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Abstract. One of the most severe performance limitations of paral-
lel applications today stems from the performance of I/O operations.
Numerous projects have shown, that parallel I/O in combination with
parallel file systems can significantly improve the performance of I/O
operations. However, as of today there is no support for parallel I/O op-
erations for applications using shared-memory programming models such
as OpenMP. This paper introduces parallel I/O interfaces for OpenMP.
We discuss the rationale of our design decisions, present the interface
specification and a prototype implementation with the OpenUH com-
piler. We evaluate the performance of our implementation for various
benchmarks on different file systems and demonstrate the benefits of the
new interfaces.

1 Introduction

Amdahl’s law stipulates that the scalability of a parallel application is limited by
its least scalable section. For many scientific applications, the scalability limita-
tion comes from the performance of I/O operations, due to the fact that current
hard drives have an order of magnitude higher latency and lower bandwidth than
any other component in a computer system. Parallel I/O allows (efficient) simul-
taneous access by multiple processes or threads to the same file. Although the
adoption of parallel I/O in scientific applications is modest, it has been shown
that in combination with parallel file systems parallel I/O can lead to significant
performance improvements [1].

I/O options are limited as of today for applications using shared memory
programming models such as OpenMP [2]. Most OpenMP applications use the
routines provided by the base programming languages (e.g. Fortran, C, C++) for
accessing a data file. In order to maintain consistency of the resulting file, read
and write operations are performed outside of parallel regions. In case multiple
threads are accessing a file, access to the file handle should be protected e.g.
within a omp critical construct to avoid concurrent access by different threads.

Another approach has each thread utilizing a separate file to avoid race con-
ditions or synchronizations when accessing a single, shared file. While this ap-
proach often leads to a better performance than the previously discussed meth-
ods, it has three fundamental drawbacks. First, it requires (potentially expen-
sive) pre- and post-processing steps in order to create the required number of



input files and merge the output files of different threads. Second, it is difficult
to support application scenarios where the number of threads utilized is deter-
mined dynamically at runtime. Third, managing a large number of files often
creates a bottleneck on the metadata server of the parallel file system. The lat-
ter could become relevant in the near future as the number of cores of modern
micro-processors are expected to grow into the hundreds or even thousands.

This paper introduces the notion of parallel I/O for OpenMP applications.
We discuss and evaluate design alternatives, present an initial set of interfaces
and evaluate the performance using a prototype implementation in the OpenUH
compiler. The main goal of the new interfaces is to improve the performance
of I/O operations for OpenMP applications by providing threads the ability to
perform I/O using a single file without having to explicitly lock the file handle
or synchronize access to the file using ad hoc methods.

The parallel I/O interfaces suggested here introduce the ability of collabora-
tion among threads on shared data items through collective I/O interfaces, to
specify more work per operation through list I/O interfaces and allow to exploit
OpenMP specific features for I/O, specifically to write private data items to file
in an efficient manner.

The organization of the paper is as follows: Section 2 discusses existing par-
allel I/O interfaces. In Section 3 we present the new set of interfaces to support
parallel I/O in OpenMP applications along with design alternatives. Section 4
presents a prototype implementation of the interfaces in the OpenUH compiler
framework, while Section 5 evaluates the performance of this implementation
for various micro-benchmarks. Finally, Section 6 summarizes the contributions
of this paper, and gives an overview of outstanding items and currently ongoing
work.

2 Related Work

The most widely used parallel I/O specification is based on the Message Passing
Interface (MPI) [3], which has introduced the notion of parallel I/O in version
two. The most notable features of MPI I/O compared to standard POSIX style
I/O operations are i) the ability to express in advance, regions of interest in
a file on a per process basis using the file-view; ii) the notion of collective I/O
operations, which allows processes to collaborate and transform often suboptimal
I/O requests of each process into a more file-system friendly sequence of I/O
operations; iii) and support for relaxed consistency semantics which pushes the
responsibility to create a consistent file from the file-system to the application.

Unified Parallel C (UPC) is an extension of the C language for parallel com-
puting based on a partitioned global address space (PGAS). UPC provides an
abstraction for parallel I/O [4] mostly following the MPI I/O specification. The
main difference with MPI I/O comes from the fact that UPC I/O does not have
the notion of derived data types and thus has to use List I/O interfaces.



Other popular I/O libraries include HDF5 [5] and pNetCDF [6]. Although
both libraries support the notion of parallel I/O, they are layered on top of MPI
I/O and do not introduce significant new features.

3 Interface specification

In the following, we discuss various design alternatives for parallel I/O interfaces
in OpenMP, followed by the actual specification.

Directive based interfaces vs. runtime based library calls The primary design
decision is whether to use compiler directives to indicate parallel execution of
read/write operations, or whether to define an entirely new set of library func-
tions. The first approach would have the advantage that the changes made to
an application are minimal compared to using an entirely new set of functions.
Furthermore, it would allow an application to execute in a sequential manner in
case OpenMP is not enabled at compile time.

Additionally, the syntax of the directive based parallel I/O operations are
implicitly assumed to behave similarly to their sequential counterparts. This
poses the challenge of having to first identify which functions to support, e.g. C
I/O style fread/fwrite operations vs. POSIX I/O style read/write operations
vs. fprintf/fscanf style routines. Furthermore, due to fact that OpenMP also
supports Fortran and C++ applications, one would have to worry about the
different guarantees given by POSIX style I/O operations vs. the record-based
Fortran I/O routines or how to deal with C++ streams. Because of the challenges
associated with the latter aspects for a parallel I/O library, we decided to define
an entirely new set of library functions integrated into the runtime library of an
OpenMP compiler.

Individual vs. shared file pointers The notion of parallel I/O implies that multiple
processes or threads are performing I/O operations simultaneously. A prelimi-
nary question when designing the interfaces is whether to allow each thread to
operate on a separate file pointer, or whether a file pointer is shared across all
threads. Due to the single address space that the OpenMP programming model
is based on, shared file pointers seem to be the intuitive solution to adapt. Note,
that the overall goal is that all threads are able to execute I/O operations on
the shared file handle without having to protect the access to this handle.

Collective vs. individual interfaces A follow-up question to the discussion on
individual vs. shared file pointers is whether threads are allowed to call I/O
operations independent of each other or whether there is some form of restriction
on how threads can utilize the new I/O functions. Specifically, the question is
whether to use collective I/O operations, which request all threads in a parallel
region to call the I/O operations in the same sequence and the same number of
times, or whether to allow each thread to execute I/O operations independent of
each other. Although collective I/O operations initially sound very restrictive,



there are two very good reasons to use them. First, collaboration among the
threads is a key design element to improve the performance of I/O operations.
The availability of multiple (application level) threads to optimize I/O operations
is however only guaranteed for collective interfaces. Second, individual file I/O
operations could in theory also be implemented on a user level by opening the
file multiple times and using explicit offsets into the file when accessing the
data. Therefore, we decided to support collective I/O interfaces in the current
specification.

However, using collective I/O interfaces also requires a specification of the
order by which the different threads access the data. The current specification
read/writes data in the order of the thread-id’s. However, relying on a thread’s id
is not a robust method of coordinating file operations implicitly among threads,
especially in case of using nested parallelism. The OpenMP specification makes it
clear that relying on thread id order for things such as predetermining the work
a thread gets from a worksharing construct is at best benignly non-conforming
(as in the case of a static schedule used by a parallel loop).

Despite this fact, we opted for now to base implicit ordering among threads
on the total thread id order due to the lack of useful alternatives. If the order
of data items can be determined using a different mechanism in an application,
interfaces that allow each thread to specify the exact location of the data item in
the file are also provided. Our future work exploring parallel file I/O in OpenMP
will consider it in the context of nested parallelism and explicit tasks, particularly
as the latter continues to evolve and mature.

Synchronous vs. asynchronous interfaces Synchronous I/O interfaces block the
execution of the according function to the point that it is safe for the appli-
cation to modify the input buffer of a write operation, or the data of a read
operation is fully available. Asynchronous interfaces on the other hand only ini-
tiate the execution of the according operation, and the application has to use
additional functions to verify whether the actual read/write operations have fin-
ished. Internally, asynchronous I/O operations are often implemented by spawn-
ing additional threads in order to execute the according read/write operations in
the background. In a multi-threaded programming model, where the user often
carefully hand-tunes the number of threads executing on a particular processor,
creating additional threads in the background can have unintended side affects
that could influence the performance negatively. For this reason, the initial ver-
sion of the OpenMP I/O routines only supports synchronous I/O operations.

Algorithmic vs. list I/O interfaces A general rule of I/O operations is, that the
more data an I/O function has to deal with, the larger the number of optimiza-
tions that can be applied to it. Ideally, this would consist of a single, large,
contiguous amount of data that has to be written to or read from disk. In reality
however, the elements that an application has to access are often not contiguous
neither in the main memory nor on the disk. Consider for example unstructured
computational fluid dynamics (CFD) applications, where each element of the
computational mesh is stored in a linked list. The linked list is in that context



necessary, since neighborhood conditions among the elements are irregular (e.g.
a cell might have more than one neighbor in a direction), and might change
over the lifetime of an application. The question therefore is how to allow an
application to pass more than one element to an I/O operation, each element
pointing to potentially a different memory location and being of different size.

Two solutions are usually considered: an algorithmic interface, which allows
to easily express repetitive and regular access patterns, or list I/O interfaces,
which simply take a list of <input buffer pointers, data length> as arguments.
Due to the fact that OpenMP does not have a mechanism on how to express/store
repetitive patterns in memory (unlike e.g. MPI using its derived data types),
supporting algorithmic interfaces would lead to an explosion in the size of the
interfaces that would be cumbersome for the end-user. Therefore, we opted to
support list I/O interfaces in the current specification, but not algorithmic in-
terfaces. We might revisit this section however, since Array shaping [7] is being
discussed under the context of OpenMP accelerator support.

Error Handling As of today, OpenMP does not make any official statements to
recognize hardware or software failures at runtime, though there is active inves-
tigation of this topic by the OpenMP Language Committee (LC). Dealing with
some form of failures is however mandatory for I/O operations. Consider for ex-
ample recognizing when a write operation fails, e.g. because of quota limitations.
Therefore, the I/O routines introduced in this paper all return an error code.
The value returned is either 0 (success), or -1 (failure). In case of a failure, the
amount written/read is undefined. This model follows the (user friendlier) error
behavior of the MPI I/O operations which give stronger guarantees compared
to the POSIX style function and the error codes returned in the errno variable.

3.1 Introduction to the annotation used

In the following, we present the C versions of the parallel I/O functions intro-
duced. Since all functions presented here are collective operations, i.e. all threads
of a parallel region have to call the according function, some input arguments
can be either identical or different on each thread. Furthermore, the arguments
can be either shared variables or private variables. Table 1 shows the interfaces,
focusing on the read operations for the sake of brevity. For convenience, we
introduce the following annotation to classify arguments of the functions:

– [private]: The argument is expected to be a private variable of a thread,
values between the threads can differ.

– [private’]: Argument is expected to be different on each thread. This can be
either achieved by using private variables, or by pointing to different parts
of a shared data structure/array.

– [shared]: The argument is expected to be a shared variable.
– [shared’]: An argument marked as shared’ is expected to have exactly the

same value on all threads in the team. This can either be accomplished by
using a shared variable, or by using private variables having exactly the same
value/content.



File Management Interfaces

int omp file open all([shared] int *fd, [shared’] char *filename, [shared’] int flags)
int omp file close all([shared] int fd)

Different Argument Interfaces

int omp file read all ([private’]void* buffer, long length, [shared]int fd, [shared’]int hint)
int omp file read at all ([private’]void* buffer, long length, [private’]off t offset

[shared]int fd, [shared’]int hint)
[shared]int fd, [shared’]int hint)

int omp file read list all ([private’]void** buffer, int size, [shared]int fd, [shared’]int hint)
int omp file read list at all ([private’]void** buffer, [private’]off t* offsets, int size,

[shared]int fd, [shared’]int hint)

Common Argument Interfaces

int omp file read com all ([shared]void* buffer, [shared’]long length,
[shared]int fd, [shared’]int hint)

int omp file read com at all ([shared]void* buffer, [shared’]long length,
[shared’]off t offset, [shared]int fd, [shared’]int hint)

int omp file read com list all ([shared]void** buffer, [shared’]int size,
[shared]int fd, [shared’]int hint)

int omp file read com list at all ([shared]void** buffer, [shared’]off t* offsets,
[shared’]int size, [shared]int fd, [shared’]int hint)

Table 1. OpenMP I/O general file manipulation routines

3.2 Interface specification

The file management functions consists of two routines to collectively open and
close a file. All threads in a parallel region should input the same file name when
opening a file. The flags argument controls how the file is to be opened, e.g. for
reading, writing, etc.. The returned file descriptor fd is a shared variable. Note,
that it is recommended to use as many threads for opening the file as will be
used later on for the according read-write operation. However, a mismatch in
the number of threads used for opening vs. file access is allowed, specifically, it is
allowed to open the file outside of a parallel region and use the resulting file han-
dle inside of a parallel region. Having the same number of threads when opening
the file as in the actual collective read-write operation could have performance
benefits due to the ability of the library to correctly set-up and initialize internal
data structures. Note also, that a file handle opened using omp file open all can
not be used for sequential POSIX read/write operations, and vice versa.

The different argument interface routines assume that each thread in a collec-
tive read/write operation passes different arguments, except for the file handle.
Specifically, each thread is allowed to pass a different buffer pointer and different
length of data to be written or read. This allows, for example, each thread to
write data structures that are stored as private variables into a file.

In the explicit offset interfaces, i.e. interfaces that have the keyword at in
their name, each thread should provide the offset into file where to read data
from or write data to. If two or more threads point to the same location in the file



through the according offsets, the outcome of a write operation is undefined, i.e.
either the data of one or the other thread could be in the file, and potentially even
a mixture of both. For read operations, overlapping offsets are not erroneous.

For implicit offset interfaces, data will be read or written starting from the
position where the current file pointer is positioned. Data will be read from the
file in the order of the threads’ OpenMP assigned IDs.

All functions also take an argument referred to as hint. A hint is an integer
value that indicates whether buffer pointers provided by different threads are
contiguous in memory and file, or not. For the sake of brevity we omit details
at this point. The specification also contains List I/O interfaces, which are not
discussed here due to space limitations.

The common argument interfaces define functions where each thread has to
pass exactly the same arguments to the function calls. The main benefits from
the perspective of the parallel I/O library are that the library has access to
multiple threads for executing the I/O operations. Thus, it does not have to
spawn its own threads, which might under certain circumstances interfere with
the application level threads.

In the following, we show a simple example using the interfaces described
above.

int fd; //global file handle

char* buf; //global data buffer

#pragma omp parallel

{

char* private_buf; //private data buffer

long len = 100000000;

omp_file_open_all (&fd, "input.out", O_RDONLY);

// Read data into private buffer

omp_file_read_all(private_buf, len, fd, NULL);

omp_file_close_all(fd);

do_something (buf, private_buf);

omp_file_open_all (&fd, "result.out", O_CREAT|O_RDWR);

// Write data from global buffer

omp_file_com_write_all(buf, len, fd, NULL);

}

...

#pragma omp parallel

{

// write more data from global buffer

omp_file_com_write_all(buf, len, fd, NULL);

omp_file_close_all(fd);

}



4 Implementation in the OpenUH compiler

We developed a parallel I/O library which provides collective I/O operations
based on POSIX threads. The library is organized in multiple logical compo-
nents, the most important of which we present in the following.

The base function collects the input arguments provided by all threads in a
single array. All threads sychronize at this point through a barrier, after which
the master thread begins analyzing the input arguments and redirects control
to the contiguity analyzer or the work manager. The remaining threads are put
to sleep and wait for an I/O assignment.

The contiguity analyzer performs the optimization of merging buffers by scan-
ning the input array of memory addresses to look for contiguity between them.
If the analyzer finds discontiguity between buffers, it passes the contiguous block
found so far to the work manager and proceeds with the scan on the rest of the
array. Large sized blocks are split amongst threads instead of assigning an entire
block to a single thread.

The work manager performs the task of assigning blocks of data to be
read/written to threads. Once it accepts a contiguous block of data from the
contiguity analyzer (or from the base function), it assigns the block to the next
available worker thread and sets the ASSIGNED flag for the thread. It also
manages the internal file offset used for those interfaces that do not accept a
file offset explicitly. The work manager can be programmed to wake up a thread
immediately once an I/O request is assigned to it or wake up all threads once
the contiguity analyzer completes its analysis and the FINISH flag is set.

The low level interfaces list the functions available to a thread for performing
I/O. As an example, for a thread with multiple I/O assignments, it creates an
array of struct iovec and calls the readv / writev routines.

The parallel I/O library has been integrated in the runtime of the OpenUH
compiler. OpenUH [8], a branch of the Open64 4.x compiler suite, is a production
quality, fully functional C/C++ and Fortran optimizing compiler under develop-
ment at University of Houston that supports the bulk of the OpenMP 3.0 API,
including explicit tasking. It is freely available1 and used as a basis upon which
language extensions (e.g., Co-array Fortran) and new ideas for better supporting
OpenMP during both the compilation and runtime phases are explored.

Since the collective I/O interfaces were originally developed as part of a
stand-alone library for POSIX threads, integration of the library with the com-
piler and providing the OpenMP syntax discussed previously required some mod-
ification. The bulk of the integration work was to take advantage of the func-
tionality of the compiler’s OpenMP runtime within the parallel I/O library. This
includes using the runtime’s functionality to determine the number of threads
in a parallel region, thread ID’s etc. Furthermore, the parallel I/O library has
been modified to take advantage of the highly optimized synchronization rou-
tines among threads instead of the original implementation in the parallel I/O
library.

1 http://www.cs.uh.edu/~hpctools/OpenUH



5 Performance Evaluation

In the following, we evaluate the performance of the prototype implementation
on two storage systems using a set of micro-benchmarks that implement com-
monly used I/O patterns in OpenMP applications and/or options to express I/O
patterns in OpenMP applications. In this paper, we focus on write operations,
although most micro-benchmarks can easily be extended to read operations as
well. In the following, we provide a brief description of the microbenchmarks
used.

1. Writing in parallel to one file using the ordered directive Threads write non-
overlapping parts of a large shared buffer to a shared file using POSIX write()

operations in this benchmark. Since the file descriptor is shared between all
threads, access to it is protected by executing an ordered for loop. Note that
access to the file descriptor could also be protected using OpenMP’s critical
section. This test exposes the performance drawback that can be seen when
access to a shared file needs to be exclusive. As such, this is a worst case scenario
when threads write to a common file.

2. Writing in parallel to separate files All threads perform writes to separate,
individual files in this benchmark. Each thread has exclusive access to its own
file and can perform I/O without requiring any interaction/synchronization with
other threads. For many scenarios, this access pattern will lead to the maximum
I/O bandwidth achievable by an OpenMP application.

3. Collective write using omp file write all This benchmark aims to eval-
uate the collective interface omp file write all. Threads write non-overlapping
parts of a large, shared matrix to a common file. The file is opened using
omp file open all. The shared matrix is ultimately written multiple times us-
ing a for loop to achieve the desired file size. The access to the open file does
not require synchronization between threads.

5.1 Resources

For our experiments, we use two PVFS2 (v2.8.2) [9] file system installations. One
has been setup over nodes of a cluster that employ regular hard drives, whereas
the second installation has been setup over an SSD based storage.

PVFS2 over the Crill Compute Cluster The crill compute cluster consists of
16 nodes, each node having four 2.2 GHz 12-core AMD Opteron processors (48
cores total) with 64 GB main memory. Each node has three 4x SDR InfiniBand
links, one of them being reserved for I/O operations and two for message passing
communication. A PVFS2 file system has been configured over the crill nodes
such that all 16 crill nodes act as PVFS2 servers and clients, and a secondary
hard drive on each node is used for data storage.

PVFS2 over SSD Apart from regular hard drives, the crill cluster has a
RAMSAN-630 Solid State Disks (SSD) based storage from Texas Memory Sys-
tems. This SSD is made of NAND based enterprise grade Single Level Cell (SLC)
flash. The SSD installation has four 500GB cards, thus making a total of 2TB.
It has two dual port QDR Infiniband cards, and we use one of two ports on each



card. The peak I/O bandwidth of the SSD storage is 2 GB/s. The PVFS2 par-
allel file system configured over the SSD employs two separate I/O servers, each
I/O server serving exactly half of the SSD storage. Tests have been executed
multiple times, and we present in each case the average of the bandwidth values
observed across various runs. Also, we flush all data to disk using fsync before
closing a file to ensure we do not see effects of data caching.

5.2 Results

First, we present the results of the first two micro-benchmarks described above.
These benchmarks do not utilize the new interfaces presented in this paper,
but allow to set upper and lower bounds for the expected performance of the
collective OpenMP I/O interfaces.

The left part in figure 1 shows the bandwidth obtained on the crill-pvfs2
file system when threads perform I/O to a shared file. The I/O bandwidth ob-
served reaches a maximum of 212 MBytes/sec, independent of the number of
threads used. This can be explained by the fact that the benchmark serializes
the access to the file handle and therefore the I/O operation itself. The right
part of fig 1 shows the results obtained with the second micro-benchmark where
threads write to individual files. The bandwidth obtained in this case is signif-
icantly higher than when threads write to a shared file, reaching a maximum
of almost 500 MBytes/sec. This value is an indication of the upper bound on
the I/O performance that can be achieved from a single node. Note however,
that for many production codes this solution would require a separate merging
step, which would degrade the overall bandwidth obtained. Results of the same
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Fig. 1. Shared file microbenchmark(left) and individual files microbenchmark(right)
on crill-pvfs2

two microbenchmarks executed on the SSD storage revealed a similar trend in



the performance can be seen for both, the first benchmarks achieving a maxi-
mum average write bandwidth of 160 Mbytes/sec, and the second benchmark
356 Mbytes/sec. We omit the graphs due to space restrictions.

Fig 2 shows the performance of omp file write all on crill-pvfs2 platform.
Note that omp file write all is a collective function where every thread pro-
vides a fixed amount of data and the data points shown on this graph (seg-
ment size) indicate the total amount of data written across the threads by each
omp file write all call. The results indicate that our prototype implementation
of the new OpenMP I/O routine presented in this paper achieved a bandwidth
in excess of 500 Mbytes/sec. Performance for 1, 2 threads reaches a maximum
of 214 Mbytes/sec and 360 Mbytes/sec respectively, whereas it is much higher
for a larger number of threads. The benefits of multiple threads performing I/O
are clear in this case. It can also be seen that overall, increasing the segment
size, i.e. the amount of data written in a single function call, results in increas-
ing performance. However, the bandwidth obtained does not necessarily increase
beyond a certain threshold. For the crill-pvfs2 file system, the main limitation
comes from how fast data can be transferred out of the node, while for the SSD
storage the limitation is sustained write bandwidth of the storage itself.
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Fig. 2. omp file write all on crill-pvfs2 (left) and pvfs2-ssd (right)

Fig. 3 shows a comparison of all three micro-benchmarks for 16 threads. De-
spite the fact that omp file write all writes to a shared file, its performance is
consistently better than when writing to a shared file using explicit serialization.
The new collective I/O routines presented in this paper perform typically close
to the performance of the second micro-benchmark, which – as discussed – of-
ten represents a best-case scenario. Furthermore, taking into account that the
’separate files’ scenario would require an explicit merging step after executing



the application, the new routines clearly represent the best of three solutions
evaluated in the corresponding micro-benchmarks.
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Fig. 3. Comparing microbenchmarks with omp file write all for 16 threads on crill-
pvfs2 (left) and pvfs2-ssd (right)

5.3 BT I/O

The new OpenMP I/O routines have also been evaluated with two OpenMP
applications. We present here results obtained with the Block-Tridiagonal (BT)
NPB benchmark [10], which has in its MPI version an I/O performance com-
ponent. An OpenMP version of the BT benchmark is available since version 3
of NPB, however without the I/O part. We extended the NPB OpenMP BT
benchmark to include I/O in a way similar to its MPI-IO implementation. Note,
that subtle differences remain between the two implementations, most notably
that the OpenMP version does not read the data back for verification after the
write operation.

Experiments have been performed with the class D benchmark, where ap-
proximately 128 Gigabytes of data are written over the course of the program
(approximately 2.5GB of data over 50 iterations). Table 2 shows the time spent
in I/O operations over both file systems for various numbers of threads. I/O
was performed such that data was split between threads and every thread was
involved in writing data. The overall results indicate, that the I/O time can be
improved by a factor of around 2.5 for this application. The time spent in I/O op-
erations is constantly decreasing until 4 threads, and stays constant afterwards,
since the limitations of the two file systems described in the previous subsection
have been reached. While the results indicate that the I/O performance might
not necessarily scale to arbitrary numbers of threads, it is important to note,



Table 2. BTIO results showing I/O times (seconds)

No. of threads crill-pvfs2 pvfs2-ssd

1 410 691
2 305 580
4 168 386
8 164 368
16 176 368
32 172 368
48 168 367

that the prototype implementation of the new interfaces did lead to a significant
performance improvement, which allowed to push the performance of the I/O
operations. An advanced user might be able to achieve the same performance
through regular POSIX style I/O routines. However, our interfaces have the
advantage of a) providing good performance for non I/O expert, b) taking ad-
vantage of the multi-threaded execution environment in an OpenMP application,
and c) offer support for a number of scenarios such as collectively writing private
variables that would be very difficult to achieve without compiler support.

6 Conclusions

This paper introduces a set of interfaces for performing parallel I/O in OpenMP
applications. We discuss design alternatives and present the architecture of a
prototype implementation. Using a set of micro-benchmarks we evaluate the
performance of the implementation on two different platforms. The results ob-
tained indicate the potential of the new interfaces in case a high-performance
parallel file system is used.

An important question is arising about the interoperability of the MPI I/O
specification with the interface routines suggested in this paper. A hybrid ap-
plication using both OpenMP and MPI would have to choose at the moment
between the two competing specifications. Depending on whether it uses one file
per process or one file across multiple processes, it could use the OpenMP I/O or
the MPI I/O routines, but not both simultaneously. However, an interesting ap-
proach in combining the two specifications could be given in that the MPI I/O
library could use internally the OpenMP I/O routines to enhance the perfor-
mance of the I/O operations on a per-node basis. This could become especially
attractive with the upcoming MPI-3 standard, which allows a hybrid application
to register helper threads with the MPI library to enhance the performance of
communication and I/O operations.

In the future, we plan to extend this work into multiple directions. First, the
interface specification itself will be updated to take advantage of recent develop-
ments in OpenMP into account, such as array shaping or explicit tasks. Second,
a tremendous amount of optimizations are possible in the parallel I/O library it-
self, such as explicitly controlling the number of active threads reading/writing



data, exploiting data locality in NUMA architectures for I/O operations and
combining multiple resources (e.g. local disk + network storage) to enhance the
performance of the I/O operations.
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