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Abstract

Efficient collective output of intermediate results to
secondary storage becomes more and more important
for scientific simulations as the gap between process-
ing power/interconnection bandwidth and the 1/0 sys-
tem bandwidth enlarges. Dedicated servers can offload
I/0 from compute processors and shorten the execution
time, but it is not always possible or easy for an appli-
cation to use them. We propose the use of active buffer-
ing with threads (ABT) for overlapping 1/0 with com-
putation efficiently and flexibly without dedicated 1/0
servers. We show that the implementation of ABT in
ROMIO, a popular implementation of MPI-10, greatly
reduces the application-visible cost of ROMIO’s collec-
tive write calls, and improves an application’s overall
performance by hiding I/O cost and saving implicit syn-
chronization overhead from collective write operations.
Further, ABT is high-level, platform-independent, and
transparent to users, giving users the benefit of over-
lapping 1/0 with other processing tasks even when the
file system or parallel 1/0 library does not support asyn-
chronous 1/0.

1 Introduction

Most scientific simulation codes need to write out
large data sets periodically. Typically, these data sets are
multi-dimensional arrays holding snapshot data for vi-
sualization or checkpoint data for restart. Usually, pro-
cessors running a simulation enter computation phases
and /O phases alternately, performing computation in
timesteps and writing out intermediate results once a
certain number of timesteps has been completed. Ef-
ficient transfer of this output from memory to local or
remote disks is very important to achieve high perfor-
mance for such applications.

Often the output data are disjoint subsets of a logi-
cally shared data set, encouraging the use of collective
/0 [1, 3, 7, 9, 11]. In this approach, all the processors
cooperate to transfer data between disk and memory. In-
formation about the on-disk and in-memory layouts of
the data set is used to plan efficient file operations, and
reorganize the data across the memory of the proces-
sors if necessary. Most collective 1/0O techniques block
collective 1/O participants until file system 1/O calls are
made, i.e., processors participating in a collective write
call do not return from the call until the output data are
at least buffered by the file system.

Compared to having each participating processor
making its own file system 1/O requests, all the col-
lective 1/0 techniques cited above improve performance
by combining smaller, more random file accesses into
long, sequential read/write operations, and by overlap-
ping inter-processor communication for data reorgani-
zation with 1/0. However, these two optimizations alone
do not take advantage of some of the common char-
acteristics of modern simulation applications that led
us to propose active buffering, an aggressive buffering
scheme for high performance collective output [5].

In this scheme, extra processors called /O servers are
used to carry out the output tasks for the compute pro-
cessors on which the application is running. The 1/O
servers and their clients actively use their idle memory
to buffer the output data. After the clients return to com-
putation, the servers write the data out from the buffers.
In contrast to previous research on buffering or caching
for collective 1/0 [10], active buffering tries to hide the
cost of writing by increasing the overlap between 1/0
and computation, instead of trying to optimize the ac-
tual writes. In addition, active buffering has no min-
imum buffer space requirement and handles overflows
gracefully [4, 5].

In our previous research, we used dedicated 1/0
servers to offload 1/0 tasks from compute processors
and perform write-behind while the compute processors



are computing, which maximizes the performance gain
of active buffering. However, dedicated 1/0 servers are
not always available or convenient to use. For exam-
ple, the global MPI communicator (MPI _COMMWORL D)
needs to be split into a computation communicator and
an 1/0O communicator, for the compute processors and
I/O processors to communicate within their groups. For
a simulation code that uses MPI _COMMWORLD, using
an 1/O library with dedicated 1/O servers requires re-
placing all the instances of MPI _COMMWORLD with a
new sub-communicator, which brings extra labor for
the application developers. For another example, sci-
entists who put a great deal of effort into developing a
2™-processor mesh for a problem will be reluctant to
dedicate additional processors to 1/0, as doing so will
typically require them to remesh their problem or else
run in a slower and more expensive 2" *!-processor job
queue. Even when additional processors are available
and the user application is adjusted to use 1/O servers,
for accessing data buffered at the compute processors the
servers need to use one-sided communication, an MPI1-2
feature not yet supported on all platforms.

In this paper, we investigate using active buffering
with threads (ABT) to hide collective output cost, instead
of using dedicated 1/O servers. The main contributions
of the paper are:

1. We propose ABT, a method of combining back-
ground 1/0O using threads with aggressive and flex-
ible buffering to maximize the overlap between
computation/communication and collective 1/0O in
scientific simulation runs. This combination allows
parallel simulations to benefit from active buffering
without dedicating extra processors as 1/0 servers
or using one-sided communication.

2. Compared to previous studies on performing 1/0
using background threads, our proposed approach
makes no assumptions regarding buffer space avail-
ability, with a buffering scheme automatically ad-
justing to available memory space and applica-
tions’ output patterns.

3. We implemented ABT in a widely used and sup-
ported parallel MPI-10 library, ROMIO [14], in
such a way that the buffering and background 1/0
are transparent to the users and the collective out-
put interfaces remain unchanged. Further, ABT is
implemented in the file-system-independent layer
of ROMIO, allowing it to be easily ported and to
provide extra performance gain on top of optimiza-
tions for specific platforms.

4. We evaluated ABT on two popular parallel plat-
forms with micro-benchmarks and realistic appli-

cations. Our results show that ABT can signifi-
cantly improve both the apparent collective write
throughput and the applications’ overall perfor-
mance. As expected, overlapping 1/0 with other
computing tasks can slow down the main thread’s
processing. However, we found that the total run
time is reduced significantly with this overlap. We
also found through our experiments that ABT can
help ROMIO to reduce the actual 1/0 cost, by re-
ducing the synchronization overhead between the
main threads during the data exchange process of
collective writes.

The rest of this paper is organized as follows: section
2 discusses background information on active buffer-
ing and ROMIO, as well as some related work on us-
ing threads in collective 1/0. Section 3 presents our ap-
proach of combining active buffering and threads. Sec-
tion 4 shows performance results and analysis. Section
5 compares ABT with asynchronous 1/0 and section 6
concludes the paper.

2 Background
2.1 Active buffering

In the active buffering scheme [5], processors ac-
tively organize their idle memory into a hierarchy of
buffers for periodic output data. The basic idea of active
buffering is that output data should be buffered when-
ever possible. Our previous work on active buffering
used dedicated 1/O servers to run the server program of
the Panda parallel 1/O library [11], and compute proces-
sors to run the simulation code. In a collective write op-
eration using active buffering, if the compute processors
have some idle memory, they will buffer as much data
as possible, and only send the overflow to the servers us-
ing MPI over the interconnection networks. The servers
will do the same thing, and only write data out when
there is server-side overflow. The compute processors
can return to computation when all the output data are
buffered or sent to the servers. While they are comput-
ing, the servers use one-sided communication to fetch
data from compute processors’ buffers and performs ac-
tual writing in the background.

Note that this scheme has no hard buffer space re-
quirement and can be used by any applications. With the
help of a pair of state machines, it gracefully adapts as
buffers at different level of the hierarchy fill and empty,
and as new collective 1/O requests arrive. Experimen-
tal results with synthetic benchmarks and a real rocket
simulation code on an SGI Origin 2000, an IBM SP, and
a Linux cluster show that active buffering improves the
apparent collective write throughput to be within 70% of



the local memory copy bandwidth when sufficient space
is available on the compute processors to buffer all the
output, and within 90% of the MPI bandwidth for any
portion of the output that overflows client buffers and
fits into server buffers [5].

2.2 The ROMIO library

ROMIO [14], developed at the Argonne National
Laboratory, is a well-known implementation of the MPI-
10 specification in the MPI-2 standard [6]. As part of
the popular MPI implementation MPICH, it supports a
wide range of file systems, and has an intermediate inter-
face called the ADIO (Abstract Device Interface for 1/0)
layer, which is built to hide the implementation details
on different underlying file systems for better portability.

MPI-10 supports collective I/0 on multi-processor
systems by providing an abstract presentation of shared
files called the MPI file view, which defines the cur-
rent set of data visible and accessible from an open file.
During collective 1/O operations, each processor partic-
ipating in disk 1/O is responsible for accessing a portion
of the data in the disk file, and redistributing/gathering
data to/from all processors whose 1/O requests overlap
with this portion of the data. For asynchronous collec-
tive 1/0, MPI-10 defined split 1/0, which has a pair of
“begin” and “end” calls for collective operations. In the
current ROMIO implementation, the split I/O interface
is supported. However, the implementation does not re-
ally enable asynchronous 1/O, since the “begin” opera-
tion simply invokes the blocking collective I/O calls, and
the “end” operation does nothing.

2.3 Related work on using threads in collective
1/0

Dickens et al. studied the use of threads to overlap
I/O and other activities to improve collective 1/O per-
formance on four parallel platforms [2]. In this work,
a thread is spawned to perform the entire or partial col-
lective write operation in the background as the main
thread continues with computation. Their results sug-
gest that performing the whole collective 1/0 operation
in the background, including a communication phase
to reorganize data among the processors and a disk
I/O phase to perform actual writes, often brings per-
formance degradation, while only overlapping the ac-
tual write phase with foreground computation and com-
munication can efficiently hide the write cost on most
platforms. The main limitation of the authors’ proposed
method of using threads to perform collective writes in
the background is that it assumes that there is enough
memory space to buffer all the output data for each
write request. The authors also reported high thread

switching/scheduling cost. Therefore, creating a sep-
arate thread for each write request may cause higher
thread overhead for I/O intensive applications where the
background 1/O threads overlap with each other.

More et al. also studied a multi-threaded implemen-
tation of collective 1/O in their parallel 1/O library called
MTIO [8]. The authors’ approach used one single back-
ground thread to take over the processing of 1/0 requests
on each compute processor. This thread performs both
file 1/0O and communication, and is created and termi-
nated by a pair of MTIO initialization/shutdown inter-
faces. Their results on an IBM SP2 show that the MTIO
approach can overlap a large part of I/0 with compu-
tation, and improve the test program’s overall perfor-
mance. However, the MTIO multi-threaded collective
I/0 algorithm is quite sensitive to the size of buffer
space. It has a requirement on the minimum amount of
extra memory available, and uses different 1/O strategies
according to different buffer sizes (buffer size affects the
number of processors that participate in actual file 1/0).
Their collective 1/0 results show that performance will
degrade seriously when the buffer size grows past the
optimal point.

Some asynchronous I/O implementations are based
on threads. However, we are not aware of any paral-
lel 1/0 library supporting non-blocking collective 1/O
through file system asynchronous 1/O interfaces. The
difficulty in doing this and a more general comparison
between our approach and asynchronous 1/0 will be pre-
sented in section 5.

In addition, IBM’s GPFS parallel file system uses
separate threads to perform write-behind from file sys-
tem buffer pool to disks [12]. This file-system level op-
timization is platform-specific and uses a preconfigured
buffer size.

3 Efficient and flexible background 1/0
with threads and active buffering

3.1 Overlapping 1/O and other activities with
threads

In ABT, we overlap only the file system writes in
the collective output operation with the main thread’s
computation and communication. As mentioned above,
previous work by other researchers has shown that per-
forming data exchange in the background has little or
no performance advantage, because data exchange is
processor-intensive and the contention between the fore-
ground and background threads may incur high over-
head. Further, many current MPI implementations are
not thread-safe. The communication between the 1/0
threads may interfere with the communication between



the main threads, causing undesired results or even
crashing the program run.

The intuition behind using 1/O threads to enhance an
application’s overall performance is that it allows the
other processing tasks to continue in parallel with file
I/0, while in single-threaded blocking 1/0 the processor
is mostly idle waiting for the 1/0 operation to complete.
To hide the 1/0 cost, one does not want to use user-level
threads, in which case the whole process will be blocked
if one thread gets blocked. In our implementation we
used the portable POSIX pthread, which can be sched-
uled at the kernel level on all popular parallel platforms.

Both the previous projects discussed in section 2.3
reported reduced overall run time when background
threads are used to perform 1/0. Before we set out to
implement and test ABT in ROMIO, we verified this by
checking the overlap between 1/0O and other activities
using pthreads on our test-beds: the SGI Origin 2000
and a Linux cluster. In these simple experiments, we
measured the total latency of a sequence of computa-
tion or communication operations, and a sequence of file
output operations, executed in serial or in parallel with
threads. For computation, we performed iterations of
floating point computation on a 32MB 1-D array. For
communication, we performed iterations of broadcast-
ing 1MB messages among all the processors. For 1/0,
we repeatedly wrote to the file system with request sizes
ranging from 128KB to 4MB. We varied the number of
iterations of these operations, and in all configurations
we found the total time of execution in parallel with
threads significantly shorter than that of execution in se-
rial, on both platforms. Also, on both of the platforms
the multi-threaded execution time appeared to be insen-
sitive to the change of write request size.

3.2 Thread synchronization with active buffer-
ing

Knowing that 1/0 can overlap well with computa-
tion and communication, we designed an efficient back-
ground 1/O scheme and applied it to ROMIO. In ABT,
we intercept the write requests ROMIO makes to the file
system and delay the actual writes with active buffering.
The main thread and the /O thread share a buffer queue
and act as the producer and consumer respectively. For
each write request, the main thread allocates some buffer
space, copies the data over, and appends this buffer into
the buffer queue, along with other information about the
write request, such as its file descriptor (or file name)
and write size. The background thread retrieves the
buffers and write request information from the head of
the queue, issues the requests to the file system, and re-
leases the buffer space.

Since active buffering uses whatever memory that

is available in the system, this becomes the classic
bounded buffer problem. Both the main thread and
the background 1/0O thread share a variable called ABS
(available buffer size), whose initial value can be set
by the application code or a default value from the 1/0
library. The main thread decreases the ABS by the
amount of buffer space it allocates, and the background
thread increases this number by the amount of buffer
space it releases. If there is enough space to buffer all
the output data, the main thread can return to computa-
tion after all the output data is buffered. If the current
ABS value is lower than the amount of memory needed
to buffer the next write request, the main thread will be
blocked on this condition, until signaled by the back-
ground thread when a buffer is written out and freed up.
In this case, part of the write cost will become visible
to the main thread. On the other hand, the background
thread will be blocked if the buffer queue is empty, until
signaled by the main thread when a new buffer is ap-
pended to the buffer queue.

An appropriate write size is important in ABT for ef-
ficient buffering, high buffer space utilization, and op-
timal parallelism between the main thread and the 1/0
thread. If write sizes are too small, appending and re-
trieving tiny buffers to and from the queue will bring
high overhead and synchronization cost. If write sizes
are too large, output data may not fit into the active
buffer space and the main thread can be blocked for
a long time, wasting both buffer space and processor
cycles. ROMIO combines non-contiguous small re-
quests using the data sieving technique [13], issuing
larger read/write requests than actually needed by the
user code. For reads, it will read in a data sieving buffer
and pick out pieces of data requested by the user code
in memory. For writes, it will read in the whole data
sieving buffer, update it with pieces of user output data,
and write the whole buffer out. The current ROMIO data
sieving buffer size is 512KB, which is the lower limit of
write sizes issued in its collective 1/0 operations. There-
fore we are not worried about small requests. However,
ROMIO can issue very large requests. We adopt the de-
fault ROMIO buffer size for data exchange, 4MB, as the
active buffering write size. ROMIO write requests larger
than that will be partitioned and appended to the buffer
queue individually. Since our scheme allocates buffer
space for each ROMIO write request instead of reusing
pre-allocated buffers, there is no internal fragmentation.

Instead of spawning a separate thread to handle each
collective 1/0 operation, we use only one background
thread throughput the entire run, as in MTIO [8]. This
has several advantages. First, it minimizes the cost of
thread scheduling and switching. Second, it minimizes
the synchronization cost between the threads over shared
objects such as the buffers and the ABS. Third, it ben-



efits the actual 1/O performance by maintaining the or-
der of the write requests, already optimized by ROMIO
to promote sequential access, while overlapping threads
working for different collective write operations and ac-
cessing different files may destroy such an 1/O pattern,
resulting in inferior disk 1/O performance.

Figure 1 gives an example of how a single thread han-
dles multiple collective requests. The background 1/0
thread on each processor is created at the first collective
write operation and can start writing once some data ar-
rive in the buffer queue. The 1/O thread continues with
writing while the main thread goes on with computation.
When there is a buffer space shortage (as the collective
output size exceeds the total active buffer space, or the
computation phase is not long enough for the 1/0 threads
to write out enough data as demonstrated by computa-
tion phase 3 in figure 1, or both), the main threads will
be blocked and wait for the 1/O threads to return enough
buffer space. In this case, the main thread is forced to
wait during part of the actual writes, as shown in the
figure by a prolonged 1/0 phase 3. Though buffer over-
flows may occur, we can see that active buffering already
maximizes the overlap between /O and computation au-
tomatically, as allowed by the memory space it can use
and the application’s 1/O pattern. In contrast to MTIO,
more buffer space will never hurt ABT’s performance.

In our experiments, we found that the modified
ROMIO with ABT may take a shorter time to finish its
output than the original ROMIO implementation. This
means ABT can reduce 1/O cost, in addition to hiding it.
This is because ROMIO does data reorganization incre-
mentally, repeatedly cycling between message passing
and writing. Since file system writes are often the bot-
tleneck in the system, and there can be high variances
between the write latency on different processors, per-
forming writes between message passing steps can incur
a higher synchronization overhead. With active buffer-
ing, the background 1/0 operations need not be synchro-
nized between processors.

3.3 Incorporating ABT into ROMIO

All of our modifications to ROMIO reside in the
ADIO layer of ROMIO, making them file-system-
independent and hence available to benefit ROMIO’s
performance on all platforms. Further, ABT is orthogo-
nal to other optimizations for ROMIO?’s file I/O perfor-
mance, whether native or external, general or platform-
specific. Our implementation approach allows ABT to
further enhance ROMIQ’s overall performance in addi-
tion to such optimizations. In turn, these optimizations
can help ABT to reduce the communication cost in-
curred in collective output calls, or to write the buffered
data faster and reduce the amount of overflow 1/O.

We mentioned earlier that ABT is transparent to users
and there is no need to add user interfaces for ABT. In
more detail:

1. Although ABT performs write-behind, it provides
users with a blocking 1/O semantics: the user out-
put buffer can be safely reused when the main
threads return from the collective write call.

2. The user does not need to initiate the background
I/O thread. ROMIO can create this thread during
the first collective write operation.

3. The MPI file close operation can be modified to
work with ABT. In the presence of background 1/0
threads, the closing of a file should be delayed to
when these threads finish accessing this file. In our
implementation, we appended empty buffers with
special tags to the buffer queue to prompt the 1/0
thread for this special file operation.

4. The maximum active buffering space can be speci-
fied through the MPI-10 collective buffering space
hint in the MPI Info object. This hint was origi-
nally designed to enable larger and more contigu-
ous file accesses in collective 1/0. When ABT is
used, ROMIO can not benefit from a large value
specified by this hint, since larger requests issued
from the original collective write process will be
partitioned when put into the buffer queue anyway.
Through this hint, the user can also control the ac-
tive buffering space at run time. Our implementa-
tion makes it easy to adapt to changes in the MPI
buffer space hint: simply adjust the ABS value at
the beginning of each collective write operation,
and the active buffer space automatically expands
or shrinks to the new size. In particular, if the user
specifies the buffer size to be zero, meaning that no
extra memory space is available, collective output
with ABT will be carried out exactly as in the orig-
inal ROMIO implementation.

5. The tricky problem is the termination of the 1/0
thread. The I/O library at runtime knows which
collective 1/O operation is the first one, where it
initiates the background threads. But it cannot tell
which one is the last, and the background thread
will not terminate itself. It is not safe for the main
thread to simply quit the program, as the back-
ground thread may still have data in the buffers not
delivered to the file system. In our current imple-
mentation, the main thread needs to make a special
function call to add a special buffer with a “quit”
tag to the buffer queue, and wait for the 1/O thread
to terminate. One better alternative, as pointed out
by ROMIO authors at Argonne National Lab, is
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Figure 1. Sample execution timeline of an application run using background 1/O threads.

to include ABT finalization into a pre-registered
ROMIO call-back function, which will be executed
during MPI finalization.

Although our target applications perform many
rounds of write-only file access during their computa-
tion, we can not exclude the possibility that a simulation
reads a file that it wrote collectively. For ROMIO to
work correctly with ABT, its collective read operations
must also be adapted, which is relatively easy to imple-
ment: when ABT has been used for output, ROMIO can
check whether the file to read from has data in the buffer
queue. If so, ROMIO forces the background threads to
write those data out immediately (with some additional
communication protocol between the main threads and
the background 1/0O threads), before starting the read op-
eration. Of course this solution loses some of ABT’s
performance gain, and a simulation that frequently reads
recently-written data may want to turn off ABT by spec-
ifying a zero buffer size. The same thing applies to op-
erations such as MPI_File_sync.

The execution and interfaces of the remaining MPI-
IO operations are not affected by the modifications in
ROMIO for ABT. All these operations can be supported
by ROMIQ’s original implementation while ABT en-
hances the collective output performance.

4 Performance results and analysis
4.1 Results from an SGI Origin 2000

The Origin 2000 we used is a distributed-shared
memory machine at NCSA with 256 250MHz MIPS

R10000 processors running IR1X 6.5, and 128GB mem-
ory in total. The nodes are connected with NUMA-
link. Our 1/O operations write to the XFS file system
on shared RAIDs.

For initial performance evaluation, we used a collec-
tive 1/0 micro-benchmark that comes with the ROMIO
distribution, which writes a 3-D array distributed on all
processors into one file in row-major order. We mod-
ified it to test two common HPF BLOCK style distri-
butions. The first one is a row-major distribution, i.e.,
[BLOCK, *, *], where the number of partitions in the
first dimension is the number of processors. In this case,
the distribution of the global array conforms with its dis-
tribution in the file, and there is no need for data ex-
change in collective 1/0. The second one is a [BLOCK,
BLOCK, BLOCK] distribution generated automatically
by MPI _Di ns_cr eat e, with the number of partitions
in each dimension being [2, 1, 1], [2, 2, 1], [2, 2, 2], [4,
2, 2], [4, 4, 2], and [8,4,2] respectively, for 2, 4, 8, 16,
32, and 64 processors. This distribution requires data re-
organization in collective 1/0. We call the two test cases
“conforming” and “non-conforming” respectively. We
show the data point with two processors in the “con-
forming” chart only, because in this case the conforming
and non-conforming distributions are same.

To study the impact of active buffering threads on in-
dividual collective write operations’ performance, we fix
the data size on each processor at 32MB, and increase
the size of the global array as the number of processors
grows. We enlarge the global array in the way the num-
ber of partitions on the dimensions increases. For ex-
ample, the global array is a 1024 x 128 x 128 integer
array with 2 processors, and a 1024 x 256 x 128 ar-



ray with 4 processors in the non-conforming test, and a
2048 x 128 x 128 array with 4 processors in the conform-
ing test. This way, the file size scales with the number of
processors, reaching 2GB with 64 processors. We mea-
sured the aggregate collective write throughput by di-
viding the total file size by the maximum latency of the
ROMIO MPI _Fil ewrite_all function call among
all the processors. We show the results from our mod-
ified version of ROMIO using active buffering threads
(denoted as “ABT?”), and the original library installed in
the system (denoted as “original”). To test the effect of
buffer overflow, we used two total active buffer sizes:
64MB and 16MB per processor. The collective write
calls are placed with enough “think time” in between for
the background 1/O threads to finish their writing before
receiving the next wave of data. Therefore, buffer over-
flow will not happen with the 64MB buffer size, while
with the 16MB buffer space, half of the data (16MB out
of 32MB per processor) will overflow in each collective
write call.

Figure 2 shows that for both distributions, original
ROMIQ’s performance does not scale up well for larger
output sizes. Although the output data size remains the
same on each processor, it takes longer to write them out
when more processors are used. In the non-conforming
case, with 8 or fewer processors, data reorganization
cost dominates the collective write cost. The fluctua-
tion of throughput in all three lines reflects the change
in data exchange cost when the array distribution varies.
Particularly, with two processors, ABT’s performance
with 16MB buffer space is about 10% lower than that
of original ROMIO, because ABT’s buffering and over-
flow writing cost offsets the gain of hiding the other
half of the writing. As the number of processors grows,
ABT’s aggregate write throughput scales up very well
with 64MB buffer space, reaching about 600MB/s with
64 processors, an improvement of about 500% over the
original ROMIO performance and well beyond the peak
aggregate file system write throughput we measured on
the same system. With 16MB buffer space, ABT’s per-
formance also picks up as the number of processors
grows, achieving an improvement of about 35% over the
original ROMIO throughput. All the data points include
an error bar showing the 95% confidence interval cal-
culated from three or more experiments, which in many
cases is not big enough to be visible.

The conforming case incurs no data reorganiza-
tion costs, except for messages exchanging information
about the collective write request. In this case, the
throughput of ABT almost doubles as the number of
processors doubles, reaching over 2GB/s with 64 pro-
cessors. Its throughput with buffer overflows also ap-
proaches twice the original ROMIO’s throughput, the
theoretical bound for throughput when only half of the

data can be buffered.

To evaluate the impact of using ABT on a real simu-
lation’s overall performance, we used Jacobi relaxation
as the computation module between 1/O phases to in-
vestigate a real combination of computation and com-
munication®. Jacobi relaxation is an iterative algorithm
which, in each iteration, updates the values of cells in a
grid with the average value of their neighbors from the
previous iteration. Using parallel computers, each pro-
cessor computes on its local distribution of the grid and
exchanges boundary values in its local grid with neigh-
boring processors between the computation iterations.
Such interleaved floating point matrix computation and
boundary value communication is very typical among
simulation codes in general. We repeated a subset of the
tests described below, using a parallel matrix multiplica-
tion code, and obtained similar results.

In our test, we used 16 processors to compute on a
8192 x 8192 double array, distributed in BLOCK style
with a 4 x 4 grid to the 16 processors. Again each pro-
cessor has 32MB of local data and 64MB active buffer
space. We ran the program for 256 iterations, taking
snapshots at selected frequencies during the computa-
tion, using the two versions of ROMIO to write the
global array into one 512MB file. We measure the to-
tal time spent on the computation phases and show this
time as the “computation time” in figure 3(a). The “vis-
ible 1/0 time” is calculated by deducting this computa-
tion time from the total execution time.

Figure 3(a) shows that ABT reduces the overall run
time by as much as 40% in this test. For the first
four snapshot frequencies, the 1/O time using ABT con-
stantly remains at approximately 23% of that of the na-
tive ROMIO. When 64 snapshots are taken (one every
four computation iterations), collective 1/0O is performed
so often that the background thread cannot keep up with
the request pace, and buffers overflow after a humber
of snapshots. However, the difference in total execution
time between the “ABT” and “original” bars exceeds the
total computation time. This indicates that active buffer-
ing threads finish writing sooner than the processes us-
ing original ROMIO, by avoiding the implicit synchro-
nization between processors, as described in section 3.2.
Our Jacobi array has a non-conforming distribution, and
we expect the performance gain using ABT to be larger
with the conforming distribution, as the visible 1/0 cost
will be even smaller without data reorganization.

As can be seen from figure 3(a), the main thread’s
processing was indeed slowed down by the background
I/O activities. When snapshots are sparse, most of the
time the active buffering thread is blocked, and there is

1The rocket simulation mentioned previously currently uses HDF4
format, which, unlike HDF5, does not have parallel interfaces on top
of ROMIO.
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Figure 3. Execution time of the Jacobi test.

no obvious slowdown. In the case of 64 snapshots, how-
ever, the original total computation time of 160 seconds
is slowed down to about 185 seconds.

4.2 Results from a Linux cluster

The Linux cluster we used is the 1A-64 cluster at
NCSA named Titan. It has 128 compute nodes run-
ning Linux 2.4.16, each with dual Intel 800MHz Itanium
processors and 2GB memory. The cluster has 4 NFS
mounted shared filesystems through 4 storage nodes,
where our experiments wrote the output files. The nodes
are connected with Myrinet.

We repeated the experiments described in the previ-
ous section on Titan. Compared to the SGI Origin 2000,
Titan has faster processors and higher memory band-
width, but its I/O bandwidth accessing the shared file
system is lower and scales poorly. On the Origin 2000,

we found that the aggregate file write throughput levels
off after the number of concurrent writers grows past 8.
On Titan, this throughput actually decreases visibly af-
ter the number of concurrent writers grows past 4. Fur-
ther, the concurrent writers had a larger variance in write
latency on Titan. These facts caused different character-
istics in both ABT’s and the original ROMIQO’s perfor-
mance, shown in figure 4 and figure 3(b).

In the aggregate throughput experiments (figure 4),
the original ROMIQ’s performance slips when the num-
ber of processors becomes more than 4, and ABT’s per-
formance with 16MB buffer space shows the same trend
with 8 or more processors, both due to the degradation
of file write performance mentioned above. However,
ABT’s apparent write throughput is in most cases ap-
proximately twice of that of the original ROMIO, even
with buffer overflows. With 64MB buffer space, ABT’s
performance increases with the number of processors.
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As in the Origin 2000 test, the non-conforming case with
8 processors is an exception, where the performance
gain from additional concurrency in buffering is offset
by higher communication cost to reorganize the data.
The aggregate collective write throughput of ABT with
64MB buffer space reaches over 350MB/s in the non-
conforming test, and 1.6GB/s in the conforming test, in
both cases achieving a 2000% plus improvement over
the original ROMIQO’s performance.

Figure 3(b) shows the results from the Jacobi relax-
ation test. Because Titan has higher processing power
and lower 1/0 bandwidth than the Origin 2000, we re-
duced the frequency of output by a factor of four, taking
1, 2, 4, 8 and 16 snapshots respectively during the 256
computation iterations. The results from Titan look sim-
ilar to those from the Origin 2000, only the performance
gain is even larger here. This is because ABT’s ability
to avoid synchronization between data exchange steps
can make a more significant difference on this platform.
As we mentioned before, the Titan processors show a
larger variance in file write latency to the shared file sys-
tem, which is confirmed by measuring the overflow vol-
ume on different processors when ABT is used. Such
large variance causes long waiting times in the original
ROMIQ’s collective 1/O operation. Like on the Origin
2000, ABT delivers the highest performance gain in the
second-to-last test (taking 8 snapshots in figure 3(b)),
where the background 1/0 threads are kept busy without
overflow. In this case, ABT reduces the total run time of
the simulation by almost 75%.

5 ABT vs. asynchronous 1/0

ABT and asynchronous I/O can both be used to over-
lap 1/0 and computation to increase CPU utilization and

enhance 1/0-intensive applications’ performance. How-
ever, there are a few key differences between the two.

Unlike asynchronous 1/O, ABT imposes a simple
blocking 1/O interface, and therefore is transparent to
application developers. Users can reuse their output
buffers provided to a collective 1/O call immediately af-
ter the call, without checking whether the background
1/0O has completed.

Second, unlike asynchronous 1/0O, ABT is platform-
independent and implemented at a relatively high level
in the system, making it easier to implement, port and
use. It provides the performance advantage of over-
lapping 1/0 and computation when the underlying file
system does not support asynchronous 1/0. Also, ABT
can be used to write files in scientific data formats that
have no or limited asynchronous I/O support (such as
HDF/HDF5).

In addition, active buffering is more suitable than
asynchronous 1/O for optimizing collective 1/O perfor-
mance. Collective I/O operations often involve file 1/0
operations punctuated by closely synchronized commu-
nication to reorganize the data in the processors’ mem-
ory to the target layout on disk. Thus it is pointless to
simply use asynchronous 1/O to perform each disk write,
because the output buffer will be immediately needed
to perform the next round of data exchange. The out-
put buffer is a user buffer from the file system’s point
of view, and can not be reused until the asynchronous
1/O request issued on it is completed. Even when double
buffering is used, this buffer needs to be refilled quite
soon and the issuer of the write request needs to wait
for the asynchronous 1/0 to finish. Therefore straight-
forward asynchronous 1/0 can not overlap I/O with com-
putation outside the collective 1/O call effectively. To get
around this problem, a flexible scheme like active buffer-



ing is required.
6 Conclusion

In this paper, we proposed ABT: using threads to per-
form active buffering for background 1/O. For simula-
tions that require periodic output and do not require the
output data to be forced to disk at the end of each 1/0
phase, ABT provides a flexible way to utilize idle mem-
ory for hiding the 1/0 cost and overlapping 1/0 with
computation. It provides the performance benefit of
asynchronous 1/0, but with unchanged MPI-10 block-
ing collective interfaces, and is platform-independent.
We implemented and evaluated ABT using a portable
thread library on ROMIO, a widely used implementa-
tion of MPI-10. Our experimental results on two pop-
ular platforms with very different underlying shared file
system performance show that ABT can significantly re-
duce the total run time of an application with typical
array output requests, by reducing both the visible 1/0
cost and implicit synchronization cost, while requiring
no extra processors or MPI-10 interface changes.
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