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Abstract

Dynamic process management is a feature of MPI-2
that allows an MPI process to create new processes and
manage communication with these processes. The dynamic
creation of processes allows application writers to develop
multiscale applications or master/worker based programs.
Although several MPI implementations support this fea-
ture we are not aware of any studies on the issues in
designing the dynamic process management interface and
benchmarking of dynamic process framework. In this paper
we design a MPI-2 dynamic process management interface
over InfiniBand. We consider two alternative designs using
Unreliable Datagram (UD) and Reliable Connection (RC)
transport modes of InfiniBand with two job startup models.
In our evaluations we found that having an UD based-
design allows for much higher spawns rates with existing
job launch frameworks. We also design a set of micro-
benchmarks to evaluate the performance of our design and
other MPI libraries. Finally, we provide an evaluation of the
dynamic process framework using a re-designed ray-tracing
application.
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I. Introduction

Large-scale deployments of clusters continue to achieve
new heights in performance and scale. Two major compo-
nents that affect performance are the interconnect between
compute nodes and the application programming interface
and implementation.

The Message Passing Interface (MPI) is currently the
most dominant model for programming parallel computers
today. The MPI standard was first defined in 1994 and
was designed to include the attractive features of existing
message passing systems such as PVM [6]. The MPI spec-
ification defined a standard interface for communication,
providing both point-to-point and collective communication
primitives in a static runtime environment.

The static model of MPI-1 means the number of tasks
is fixed at job launch time. This restriction restricts the
application ability to spawn additional tasks for portions
of the application or to expand and contract with com-
pute node availability. As a result, the MPI-2 specification

added support for dynamic process management support.
This allows MPI applications to create and communicate
with new processes, thus providing a new paradigm for
programming MPI applications. Unfortunately, unlike many
other MPI operations, there are no standard mechanisms
for determining the performance of implementations of
dynamic process management.

Several popular MPI implementations (OpenMPI,
MPICH2) currently support dynamic processes, however
there had not been any investigation on efficient design of
the MPI dynamic process interface and the benchmarking of
the dynamic process interface. Our work explores the design
issues of the dynamic process interface, introduces new
microbenchmarks to evaluate performance of the dynamic
process interface and finally presents an evaluation of our
design on InfiniBand.

In this paper we design MPI-2 dynamic process support
for MPI over InfiniBand. Unlike traditional Ethernet mod-
els, additional setup requirements are required for Infini-
Band. Efficient design of dynamic process management over
InfiniBand is important as it is a very popular interconnect
in commodity clusters. Our designs were implemented
in MVAPICH2: [13] a MPI library for InfiniBand and
iWARP. We also address the lack of standardized met-
rics for determining the performance of dynamic process
management by proposing a new set of benchmarks. We
evaluate our design and the design of the OpenMPI dynamic
management framework using these benchmarks. Dynamic
process management is being used in grid application design
and multi-scale applications[15]. To model a real-world
application, we evaluate a ray-tracing application that was
re-designed to use the dynamic process model versus the
traditional MPI ray-tracing application.

The rest of the paper is organized as follows: In Sec-
tion II we present an overview of the dynamic process
management interface. An introduction to InfiniBand and
its capabilities are presented in Section III. Section IV
presents the various issues involved with designing a high-
performance dynamic process management solution. In
Section V we propose a number of new benchmarks to
evaluate the performance of dynamic process management
implementations. In Section VI provides an evaluation of
the various design options proposed using benchmarks and
Section VII provides an application evaluation. Section VIII
cites work related to dynamic process management and



finally Section IX provides conclusions and offers future
work in this area.

II. MPI and Dynamic Process Management

This section provides a brief overview of MPI com-
municators and the MPI-2 dynamic process management
interface. We also discuss an application use-case that uses
the MPI dynamic process interface.

A. MPI Communicators

An MPI process is described by a (rank, process group)
pair. An MPI communicator encapsulates the ranks and
the process group for which the ranks are described.
All MPI communications are described in the context of
some communicator. A communicator is a software con-
struct that defines a group of processes and an context
(tag/identifier) for communication within that group. MPI
operations use the rank and communicator context infor-
mation to decide the target rank within the process group.
The MPI_COMM_WORLD is a pre-defined communicator
that allows for communication between all processes of the
job. MPI allows programs to create new communicators
to address a specific sets of processes. The above type of
communicator is called intra-communicator: intra because
they handle communication within the process group.

MPI defines another type of communicator called the
inter-communicator. Inter-communicators have a local pro-
cess group and a remote process group and all communica-
tion is always between a process in the local group and a
process in the remote group. Figure 1 illustrates the working
of an inter-communicator. The data is being sent from rank
0 on the left group to the rank O on the right group.
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Fig. 1. Inter-communicator

The dynamic process interface in MPI-2 uses inter-
communicators to connect together two existing intra-
communicators and facilitate communication between the
local and remote process groups. This allows an existing
MPI application with a local process group to spawn a new
set of processes; which now forms the remote group. The
local and remote groups form an inter-communicator and
both the groups can now exchange messages. Further, MPI
allows us to create a new intra-communicator that includes
all the running processes (local and remote).

B. Dynamic Process API

The MPI standard defines three ways of creating or join-
ing new processes into existing MPI jobs. In our description
of the interface we call the spawning process the parent-root
and the root of the spawns as the child-root.

« MPI_Comm_spawn

int MPI_Comm_spawn (char sxcommand, char sargvl],
int maxprocs, MPI_Info info,
int root, MPI_Comm comm, MPI_Comm x*intercomm,
int array of_ errcodes(])

The function starts maxprocs copies of command pro-
cess. The function is collective over the communicator
comm, i.e. the function does not complete until all
processes in the communicator have created the inter-
communicator and the root process performs the role
of the parent-root. The newly created set of processes
form an MPI_COMM_WORLD of their own. The
root of the spawned process group uses the function
MPI_Comm_get_parent to discover if it was spawned
from an existing MPI process. The API uses the
accept/connect interface between the parent-root and
child-root to exchange rank and process group in-
formation. The function returns intercomm, an inter-
communicator which contains the spawns in the re-
mote group. The MPI application can now exchange
messages with the newly created processes using infer-
comm. The MPI standard does not specify where and
how the processes were started and leaves it to the job
scheduling infrastructure to manage. It only provides
a information structure info to propagate any hints to

the job scheduling framework.
o MPI_Comm_accept / MPI_Comm_connect:

int MPI_Comm_accept (char sport_name,
MPI_Info info, int root,
MPI_Comm comm, MPI_Comm *newcomm)

int MPI_Comm_connect (char sport_name,
MPI_Info info, int root,
MPI_Comm comm, MPI_Comm xnewcomm)

This API facilitates a client-server computing model
to MPI processes with the server process using the
MPI_Comm_accept to wait for incoming connection
on port_name. The client uses MPI_Comm_connect
to connect to the port_name. port_name is an imple-
mentation and interconnect specific string that iden-
tifies a process. The resulting inter-communicator in-
tercomm now allows the client process group to ex-
change messages with the server process group. As
with MPI_Comm_spawn, the accept/connect calls are
collective over the communicator comm and the root
act as the root ranks in the connection establishment.
Once the connection is created, both process groups
can communicate with the remote groups using the

inter-communicator.
¢ MPI_Comm_Join:

int MPI_Comm_join(int fd, MPI_Comm xintercomm)

Using this interface, two processes with an existing
TCP/TP connection described by the socket sockfd
establish an inter-communicator and start MPI mes-
sage exchange. The inter-communicator describes a



singleton local group and a remote group in this case.
The socket is used to exchange MPI port information,
followed by an MPI connection creation using the
accept/connect interface. The socket is never used for
MPI communication.

II1. InfiniBand

InfiniBand is a popular processor and I/O interconnect
that has become popular and is enjoying wide success due
to low latency (1.0-3.0usec), high bandwidth and other
features. Over 25% of the Top500 [1] fastest supercom-
puters show InfiniBand as the interconnect being used.
The InfiniBand network device is also referred to as Host
Channel Adapter (HCA).

A. Communication Model

The InfiniBand communication model uses two queues
called the send queue and the receive queue, together called
a queue pair (QP). Send and receive work requests (WRs)
are posted in these queues and the completion of the request
is indicated by putting a completion entry in the completion
queue (CQ). Completion can be detected by polling the CQ.
InfiniBand also supports an event-based completion model
that can be used for asynchronous completion.

B. Transport Services

InfiniBand defines four transport modes: Reliable Con-
nection (RC), Unreliable Datagram (UD), Reliable Data-
gram (RD) and Unreliable Connection (UC). Of these, RC
and UD are required to be implemented in any InfiniBand-
compliant HCA. RD is not required and is not implemented
in any currently available devices.

The RC model is a connected reliable model and the most
popular service. An RC QP can be used to communicate
with another dedicated RC QP. Thus using RC for n peers
requires each peer create at least n-1 QPs to be fully-
connected. RC provides most of the InfiniBand features
such as RDMA and atomic operations.

The UD transport service is unconnected and unreliable.
No message delivery guarantees exist. The main advantage
of UD is that a single UD QP can communicate with any
other UD QP in the system. They are not explicitly con-
nected as in RC. Instead, to address a message to another QP
in the system the Local Identifier (LID) and the QP Number
(QPN) can be used. The LID can roughly be thought of as
an IP address and QPN a port in InfiniBand terminology.
The downsides of UD are that reliability must be taken care
of in the application and only a single Maximum Tranfer
Unit (MTU) of data (2KB on most HCAs) can be sent at a
time. Thus, the software must perform the packetization.
Despite these downsides, previous work has shown that
MPI applications benefit from UD transports due to lower
overheads [9].

IV. Design

In this section we describe our design for the dynamic
process management framework. Figure 2 shows the archi-
tecture of the MPI-2 dynamic process management. The

MPI Application

| Dynamic Process Management API |
I |

| Startup | | MPI Communication |
I [ —1
|Spawn| | Scheduling | |PointtoPoinl| | RMA |
| Communication | | Collectives |

Fig. 2. Dynamic Process Management frame-
work

MPI application uses the API described in Section II to
spawn new tasks. An MPI design has to handle the startup of
the new tasks and the three parts of the startup are the spawn
phase, scheduling phase and the communication phase.

A. Spawn phase

The spawn design requires the MPI application talk to the
job manager. This is accomplished using a common protocol
between the dynamic process management API and the job
launcher. This phase requires network communication on
the management network (usually using TCP/IP). In our
designs, we consider two job launchers, the Multi-Purpose
Daemon (MPD), which is the default scheme in MPICH2
[12] and mpirun_rsh, a MVAPICH2 specific startup man-
ager based on the SCELA [14] architecture. The job launcher
interface defines a protocol that is used to propagate the
parent’s port information, size of the new job, command
and arguments.

B. Scheduling the tasks

MPI-2 standard does not define a way to do task place-
ment. The task scheduling is performed by the startup agent
or a job management system. Scheduling of dynamic tasks
requires the job manager to maintain global history of
dynamic tasks and place tasks based on this history. Our
implementation uses MPD or mpirun_rsh to schedule tasks.
MPD is discussed in more detail in [2]. mpirun_rsh is based
on the SCELA architecture and is discussed in detail in [14]

Both tools place tasks in a round-robin manner, but suffer
from the drawback that multiple spawns are scheduled to the
same nodes resulting in imbalance. The studies in [3] have
addressed this issue in LAM-MPI by suggesting various task



placement mechanisms to maintain load balance. The job
launchers schedule the tasks and perform the final exec of
the processes. Once the child processes they sychronize with
the parent process group to complete the dynamic process
launch.

C. Communication phase

To design the spawn interface we require the parent to
request a spawn and wait to sychronize with the child pro-
cesses to establish the inter-communicator. The communica-
tion phase begins with the child-root of the spawned process
group connecting back to the parent to exchange process
group information. To establish the inter-communicator the
processes need to know the process group ID, the size of
the remote process group and the context ID to be used.
Additionally, implementations may require a way to identify
each remote rank independently to exchange messages.
In our design each rank is uniquely identified by their
UD queue pair numbers and the LID. This information is
exchanged between the root processes and broadcast within
their local groups. Figure 3 shows the flow of information
required to implement the spawn interface.

spawn processes

MPI Comm_spawn .
- - MPI_Init

v v

MPI_Comm _accept MPI_Comm_get_parent

i MPI_Comm_connect

intercomm intercomm

Fig. 3. Flowchart of spawn

1) Communication methods: Every spawn requests re-
sults in the child-root connecting to the parent process to
exchange information. An application that spawns tasks
frequently will incur the overhead of this connection es-
tablishment and communication for every spawn. Thus, to
efficiently design the spawn interface we need lightweight
connection establishment protocols and as noted in Sec-
tion III there are different transport modes for InfiniBand
that we can use for this designing this phase:

o Reliable Connection (RC): Reliable but connection-
oriented. There is significant overhead to communicate
with a new process.

o Unreliable Datagram (UD): Unreliable and connection-
less. There is a very low overhead to communicate with
a new process. Software must perform segmentation of
messages over the MTU (often 2KB).

If the amount of data to be exchanged between the local
and remote roots is small then using UD provides benefits.
Since the data size is small providing segmentation is cheap
and there is no connection overhead. As the number of
spawned process in a group goes up, the data size will
increase. In this case using the RC may provide a benefit.

2) MPI_Comm_spawn: To perform the spawn, we first
create the connection information of the parent that is
passed to environment of the spawned children. This is
managed via environment variables and propagated by the
job manager. The parent process advertises a port in the
form of an LID and two UD queue pair numbers. One of
the UD queue pair numbers is utilized for the accept/connect
interface. The other UD queue pair number is used for RC
QP connection establishment [16]. Once the processes are
spawned, the parent process waits for the child-root of the
remote group to connect back.

3) MPI_Comm_connect: The spawned process group
collectively performs the connect. Only the child-root con-
nects to the parent process, while the other ranks wait for
remote group information. We have two possible designs
at this point, using RC for message exchange versus using
UD.

« UD: If the amount of data to be exchanged with remote
root is small then it is more efficient to use a direct UD
exchange. In this mode, the child-root sends the pro-
cess group size, process group ID and context ID for
the communicator in a single UD message. The parent-
root acknowledges the exchange and sends its process
group ID, group size and context ID. Both the ranks
broadcast the remote group information within their
own MPI_COMM_WORLD. In the next step, both
root processes exchange the connection information
within their local groups. In our design the connection
information consists of the LID and UD QPN. In
applications that spawn often and spawn few processes
the UD direct exchange model is more scalable and
quicker than creating short-lived RC connections.

« RC: If an application spawns large jobs and spawns are
infrequent, the connect API uses the second UD QP
number to establish an RC connection with the remote
root. This connection establishment is according to
the algorithm defined in [16]. Following the message
exchange, the two root ranks establish a RC connection
that is used to exchange process group information.

At the end of the above stage each process has the
information required to independently create the inter-
communicator to communicate with the remote group. The
inter-communicator can now use regular MPI communica-
tion using the point-to-point, remote memory access (RMA)
or collectives.



V. Designing Benchmarks for Dynamic Pro-
cess Management

To the best of our knowledge, there are currently no met-
rics or standard applications to benchmark various designs
and implementations of MPI-2 dynamic process manage-
ment. To address this need we design a set of benchmarks
that are useful to measure performance of a MPI-2 library.
The benchmarks are similar to the existing OSU Bench-
mark suite [11] released with the MVAPICH/MVAPICH2
software.

A. Spawn Latency

The spawn latency benchmark measures the time taken
to perform the MPI_Comm_spawn routine. We time the
execution of this function in the parent-root process.
MPI_Comm_spawn is a collective operation over the
spawning communicator and hence the benchmark can vary
the size of spawning parent-communicator and the size
of spawned child-communicator. The time to spawn is
an important metric as it is the measure of the overhead
in using dynamic process management. Minimizing this
overhead is vital if dynamic processes are to be used in
MPI applications. Due to involvement of system resources
and job manager framework, the measured values of the
latency has significant variation. The benchmark averages
the latency over a large number of runs. The time to
disconnect is not considered in the measurement of the
latency. The work done by the spawned processes does not
affect the measurement as the latency measured is a part of
the MPI_Init time on the child group.

B. Spawn Rate

The spawn rate benchmark measures the rate at which an
implementation is able to perform the MPI_Comm_spawn
routine. It is calculated by spawning jobs continuously and
finding the rate at which the implementation is able to create
new MPI jobs. The benchmark does not consider the time
for disconnecting of the inter-communicator. Spawn Rate
is an important metric as it can estimate the scalability of
our design. As the spawn rate benchmark oversubscribes
the processors we try to minimize the effect of spawned
jobs on the spawn rate by putting the spawned process to
sleep until the benchmark is complete. This is required as
multiple jobs will be scheduled to the same cores as the
benchmark progresses, this being the default behavior of
the job launchers considered.

C. Inter-communicator point-to-point latency

Sending point-to-point MPI data across an inter-
communicator requires us to send data from a local group
to a remote group. This inter-group message latency is an
important metric as designs may have better optimizations

for intra-communicators than inter-communicators. With
inter-communicators, message delivery has an additional
overhead of mapping from the (local process group, rank)
to the (remote process group, rank). In some designs, such
as ours, no connections are setup between ranks of the
local and remote process groups. Connections are setup on-
demand, when the ranks really need to communicate. The
benchmark thus measures the effective latency due to the
connection establishment and the data transfer. The inter-
group latency calculates an average latency for a range of
data sizes, between two ranks. Other inter-communicator
operations like merge and collectives are not considered
here and left as a part of our future work.

VI. Benchmark Evaluation

We use a 64-node Xeon cluster with each node having
8 cores and 6 GB RAM. The nodes are equipped with
InfiniBand DDR HCAs and 1 GigE NICs. All the nodes
are connected to a single file server accessed by the NFS
(Network File System) protocol. We present results using a
64x8 layout, which uses all 512 cores, with cyclic allocation
of ranks. We also present a result with block allocation of
ranks. Our designs were implemented in the MVAPICH-2
library. We evaluate our design in MVAPICH2 as well as
OpenMPI, another popular MPI library.

A. Spawn Latency

Figure 4 shows the results of running the spawn latency
benchmark. The latency experiments are run on nodes
without any busy tasks to yield the lowest possible results.
We present five results in the graph, mvapich2-MPD-RC:
which uses only RC connections and MPD for startup,
mvapich2-mpirun_rsh-RC: which uses RC connections and
mpirun_rsh for startup, mvapich2-MPD-UD, which uses
UD for initial information exchange and MPD for startup
and mvapich2-mpirun_rsh-UD which uses UD for initial in-
formation exchange, mpirun_rsh for startup and OpenMPI:
which shows the latency results for the OpenMPI library.
As seen in Figure 4, the RC and UD implementations
perform almost equally when MPD is used for very small
job sizes. For job size of 32 and beyond the UD design
shows a slight benefit. With mpirun_rsh we see a that the
UD design provides a lower spawn latency. The mvapich2-
mpirun_rsh-RC and OpenMPI perform similarly (up to
128 processors) as both use a connection based startup
model with similar job launch mechanism. However, for
512 processes, mvapich2-mpirun_rsh designs perform better
than OpenMPI. On the job startup angle, we find the MPD
startup mechanism is faster than mpirun_rsh for small job
size, however for larger jobs mpirun_rsh is more scalable.
This is due to the fact that MPD maintains a ring-of-
daemons on all nodes, spawning a new job on a node just
requires a TCP/IP message to be sent to the daemon. MPD,
however has higher startup latency as number of ranks
grows. mpirun_rsh is a daemon-less startup manager based



on ScELA architecture[14]. It incurs higher overhead for
small job launches, but it is highly scalable and provides
very low latency for higher job sizes.
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The second set of results we present in Figure 5 are the
the spawn latency with block allocation of ranks. This is an
important result as it shows the effect of HCA contention
on the spawn time. As seen in the graph, when there are
multiple jobs per node, the UD spawn design performs
better than the RC design, as the UD model has lesser
startup overhead. The UD design is more relevant here
as job allocation is generally block distributed. The UD
design is simpler and lightweight. OpenMPI performs very
similar to mvapich2-mpirun_rsh-RC in this benchmark for
up to 256 processes. However, for 512 processes mvapich2-
mpirun_rsh designs perform the best.

B. Spawn Rate

The spawn rate benchmark is evaluated with 16-nodes
of the cluster, for a total of 128 cores. The benchmark
measures the rate of sustained spawn supported by our
design. The reported value is the number of spawns/second
with increasing job sizes. Figure 6 shows the results of the
benchmark running on our design. We see that the UD
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Fig. 6. Spawn rate

design using MPD job manager provides the best spawn
rate. The relatively higher cost of creating and destroying
RC queue pairs leads to a slower spawn rate with RC. As we
have seen mpirun_rsh startup has a higher initial overhead
and results in a lower spawn rate, however it scales very well
and maintains a steady spawn rate with increasing job size.
OpenMPI performs similar to mpirun_rsh and has a low
spawn rate for small jobs. Only mvapich2-MPD designs are
able to provide a high spawn rate for small jobs. The spawn
rate is an important metric to consider when designing an
MPI application with frequent job spawns. The benchmark
clearly shows that to have a high spawn rate we need a
low-overhead connection mode (like UD) and an MPD-like
startup framework.

C. Inter-group Latency

The inter-group latency is a basic latency test to mea-
sure the difference between intra-communicator latency
and inter-communicator latency. As we see in Figure 7
for small message sizes, the mvapich2 inter-communicator
exchange has a slightly higher latency. This higher latency
is due to searching of process group and managing the
translation from local group to remote group. For large
messages, the latency of both the message exchanges are
almost equal with very little variation and the data transfer
component dominates and the process group translation
cost does not affect overall latency. OpenMPI does not
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show any difference between inter-communicator and intra-
communiators. However, OpenMPI does perform slightly
better than MVAPICH2 for larger messages. This is due to
the higher rendezvous threshold utilized by the OpenMPI
library compared to MVAPICH?2.

VII. Application Evaluation

A. Distributed Rendering with Dynamic Process
Management

Graphics rendering is a highly parallelizable activity.
Distributed rendering works by distributing each frame to
be rendered to the compute nodes of a cluster. A frame
can usually be rendered independently of other frames and
the only communications involved are the initial frame
data distribution and final collection of rendered images.
Rendering can programmed easily using a master-slave
model. Render farms are common in Computer Graphics
Imagery (CGI) industry, with the farms hosting several
render servers that can be used by clients.

To demonstrate the feasibility and real-world application
of the dynamic process interface we designed a dynamic
process version of POV-Ray, a popular, open-source ray-
tracing application. Using our design, a graphics program-
mer can decide at execution time the optimal number of
compute nodes required for the job and spawn the rendering
on the nodes. There have been MPI parallelization efforts
on POV-Ray [5], but these implementations use a static
runtime environment.The dynamic process interface can be
programmed to have an changing environment in which we
can expand or contract the available slave resources. This is
similar in concept to a render farm and this paradigm can
be programmed using the MPI-2 interface. We present our
evaluation of the POV-Ray in the following paragraph.

We implemented a parallel version of POV-Ray to use the
MPI-2 dynamic process interface. We compare the results
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Fig. 8. Parallel POV-Ray evaluation

of using our RC design, UD design and traditional static
runtime parallel POV-Ray. For our evaluation we render
a 3000x3000 glass chess board with global illumination.
Figure 8 shows the results of our evaluation.

As seen in the graph, the dynamic process framework
adds very little overhead to the overall execution of the
application. Until 32 processors the speedup factor is almost
the same for all three designs. Beyond 32 processors, the
cost of startup and parallelization starts to accumulate and
the dynamic version incurs some slowdown.

Evaluating real-world problems clearly shows the feasi-
bility of the dynamic process framework. Moreover, using
dynamic processes gives more control to the application
programmer who can intelligently decide the parallelization
factor and placement of the jobs at run-time. Additionally,
using the dynamic process framework applications can
dynamically change size and scale of the application which
is a key benefit.

VIII. Related Work

The architecture of a dynamic process creation frame-
work for MPI was described by Gropp and Lusk [7]. The
MPI-2 standard [6] defined the process creation and man-
agement interface. The standard defined only the process
creation interface leaving the job scheduling to the MPI
implementation. Gabriel et al [4] evaluated the dynamic
process interfaces of several MPI-2 implementations. They
measure the bandwidth achieved in point-to-point message
exchange over traditional versus dynamic communicators,
however they do not provide any mechanism for implement-
ing the interfaces.

Marcia Cera et al [3] have explored the issue of im-
proving scheduling of dynamic processes. Their solutions
are aimed at load balancing jobs across nodes of a cluster
and providing novel ways of scheduling dynamic processes
across a cluster.



Several researchers have explored using dynamic pro-
cesses for fault-tolerance in MPI applications [10]. Kim et
al. [8] explored the design and implementation of dynamic
process management for grid-enabled MPICH. However,
their work did not explore the design of the MPI-2 dynamic
process interface, but implemented a new MPI interface
MPI_Rejoin that allows processes to join existing process
groups.

IX. Conclusions

With increasing clusters and multi-cores, MPI has be-
come the dominant parallel programming model. However,
several large applications have traditionally used the mas-
ter/slave programming model. The MPI-2 dynamic process
interface can be used in the master/slave model. Addition-
ally, MPI-2 dynamic process primitives provide a client-
server API as well.

In this paper we have addressed the design perspective of
an efficient dynamic process interface. We implemented our
designs and evaluated them on MVAPICH2, a popular MPI
implementation for InfiniBand. The lack of benchmarks in
this area was addressed and we designed new benchmarks
to evaluate our designs. Our study draws the following con-
clusions on designing and evaluating the dynamic process
framework.

o An MPD-like daemon based startup model is required
for supporting frequent task spawning. The spawn
rate benchmark clearly shows the superiority of the
daemon-based startup model.

e« MPD suffers from very high latency for large job
sizes. For very large job launches, the ScELA [14]
architecture has proved to be highly scalable and
reliable. Thus, mpirun_rsh based startup models are
required for managing large jobs.

o Lightweight communication primitives are better for
the task startup phase. The benchmarks show the
advantage of using a UD model for InfiniBand. Similar
lightweight transport schemes (such as UDP) should
apply in other environments (such as 10GigE). Ideally,
we need a hybrid design that can switch from low-
overhead mode to a higher-overhead high-performance
mode based on job sizes. Our current designs do not
perform this switch and this is a area of future work
we plan to explore.

o MPI Applications don’t incur heavy overhead in using
the dynamic process framework. The evaluation of
the ray-tracing application clearly demonstrates the
feasibility of the dynamic process paradigm with the
benefits of dynamically growing or shrinking jobs.

¢ A high-performance implementation of the dynamic
process interface will require both a good process
manager and a fast implementation of the child-parent
synchronization mechanisms.

In the future we hope to explore designing applica-

tions with non-static job sizes using the MPI-2 inter-
communicator merge operations. We also hope to explore

the area of collectives for dynamic processes and job
scheduling for dynamic tasks in more detail.

X. Software Distribution

The dynamic process management designs, discussed in
this paper, will be available with the upcoming MVAPICH?2
release. The new benchmarks designed for evaluating dy-
namic process management interface of MPI-2 libraries will
be integrated with the standard OSU benchmarks [11] and
made available to the community in the near future.

References

[1] TOP 500 Supercomputer Sites. http://www.top500.org.

[2] Ralph Butler, William Gropp, and Ewing Lusk. Components and
Interfaces of a Process Management System for Parallel Programs.
Parallel Computing, 27:2001, 2001.

[3] Marcia C. Cera, Guilherme P. Pezzi, Elton N. Mathias, Nicolas
Maillard, and Philippe Olivier Alexandre Navaux. Improving The
Dynamic Creation of Processes in MPI-2. In PVM/MPI, pages 247—
255, 2006.

[4] Graham E. Fagg Edgar Gabriel and Jack J. Dongarra. Evaluating
the Performance of MPI-2 Dynamic Communicators and One-Sided
Communication. In Lecture Notes in Computer Science, pages 88-97,
2003.

[5] Alessandro Fava, Emanuele Fava, and Massimo Bertozzi. MPIPOV:
A Parallel Implementation of POV-Ray Based on MPI. In Proceed-
ings of the 6th European PVM/MPI Users’ Group Meeting on Recent
Advances in Parallel Virtual Machine and Message Passing Interface,
pages 426-433, London, UK, 1999. Springer-Verlag.

[6] MPI Forum. MPI: A Message Passing Interface. In Proceedings of
Supercomputing, 1993.

[71 W. Gropp and E. Lusk. Dynamic process management in an MPI
setting. In SPDP ’95: Proceedings of the 7th IEEE Symposium on
Parallel and Distributeed Processing, page 530, Washington, DC,
USA, 1995. IEEE Computer Society.

[8] Sangbum Kim, Namyoon Woo, and Heon Y. Yeom. Design and
Implementation of Dynamic Process Management for Grid-Enabled
MPICH.

[91 M. Koop, T. Jones, and D. K. Panda. MVAPICH-Aptus: Scalable
High-Performance Multi-Transport MPI over InfiniBand. In /EEE
Int’l Parallel and Distributed Processing Symposium (IPDPS 2008),
April 2008.

[10] Ewing Lusk. Fault Tolerance in MPI Programs. Special issue of
the Journal High Performance Computing Applications, 18:363-372,
2002.

[11] OSU Microbenchmarks.
state.edu/benchmarks/.

[12] MPICH2. http://www.mcs.anl.gov/research/projects/mpich2/.

[13] MVAPICH2: High Performance MPI over InfiniBand and iWARP.
http://mvapich.cse.ohio-state.edu/.

[14] J. Sridhar, M. Koop, J. Perkins, and D. K. Panda. ScELA: Scalable
and Extensible Launching Architecture for Clusters. In International
Conference in High Performance Computing (HiPCO0S8), December
2008.

[15] Angela Violi and Gregory A. Voth. A Multi-scale Computational
Approach for Nanoparticle Growth in Combustion Environments. In
HPCC, pages 938-947, 2005.

[16] Weikuan Yu, Qi Gao, and D.K. Panda. Adaptive connection man-
agement for scalable MPI over InfiniBand. Parallel and Distributed
Processing Symposium, International, 0:81, 2006.

http://mvapich.cse.ohio-




<<
  /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 1.6
  /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


