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Abstract

High performance scientific applications are frequently multiphysics codes composed
from single physics programs, or have a functional decomposition based on physics as
well as a domain decomposition for parallelism. In either case dividing the application
into independent components that can be developed and tested separately is useful.
This requires a fast and efficient mechanism to share the large parallel data structures
that are used in scientific applications. The “MxN problem” is the transfer of data
between two scientific parallel programs with different numbers of processes on each
side. We present a solution to the MxN problem based on an MPI-I/O interface. This
approach builds on existing technology, emphasizes the easy migration of current ap-
plications, and simplifies the unit testing of the components while maintaining parallel
high performance throughout the application. It also does not require a component to
know how many processes another communicating component has.

1 Introduction

High-performance scientific computing now faces problems that span multiple scales, do-
mains, and disciplines. The resulting multiphysics simulations are composites of highly-
specialized codes developed by large, diverse, and sometimes geographically distributed
research teams. For example, a global weather simulation engine could require expertise
in meteorology, hydrology, geology, and oceanography. Current computational simulation
projects that integrate different disciplines and codes include the Community Climate Sys-
tem Model (CCSM) [1] for global climate models, the Earth System Modeling Framework
[2] for weather and climate simulations, the Caltech virtual shock physics facility [3] for
simulating the dynamic response of materials, and the Center for Simulation of Advanced
Rockets (CSAR) [4]. An emerging field for multiphysics simulation now being planned is the
integrated simulation of magnetically confined fusion energy, which will require models for
turbulent transport, extended magnetohydrodynamics, radio frequency heating and drives,
and nonlinear gyrokinetics [5]. Over 50 major design and analysis codes are being maintained
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by the magnetic fusion community, using a range of numerical techniques (finite elements,
particle-in-cell, finite volumes, adaptive mesh refinement). Several of those codes, together
with high-performance data systems to conduct software verification and model validation,
will need to operate together to create an integrated simulation capable of diagnostics or
prediction of a complete magnetic confinement fusion test.

Modern software methodology has introduced software components [6], which emphasize
the capability for independent reuse and deployment - precisely the capabilities required to
form multiphysics simulations, either from existing single-physics programs or by applying
a functional decomposition design to a new application. The Common Component Archi-
tecture (CCA) Forum is an effort by universities and U.S. national laboratories to define a
standard architecture for high performance computing components [7]. CCA components
are independent units of software with clearly defined interfaces which can be assembled
into applications at run-time. The CCA Forum concentrates on issues particular to high-
performance computing: the use of multiple languages including Fortran 95, the need for
low overhead in component interfaces, performance engineering, and the use of components
that consist of parallel processes. This paper addresses the last issue, but as a side benefit
also provides the language independence implied by the first.

Even with the use of components, there are two fundamental approaches to creating
HPC multiphysics applications. The first, exemplified by the CCSM and CSAR projects,
is to create a single executable by integrating all of the necessary physics into a single
mathematical and software framework. Here the term “single executable” may refer to a job
consisting of multiple MPT [8] tasks, sometimes with a functional decomposition among the
tasks, but initiated (in the case of MPI programs) with a single MPIRUN command. This has
the advantage of using a familiar high-performance communications system (the MPI API)
for connecting the different simulation systems, but the disadvantage of requiring extensive
rewriting of existing codes to perform data conversion, mesh mediation, synchronization, and
coordination. It often requires redistributing large data objects since each of the constituent
modules typically has its own optimized data decomposition.

The second fundamental approach is to leave the pre-existing code modules as separate
processes, and connect the separate executables by having them communicate through files
I/O. This has several advantages:

e Only minimal changes to the existing codes are required

e Data conversion can be carried out by introducing an additional filter program between
the two communicating applications, rather than adding that capability to one or the
other of them

e The intermediate files provide valuable restart and debugging resources
e Individual modules can be tested and debugged in isolation
e Individual modules can use different languages and runtime systems.

The most significant disadvantage of this approach is the performance penalty. Even with
parallel 1/O and striping, hard drive access is typically thousands of times slower than
processes communicating over a fast network.



This paper proposes a new intermediate approach. Drawing on ideas from UNIX, we
abstract communication channels as files by exploiting the MPI-I/O facilities in the Message
Passing Interface [8]. The application codes read and write files using the standard MPI
[/O interface, but instead of going to hard drives the data is streamed in parallel between
module programs working together on an integrated simulation. This capability is provided
by adding a new abstract device interface [9] to the ROMIO library [10, 11] which provides
/O for most major MPI implementations. The resulting approach combines advantages from
the two major approaches for composing existing codes. High-performance parallelism is
maintained, little or no change is needed to the existing application codes, and to some extent,
the redistribution of data required by the MxN problem is automated. The implementation
provides a stage on the migration path towards integrating separate codes into a single
executable, and allows rapid prototyping of code integration without first porting everything
to work under a distributed computing framework. The model is intuitive, since it is based
on a familiar file I/O model that most application users have already mastered.

2 The MxN Communication Problem

The proposed approach also solves a problem unique to high performance component soft-
ware. The “MxN problem” is the transfer of a distributed data object from a module running
on M processes to another running on N processes. More generally, the semantics of one
component invoking a method on another component are not well-defined or standardized
yet, and this is a major topic of research within the CCA Forum. Earlier work in PAWS [12]
delineated several interaction possibilities, dealing with how many processes on each side
participate, whether or not each side participates asynchronously, etc.

Within the CCA, MxN semantics are currently limited to two cases: all the proceses in
each component! participate in the call, or min{M,N} processes in each component partici-
pate. This paper deals with the first case, and concentrates on the transfer of a distributed
object from one component to another. Current CCA implementations involve specialized
MxN components that mediate the communication between standard components. These
CCA MxN components are derived from older, successful systems such as CUMULVS [13]
and PAWS [12]. Figure 1 shows the architecture of a CCA MxN component. The user
components communicate with each other using the communication API that the MxN
components offer.

3 Existing Approaches

Previous data parallel communication libraries include CUMULVS [13], PAWS [12], HPF
[14], and MetaChaos [15]. These generally take the same approach, which is to define a
custom communication API to allow the definition and sharing of complex parallel data
structures.

'In this paper we use the CCA terminology: a single component may consist of multiple parallel processes,
and the decomposition of an application into components is independent of the number of processes each
component instance uses.
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Figure 1: MxN component in CCA. Each component has its own framework instance or run-
time system. Each component uses its local instance of the MxN component as intermediary.
Processes are represented by round blue circles, components by the white boxes. Processes
are shared by components living in the same framework instance.

Another related work is the Condor project [16], which uses transparent I/O redirection
to execute processes on idle workstations. We also use transparent 1/O redirection in our
work. The extent of the Condor project is much broader, but is oriented towards single-
process serial programs only. The Bypass project [17, 18] by the Condor team in particular
allows split execution models; our work here with the MxN device extends that idea to
arbitrary numbers of parallel processes on each side of the communication.

Although we focus mainly on the problem of data transfer, the MxN problem can be
approached in a more general way, involving not only the mere transfer of parallel data, but
also the invocation of services on remote parallel servers [19, 20, 21].

Remote I/O (RIO) is another ROMIO/ADIO back-end described in [22]. This work also
leverages MPI-1/O by intercepting the calls to the I/O system, but its purpose is to allow MPIT
applications to access remote file systems, rather than to provide a way of communication
between simultaneously executing, collaborating parallel components.

The Message Passing Interface (MPI) [8, 23] is a widely used standard for writing
message-passing programs. The interface establishes a practical, portable, efficient, and
flexible standard for message passing. MPI-2 allows separate parallel programs to communi-
cate even if they were not started in the same MPI instance. MPI strongly couples the two
programs, preventing fully decoupled development and testing. However, the MPI interface
is familiar and widely-used by applications scientists, and one goal of our work is to allow
them to work strictly within an MPT application interface without needing to explicitly use
a new framework or run-time system.



4 MxN parallel data transfer

4.1 Goals

One goal for an MxN solution is the application-level “invisibility” that Bypass provides,
where no changes are required in the individual component code. In particular, a compo-
nent need not be aware of the number of processes in another component connected to it.
This implies the language interoperability that CCA’s SIDL enables, and maximizing the
decoupling of the communicating applications. If the programs can be run independently,
most of the testing effort can be done at the unit testing level, and the integration phase is
simplified. A second goal is to allow a natural and quick migration from file-based coupling
to real-time MxN communication. A common initial step in migrating towards an integrated
simulation is to have the codes read and write files to transfer data, and we leverage this
paradigm. The third goal is to develop a system for MxN communication that uses systems
and API’s familiar to most HPC scientists.

4.2 Implementation

The system we have developed for the transfer of data between parallel programs is based on
defining a new device for the ROMIO implementation of MPI-I/O [24]. A key element of the
design of ROMIO is an abstract-device layer (ADIO) [9]. This layer consists of a relatively
small set of basic functions for parallel I/O. Adding a new back-end for ROMIO consists
simply of implementing the ADIO interface for a new hardware device. Current devices for
ROMIO include a default device for the UNIX file-system, a device for NF'S file-systems, and
a device for the parallel virtual file-system [25]. We created a new back-end, the MzN device.
This device allows the application to transfer data using the regular MPI-I/O interface, as
if writing to a file.

An MPI-I/O file operation is directed to another component or to a regular file (perhaps
using the ROMIO PVFS device) depending on the file name. A file name starting with
“mxn:” is connected to the MxN device, and thus be sent to a remote component. Files
starting with “pvfs:”, “nfs:”, “ufs:” are sent to the PVFS, NFS and Unix file system modules.
Since only the file name changes, development is easy: components are tested stand-alone,
using files for input and output. Once they are running correctly, a change in the file name
directly connects the components. If the file name is read in from a control parameter file, the
application executable need not be changed or recompiled and coverage tests done during the
unit-testing phase will remain valid during the integration phase. In summary, the strategy
that we have devised brings a high level of transparency because the application is not aware
of the MxN communication; it reads and writes data through a regular MPI-I/O interface.

Another advantage of this approach is the ability to transfer data between programs
in different MPT instances, as long as ROMIO is the MPI-I/O implementation (MPICH,
LAM-MPI, HP MPI, SGI MPI, and NEC MPI are examples of this). Communication across
different architectures is also possible if the file is opened using MPI’s “external32” data
mode. In general the communication will always work if the target component can read a
file generated by the source component.

Data is transfered using a stream paradigm (Figure 2). This is, however, a logical view of
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Figure 2: Data is logically ordered, but transfered in parallel.

what is going on. In reality, data is transfered in parallel and is never explicitly serialized. At
the lowest level, the MxN device connects the parallel components using raw Unix sockets.

In MPI-I/O, data access can be done in a number of modes. Each mode is defined by
a combination of three orthogonal aspects [23]: positioning, synchronism and coordination.
Positioning defines the way the offset with respect to the the beginning of the file is calcu-
lated. It can be given explicitly as an argument to the read/write operation, or it can be
implicit with the file pointer kept internally and each read/write operation continuing from
where the last operation ended. This leads to two possible scenarios: either each process
that shares an open file updates its own pointer independently, or all the processes update
the same shared file pointer. Synchronism refers to the possibility of the operations being
blocking or non-blocking. Coordination refers to the operations being collective or non-
collective. In collective operations all the processes of the parallel program are involved in
the I/O operation, whereas in the non-collective case, each process performs its own I/O op-
eration independently. The MPI-I/O standard defines specialized functions for each possible
combination of the above parameters.

Not all ADIO devices support every possible I/O mode. For example, a tape-based device
will likely only support shared file pointers. The MxN abstract device supports only blocking,
implicit shared file pointer access. This means that for inter-component communications the
application only uses MPI-1/O operations with suffixes SHARED and . ORDERED. Also,
to enforce a one-way flow of data, files must be open in read-only or write-only modes only.

MPI-IO calls ending in SHARED are non-collective. For files, the data is read or
written at the current position of the shared file pointer. In the MxN device, each read
operation simply returns whatever available data is next in the logical stream. These shared
read and write operations are atomic in the sense that two concurrent reads or writes can
not interleave, but, as allowed by the MPI-2 standard, the ordering is not deterministic.

On the other hand, calls ending in _ ORDERED are collective. In this mode, each read
or write is assigned a section of the file or logical stream. The order in which the sections are
assigned is determined by the rank of the invoking process. Once each process’s section of



the stream is computed, the MxN device transfers the data in parallel, hardware permitting.

The sending and receiving modes are independent. For example, the sender can be using
the SHARED mode and the receiver the _ORDERED mode. The general idea of the
MxN device is that the semantics of the read and write operations in the MxN device are
exactly the same as if using an intermediate file.

On the writer side, the MxN abstract device gets a reference to the data written by the
client application. Write operations block until the requests coming from the reading side
have consumed all the data. Once that happens, the reference to the buffer is released and
the call returns. During read operations, a request is sent to the writer side. Data is collected
from the remote processes until the request is completed. This scheme works because we do
not allow random access to the data: the only mode of operation supported uses implicit,
shared, file pointers. Note that the readers can obtain the data they seek as soon as it has
been made available in the buffers of the writers. This implies that if the writer application
writes a large chunk of data in each write operation, it will be easier for the readers to access
the data in parallel. On the other hand, if the writers only pass a few bytes in each write
operation, the readings will be serialized because the data will not be readily available (the
readers will have to wait for their data to be available in a subsequent write operation). In
summary, writing data in large quantities enhances parallelism among the readers.

The MxN device does not manage the data buffers. It transfers the data from the buffers
at the writers’ side to the readers’ buffers directly. These buffers are managed by the ROMIO
layer above ADIO and might or might not correspond to the original application buffers,
because ROMIO must collect the original data in contiguous buffers. The main reason for
not supporting random access is because, in that case, the MxN device would have to keep a
local copy of all the data being written. We decided not to do this for performance reasons.

If the original application accessed the files linearly, then minor modifications (if any at
all) will allow both file and MxN I/O. On the other hand, if the application uses intensive
random access to files, then it will be more challenging to transform it to a linear file
access scheme. Because the goal is to provide a staged approach to applications working as
components with MxN communications, this restriction is generally not onerous. The files
to which it applies are just the ones read or written by other programs, and most such files
are accessed in a logically linear fashion. Other I/O the application performs (intermediate
results, check-pointing, postmortem visualization and analysis) can remain unchanged.

This approach fulfills the goals outlined in the beginning of this section. The decoupling
of applications during the software development cycle is achieved by directing the I/O to
regular files. In this way the components can be tested separately, and unit tests can be
prepared using custom-generated files. Migration is almost automatic. If the application
already uses the I/O modes supported by the MxN device, a simple change in the file name
is the only modification required. Also, the stream-based paradigm on which this mode of
communication is based is easy to understand because of the similarity with I/O to a regular
file.

A final advantage of this approach as compared to other current solutions [13, 12, 21]
is that it does not require the user to define data structures in terms of custom data types
provided by the library. Instead, it accepts MPI data types, which are routinely used in
most parallel application programs.



5 Performance Measures

To measure the performance of this MPI MxN device we used a parallel solver system for a
differential equation. The first component is a discretizer, which in parallel discretizes a given
time-dependent partial differential equation using a simple form of domain decomposition,
creating in parallel a large sparse linear system of equations. The resulting coefficient matrix
and right hand side vector is forwarded to a solver component, which uses the Aztec library
[26] of parallel iterative solvers. For an n x n mesh the amount of data transfered is about
96n? bytes. The solver has a significantly greater workload so it is assigned sixteen processors
while the discretizer has four. Tests were run on a dedicated cluster, each node consisting of
dual 2.80GHz Xeon processors with 2GB of memory per node. The cluster has nine nodes,
connected by 100Mb Ethernet. Each node is connected to a SAN system by Fibre Channel,
and PVFS [25] was built to use four I/O nodes. MPICH version 1.2.5 was built with the
additional MxN device described earlier.

Three versions were implemented: using files read and written with standard MPI 1/O
on top of PVFS, using a socket opened between MPI processes of rank 0 on each side,
and using the MxN device. The file I/O version obtains parallelism through PFVS using
direct file offsets to access files. Sequential access and shared file pointers are not supported
by PVFS. The PVFS default 64 KB stripe size is used. The socket version serializes the
transfer, by having the process with rank 0 in one component receive the data from its
cohort and send the data over a socket to the process with rank 0 in the other cohort, which
then distributes the data among its own cohort. This is the standard approach that would
be used for communicating components when neither is aware of how many processes are
participating in the other component. The MxN device solution is as described above, and
allows arbitrary parallel transfers.

Figure 3 shows the elapsed wall clock time for the required data communication of each
version; for each version we timed the complete transfer from the start of writing by the
discretizer to the end of reading by the solver component. In the file I/O version the writing
and reading are completely sequential, since without other runtime support, a component
must wait for the write to complete before it can start reading a file. So the time shown is
the sum of the discretizer writing time and the solver reading time.

All of the results used four processors for the discretizer and sixteen for the solver. So
the amount of parallelism available to both the file I/O and MxN versions is four - even
though the solver uses sixteen processors, the MxN device requires running the discretizer at
the same time which limits the data transfer processing to its four processors. Although the
number of readers is a multiple of the number of writers in this case, this is not a requirement
for the MxN device and we have also tested its correctness for relatively prime numbers of
processors. The times shown are averaged over five runs for each datum, with error bars
corresponding to one standard deviation. The times are roughly linear in the datasize being
sent, with the slope of the socket version 6.7 times larger than that of the MxN device. A
factor of four comes from MxN using four connections simultaneously while the socket code
only uses one; the additional performance improvement can be attributed to most of the
socket, version’s data needing to make three hops instead of just one. The socket version also
has higher variance than the other two methods, which we have observed on independent
timings of using sockets on the network. The PVFS file I/O version is slower even though



it uses the faster Fibre Channel connections; this is in part because some of the data makes
an extra hop going from a compute node to an I/O node, where it is then written out to the
SAN device. That process is then reversed on the read phase. The times are shown on a log
scale in Figure 3,
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Figure 3: Discretizer-Solver Communication Times: MxN(*), PVFS(+), Socket(o)

6 Conclusion and Future Work

The MxN problem involves transfering scientific data structures between parallel compo-
nents, an increasingly important task as multiphysics applications are developed by combin-
ing existing simulation codes. In this paper we created a system for parallel data transmission
between parallel components which can be in different languages and even using different
MPT implementations. This system is based on the logical serialization (or streaming) of
data, while still allowing fully parallel transmission of the data. This communication using a
new MPI-I/O abstract device allows users to write and run their application codes without
having to be aware of how many processors a communicating component has, or even if
the data is coming from an MPI file or a live parallel process. This provides an upgrade
path for new efforts at developing composed simulations from existing stand-alone programs,
where the eventual goal is either a single integrated code or the programs turned into CCA
high-performance components.

A shortcoming with the MxN device is that it is not fully scalable. Since a socket is opened
from each participating process to every process in the other component, this can require



M*N sockets for an MxN connection. To address this we are experimenting with moving
the MxN device connection to the PFVS layer, so that the number of sockets required will
be limited to the number of I/O nodes. From the PVFES layer this eliminates the time for
actual transfers to physical storage units, and can also allow using block sizes better suited
for the network than for a hard drive.

Currently, we are incorporating the MxN communication system into a CCA component.
The strategy we are using is the same as that of existing MxN components based on CU-
MULVS [13] and PAWS [12], as depicted in Figure 1. In this scheme, two MxN components
must be instantiated, each one connected with a CCA port to one of the communicating
components. The application programming interface (API) exposed to the communicating
processes is just a wrapper to the relevant MPI I/O services. The benefits of making a
component out of this service include independent development and upgrade of the service
without involving any recompiling or relinking of the applications. If a standard API for
MxN components is created in the CCA Forum, then there would be an increased added
value. In that case, MxN components could be exchanged at run-time, allowing the user to
switch to the most efficient for the particular task at hand.
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