPI tasks (<1024) where 
computation-to-communication ratio is higher.  As the 
MPI message volume grows with increases in the 
number of MPI tasks, we observe an increased 
slowdown in performance where all four cores 
compete for the resources. 

 

                                                 
1 http://lammps.sandia.gov/ 
2 http://lammps.sandia.gov/bench.html 

 
Figure 1: Parallel efficinency on a massivelly-

parallel system with quad-core processor 
 

Initial experimental results on GYRO have been 
conducted for B1-std from 16 to 1024 processors.  The 
B1-std benchmark uses a grid resolution size of 16 x 
140 x 8 x 8 x 20 and closely represents a typical 
production run for GYRO.  At each processor 
configuration utilizing all four cores on the XT4 gives 
the worst performance.  Utilizing half of the cores 
gives approximately 15-20% better performance. 
Utilizing one core the application performs more than 
20-25% better than using all four cores available. 
 

 
Figure 2:  Performance sensitivity to on-

socket vs. off-socket operations 
      
     In order to understand MPI-only performance 
characteristics, we ran Intel MPI benchmarks on the 
target platform [9].  Results are shown for the 
MPI_Alltoall collective operation in Figure 2 for four 
MPI tasks.  We note that when all tasks are on a single 
node, we have a much lower MPI latency. In other 
words, the MPI is aware of the locality of the task.  As 
we move tasks across the nodes, the latencies grow.  
For very large messages (> 32Kbytes), the effect of 
this locality is minimum.  Hence, if the tasks 
exchanging a large number of small messages are 
placed on a single core, there could be a performance 
improvement of a factor of 10 or more.  In summary, 
the application should be made aware of the system 
hierarchy so that optimal mappings can be identified.  
For large-scale scientific applications, this is a 
phenomenal challenge since there is no mechanism to 
identify and expose application communication 



characteristics and hierarchy.  This is one of the 
primary motivations for our proposed modeling 
scheme for multicore based supercomputing systems. 
 
2.4. Related Work 
 

Researchers have used performance modeling to 
understand the performance of applications on various 
systems. Almasi et. al use performance models to study 
the computational and communication kernels of a 
protein folding application [3]. Their study led to 
performance predictions for the application across a 
variety of computing systems including an IBM Blue 
Gene/C. 

In their work, Wu et. al use full-scale models of 
large-scale scientific applications for two codes, GTC 
and LBM [18].  The models are used to understand 
how application kernel’s can be improved on cluster 
systems with multicore processors.  The performance 
results presented led to a hybrid approach for 
optimizing collective communication on cluster 
systems with chip multiprocessors. 

Our unique contribution is the introduction of a 
hierarchical modeling scheme within a modeling 
framework that enables application developers to 
capture code hierarchy and system developers to 
explore optimal design configurations for complex 
applications efficiently. 

 
3. Methodology 
 

In this section we outline the model creation 
process for the GYRO application.  Symbolic 
parameters and hierarchical models are presented for 
the application. For the rest of this work, results 
presented equate n cores or n processors to n MPI 
tasks.  

 
3.1.  Hierarchical Modeling 
 

The methodology presented in this work addresses 
an issue of sharing communication both between nodes 
in a compute system and within nodes of a compute 
system.  The dichotomy presented in multicore 
compute systems from systems consisting of 
uniprocessors must be addressed in the hierarchical 
modeling of the application.  The collective 
communication that occurs on multicore systems 
requires an understanding of the processes involved.  
Traditional modeling techniques focus on a 
methodology that assumes MPI_COMM_WORLD is 
acting as the communicator for many scientific 
applications.  As seen in GYRO, different 

communicators can be utilized to achieve collective 
communication within an application.  Our approach 
provides a hierarchical understanding of the collective 
communication characteristics of an application on 
multicore architectures.  We not only encapsulate the 
message volume generated by a communicator but also 
retain the communicator identities and sizes. 

In order to provide the modeling capability that 
other applications can exploit, we extend a framework 
that is used for modeling parallel scientific 
applications.  Modeling Assertions (MA) framework 
[1] is used to facilitate the creation of symbolic 
performance models by combining analytic and 
empirical modeling approaches into an incremental 
model validation tool.  The framework allows for the 
user to instrument their code with appropriate MA calls 
to thoroughly encapsulate application requirements. 

 
3.2. MPI Collective Operations 
 

MPI Collective communication plays an important 
role in large-scale scientific applications. Many 
applications make use of multiple MPI communicators, 
or sub-communicators, and MPI collective operations, 
such MPI_Allreduce, MPI_Alltoall, and 
MPI_Alltoallv. When combined with MPI collective 
operations, sub-communicators perform the respective 
collective operation and exchange the data with other 
sub-communicators or with MPI_COMM_WORLD.   

The MA framework has been extended to 
encapsulate the application requirements with respect 
to sub-communicators and how the sizes of these 
communicators will affect the message volume of MPI 
collective communications. The ma_mpi_comm_split 
assertion is used to encapsulate new communicator 
sizes based off of an MPI_Comm_split operation.  The 
ma_mpi_comm_split assertion provides for symbolic 
representations of the original communicator size and 
the new communicator size that will be formed. 

To further encapsulate the communication 
requirements of an application an understanding of the 
interaction between the collective communication and 
the communicator used for the operation is needed.  In 
many scientific applications collective communication 
is achieved through MPI_Allreduce and MPI_Alltoall 
operations.  In this paper, we will illustrate the use of 
two newly introduced MPI collective assertions, 
ma_mpi_allreduce and ma_mpi_alltoall to model 
message volume and the number of MPI tasks.  These 
provide for symbolic representations of the message 
volume being transmitted by the MPI_Allreduce and 
MPI_Alltoall operations in an application. 

These calls allow for symbolic representation of the 
message sizes for the collective operations with respect 



to application parameters. The assertions also provide a 
tag for the communicator that is used for the operation 
so that the number of processes involved is included in 
the model.  The communicator tag provides the user 
the size of the communicator as it relates to the MPI 
collective operation.  Modeling of fortran codes is 
accomplished by using the corresponding maf_mpi_xxx 
function call. 

 
3.3. Model Creation 
 

In this section, we discuss a motivating example 
using a large-scale scientific application, GYRO. 
GYRO makes use of a five-dimension grid, consisting 
of three spatial coordinates and two velocity 
coordinates, to propagate the system forward in time 
using a fourth-order, explicit, Eularian algorithm.  The 
code is written in Fortran90 and uses MPI for 
communication. Table 1 presents a subset of input 
parameters of GYRO that define the problem 
configuration and in turn affect the overall workload 
requirements and execution of the application. 

 
Table 1. GYRO input parameters 

Parameter Description 
n_x, n_n, n_stack, 
n_energy, n_lambda 

grid dimensions 

n_kinetic Kinetic or adiabatic processes 
Nstep Number of simulation steps 
n_proc number of processors  

 
The parameters in Table 1 are used throughout the 

execution of the GYRO application.  Therefore, these 
parameters can be used to express the application 
requirements of GYRO in terms of the number of loop 
iterations and message size requirements for 
communication in the application.  Also, some of the 
most commonly used variables can be derived from 
these input parameters.  One such variable in GYRO is 
jsplit, which depends on a number of input values 
including n_n and n_energy.  The parameter jsplit is 
used as a component in several loop operations of the 
GYRO column transpose routines and as a multiple of 
the message size parameter for MPI_Alltoall 
communication.  Hence, we can express the application 
workload requirements and control flow in terms of 
just a handful of important input parameters. 

 
Table 2. Analysis of GYRO communicators 

Communicator Communicator Alias in 
Application 

Size 
Parameter 

MPI_COMM_WORLD GYRO_COMM_WORLD n_proc 
NEW_COMM_1 TRANSP_COMM n_proc/n_n 
NEW_COMM_2 SSUB_COMM n_n 
MUMPS_COMM - 1 
 

The GYRO application makes use of four 
communicators that are depicted in Table 2.  The 
GYRO_COMM_WORLD communicator is analogous 
to MPI_COMM_WORLD.  It composes all MPI tasks 
that are used during the execution of the application.   

NEW_COMM_1 communicator is based on the 
n_proc_1 parameter and it is derived from the n_proc 
and n_n base parameters.  The NEW_COMM_1 
communicator is used in the row transpose operations 
of GYRO.  It is redefined as TRANSP_COMM when 
called in those respective subroutines.  The 
NEW_COMM_2 communicator is used extensively 
within the column transpose subroutines and is 
renamed SSUB_COMM when called by the column 
transpose initialization subroutine.  The 
MUMPS_COMM communicator is used for sparse 
matrix operations and is always initialized to one MPI 
task within the GYRO application.   

 

 
Figure 3. GYRO communicator depiction 

Figure 3 depicts the possible breakdown of the 
various communicators within GYRO for the case of 8 
processors with parameters n_proc = 8 and n_n = 2.  
The entire collection of processors represents 
GYRO_COMM_WORLD.  The subset consisting of 
{0, 1, 4, 5} represents TRANSP_COMM.  The subset 
consisting of {5, 6} represents SSUB_COMM.  The 
entity {5} is representative of MUMPS_COMM.  
Traditional modeling strategies assume that collective 
communication occurs across MPI_COMM_WORLD 
for all communications.  As seen in GYRO, this is not 
the case and it does not lead towards an effective 
modeling strategy for optimization and mapping of the 
application. 

With the instrumentation of the application a user 
selects a number of key input parameters that will 
affect the performance of the application.  Below we 
illustrate application instrumentation of one of 
GYRO’s MPI_Comm_split calls.  The sizes of the 
GYRO_COMM_WORLD communicator and the 
NEW_COMM_1 communicator depend on the 
numproc and n_proc_1 parameters. 
 
call MAF_MPI_COMM_SPLIT("NEW-1", "n_proc", 
n_proc, "n_proc_1", n_proc_1, "NEW_COMM_1") 

 
 



The n_proc parameter is declared using the standard 
MPI_Comm_size function for retrieving the size of a 
communicator.  In this case, n_proc represents the 
number of processes in the MPI_COMM_WORLD or 
the GYRO_COMM_WORLD communicator. The 
n_proc_1 parameter in GYRO is based upon the input 
arguments n_proc and n_n.  Hence, it can be seen that 
the NEW_COMM_1 communicator sizes will be 
directly dependent upon these two parameters.  Within 
the column transpose operations the message sizes for 
the MPI_Alltoall operation depend on the nv1 and 
jsplit parameters mentioned earlier. 

 
call MAF_MPI_ALLTOALL("fssub-a2a", "nv1*jsplit 
* MPI_DOUBLE_COMPLEX", nv1*jsplit*16, 
"SSUB_COMM") 

 

Upon execution of the instrumented code there is an 
immediate creation of an application call graph.  At the 
same time, the asserted values are compared with the 
runtime-measured values to validate the MA calls or 
assertions.  The intermediate model representation of 
GYRO can show functional depths for the MPI 
collective operations and the derived variables that 
have influenced them. We provide a representation of 
the intermediate model representation for GYRO in 
Figure 4.  In this model representation, the user is able 
to see detailed application information in relation to the 
key input parameters and how they are affected in 
loops, MPI communicators, and MPI collective 
operations for the GYRO application. 

 
mpi_comm_split(NAME=NEW-1) (ORIG=numproc)   
                (NEW=n_proc_1) (COMM=NEW_COMM_1);   
 
do_fulladvance()  
loop(NAME=timestep) (COUNT=nstep)  
 
     do_collision()                             
        rTRANSP_INIT()                
                                        
            mpi_alltoall (NAME=rTRANSP_INIT-1)   
                            (SIZE=s_dim*MPI_INTEGER) 
                            (COMM=TRANSP_COMM);        

Figure 4. Partial GYRO control-flow model 
generated from MA post-processing tool 

The control-flow representation in Figure 4 gives 
the user a detailed overview of all of the parameters 
that are tracked using the modeling assertions 
framework.  In this example, we are able to see that the 
MPI_Alltoall function of rTRANSP_INIT occurs 
through the TRANSP_COMM communicator. The 
user is then able to see that parameters numproc and 
n_proc_1 have a direct effect on the sizes of these 
communicators.  This model gives details into the 
message volume generated for MPI_Alltoall calls, in 
addition to loop iteration parameters that affect the 
number of collective calls that occur.  

4. Evaluation of GYRO Model Assertions 
 

Using our modeling methodology, we demonstrate 
a new technique for encapsulating application 
requirements with respect to MPI collective 
communication.  In this section, we utilize the models 
developed to understand growth rates in message sizes 
with respect to communicator sizes and sensitivity 
analysis of GYRO’s collective communication 
routines.  The effects that variances in these application 
parameters have on the message volume of the 
collective routines are studied.  All results are plotted 
on log2 to understand the correlation with the number 
of MPI tasks, which increase by a factor of 2. 

 
4.1. Growth Rates Analysis 
 

 As shown in Figure 5, the four communicators 
used in GYRO change at varying rates as the MPI 
tasks increase. The GYRO_COMM_WORLD 
communicator increases linearly with the number of 
MPI tasks.  The SSUB_COMM and MUMPS_COMM 
communicators maintain a constant number of 
processors for the same problem size.  
SSUB_COMM’s size is based on the n_n input 
parameter.  Varying n_n will increase the number of 
processes in the communicator for different problem 
sizes.  MUMP_COMM always has a value of 1 and is 
not used for collective communications. 
TRANSP_COMM increases with the number of MPI 
tasks. TRANSP_COMM’s size is derived by dividing 
n_proc by n_n.  

 

 
Figure 5. Comparison of communicator sizes 

The number of messages in each communicator is 
analyzed in Figure 6.  Key input parameters and the 
size of the SSUB_COMM communicator influence the 
communicator’s behavior. The number of messages 
grows linearly with the communicator sizes for both 
GYRO_COMM_WORLD and TRANSP_COMM.  
Both of these communicators have MPI_Allreduce and 
MPI_Alltoall operations that occur based on the nstep 
loop parameter. Together these two results reveal a 
very important behavior that is quite challenging to 
understand from a flat modeling approach. 



 
Figure 6. Message count comparison in GYRO 

communicators 

 We notice that TRANSP_COMM is increasing and 
the collective communication operations count in both 
TRANSP_COMM and GYRO_COMM_WORLD also 
increases. TRANSP_COMM is likely to be a scaling 
bottleneck as MPI tasks increase. Also, the message 
volume in this sub-communicator is increasing at a 
much faster rate than other communicators. 

The symbolic models provide a range of alternative 
methods to obtain insight into message distribution. 
Figure 7 shows how the MPI_Allreduce operation is 
used extensively in three of GYRO’s communicators 
and allows for us to study message scaling in different 
communicators.  In GYRO_COMM_WORLD and 
TRANSP_COMM, MPI_Allreduce increases linearly 
with the number of MPI tasks within each 
communicator.  We may also study the behavior of 
MPI_Alltoall in this same manner. 

 

 
Figure 7. MPI_Allreduce message volume 

growth in GYRO 

The TRANSP_COMM communicator makes use of 
multiple MPI_Allreduce operations; therefore, it has a 
much larger message volume than 
GYRO_COMM_WORLD.  The SSUB_COMM shows 
no increase in message volume as its communicator 
size and input parameters for communication remain 
constant. 

As we showed in section 2, MPI latencies are 
sensitive of message sizes.  We investigate message 
size distribution and scaling using the symbolic 
models.  Figure 8 shows that a decrease in message 
size occurs for the MPI_Alltoall functions in two of the 
communicators.  

 
Figure 8. Message size distribution in GYRO 

There are large decreases in the message size 
distribution for alltoall_ssub, alltoall_transp1, and 
alltoall_transp2.  These decreases occur as parameter 
values in each operation decrease with increases in the 
number of MPI tasks.  MPI_Allreduce operations in 
GYRO show no decreases in message size distribution. 
 
4.2. Sensitivity Analysis 
 

An important component of scientific discovery is 
the scaling of problem configuration.  This is domain 
specific and could depend on the number of grid 
points, grid resolution, number of particles, granularity 
of simulation time, etc.  We consider two grid 
parameters in GYRO, the radial grid and toroidal grid 
size, and identify the effects of these parameters on 
different communicators.  For these experiments, the 
number of MPI tasks are fixed (1024 tasks).   

 

 
Figure 9. Message volume sensitivity to the 

radial grid size 

TRANSP_COMM and SSUB_COMM show large 
increases in message volume as radial grid size 
increases as seen in Figure 9.  TRANSP_COMM uses 
this parameter directly in determining its message size 
for a large MPI_Allreduce operation.  SSUB_COMM 
is largely affected by MPI_Alltoall operations.   As 
grid size increases the message size for the 
MPI_Alltoall operation in SSUB_COMM increases 
with it as the column transpose operations are directly 
proportional to the radial grid size. 

In Figure 10, we evaluate the affects of changing 
the toroidal grid size parameter, and how it affects the 
message volume within the communicators of GYRO. 



GYRO_COMM_WORLD and SSUB_COMM show 
no changes in message volume with respect to changes 
in n_n.  TRANSP_COMM shows increases in the 
message volume when n_n is increased.  

 

 
Figure 10. Message volume sensitivity to the 

toroidal grid size 

 
5. Conclusions and Future Plans 
 

It is evident that emerging computing systems will 
continue to make use of multicore processors and 
therefore modeling attempts must provide a higher 
level of detail for decomposing large-scale scientific 
applications.  We have presented a new methodology 
for allowing application developers to hierarchically 
decompose and represent an application’s 
communication requirements.  Furthermore, the 
parameterized models allow for developers to fully 
represent workload requirements and conduct 
sensitivity analysis for future systems and problem 
configurations.  This work will allow for applications 
to be mapped efficiently on capable systems to 
optimize MPI performance for collective 
communications within communicators.  Future work 
will focus on modeling other scientific applications 
using the hierarchical modeling technique.  In addition, 
we will use our models to optimize application 
performance on massively-parallel multicore systems. 
 
6. Acknowledgements 
 
     This research was sponsored by the Office of 
Mathematical, Information, and Computational 
Sciences, Office of Science, U.S. Department of 
Energy under Contract No. DE-AC05-00OR22725 
with UT-Batelle, LLC.  Accordingly, the U.S. 
Government retains a non-exclusive, royalty-free 
license to publish or reproduce the published form of 
this contribution, or allow others to do so, for U.S. 
Government purposes.  The authors would like to 
thank Xingfu Wu (TAMU), Heike Jagode (UTK-
ORNL), Jeff Candy (General Atomi), and Mark Fahey 
(ORNL) for reviews of this work. 

 
7. References 
 
[1] S. R., Alam, J. S. Vetter. “A Framework to Develop  
Symbolic Performance Models of Parallel Applications”, 5th 
Int. Workshop on Performance Modeling, Evaluation, and 
Optimization of Parallel and Distributed Systems (PMEO-
PDS), 2006. 
[2] S. R., Alam, J. S. Vetter. “An Analysis of System  
Balance Requirements for Scientific Applications”. The 35th 
International Conference on Parallel Processing (ICPP), 
2006. 
[3] G. S. Almasi, C. Cascaval et al., “Demonstrating the  
scalability of a molecular dynamics application on a 
Petaflops computer”, Proc. Int’l Conf. Supercomputing, 
2001, pp. 393-406. 
[4] D. H. Bailey, A. Snavely, “Performance Modeling:  
Understanding the Past and Predicting the Future”, Euro-Par 
2005: 185-195 
[5] J. Candy and M. Fahey, “GYRO Performance on a  
Variety of MPP Systems”, in Proceedings of the 47th Cray 
User Group Conference, Knoxville, TN, May 16-19, 2005. 
[6] Cray XT4 Supercomputer,  
http://www.cray.com/products/xt4. 
[7] C. Lively, “Performance Analysis and Modeling of 
GYRO”, Master’s thesis, Texas A&M University, 2006.  
[8] IBM Blue Gene,  
http://domino.research.ibm.com/comm/research_projects.nsf/
pages/bluegene.index.html. 
[9] Intel MPI Benchmarks, Users Guide and Methodology  
Description (Version 3.1), 
http://www3.intel.com/cd/software/products/asmo-
na/eng/219848.htm. 
[10] D. J. Kerbysn, A. Hoisie, H. J. Wasserman, 
“Performance of Large-Scale Systems”, In IEE Proceedings: 
Software, 150 (4): 214--221, August 2003 
[11] M. R. Fahey and J. Candy, “GYRO: Analyzing New 
Physics in Record Time on the Cray X1”, Proceedings of the 
46th Cray User Group Conference, 2004 
[12] M. R. Fahey and J. Candy, “GYRO: A 5-D  
Gyrokinetic-Maxwell Solver”, Proceedings of the 
ACM/IEEE conference on Supercomputing, 2004 
[13] Message Passing Interface (MPI),  
http://www-unix.mcs.anl.gov/mpi/ 
[14] NERSC Bassi, http://www.nersc.gov. 
[15] SciDAC-DOE’s Scientific Discovery through Advanced  
Computing, http://www.scidac.gov . 
[16] A. Snavely et. al, “A Framework for Performance  
Modeling and Prediction, Proceedings of the ACM/IEEE 
Conference on Supercomputing, 1994. 
[17] V. E. Taylor, X. Wu, and R. Stevens, “Prophesy: An  
Infrastructure for Performance Analysis and Modeling 
System of Parallel and Grid Applications”, ACM 
SIGMETRICS Performance Evaluation Review, Volume 30, 
Issue 4, March 2003. 
[18] X. Wu, V. Taylor, C. Lively, and S. Sharkawi, 
“Performance Analysis and Optimization of Parallel 
Scientific Applications on CMP Cluster Systems”, ICPP2008 
SMECS Workshop, 2008. 



<<
  /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 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /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


