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Figure 8. I/O throughput of benchmark ior-mpi-io with varying
segment sizes.

segment size is larger than 64KB; this is mainly due to de-
layed write-back.

4.2.3 Benchmark ior-mpi-io

In benchmark ior-mpi-io each of the four MPI processes
reads one quarter of a 1GB file: process 0 reads the first
quarter, process 1 reads the second quarter, and so on. The
reads are executed as a sequence of collective calls. In a
call, each of the four processes reads a segment with the
same relative offset in their respective access scope, start-
ing at offset 0. Figure 8 shows the throughput with dif-
ferent segment sizes. When the segment size is less than
64KB only one I/O node is involved in servicing requests
in each call, so the throughput is very low. The difference
is that requests are from one agent process in resonant I/O
and from four processes in ROMIO collective I/O, which
explains their performance difference in the read version of
the benchmark. The performance advantage of resonant I/O
diminishes with increasing segment size because increas-
ingly amortized disk seek time reduces the penalty of non-
sequential disk access in collective I/O.

Figure 9. I/O throughput of benchmark noncontig with varying
segment sizes.

4.2.4 Benchmark noncontig

Benchmark noncontig uses four MPI processes to read a
10GB file using the vector derived MPI datatype. If the
file is considered to be a two-dimensional array, there are
four columns in the array. Each process reads a column
of the array, starting at row 0 of its designated column.
In each row of a column there are elmtcount elements
of the MPI INT type, so the width of a column is elmt-
count*sizeof(MPI INT). In each collective call, the total
amount of data read by the processes is fixed, determined by
the buffer size, which is 16MB in our experiment. Thus the
larger elmtcount the more small pieces of non-contiguous
data are accessed by each process.

When elmtcount is small, such as 4096, resonant I/O
would need to send requests for a large number of non-
contiguous data segments. Because each list I/O can contain
at most 64 non-contiguous segments using the default list
I/O parameter, multiple list-I/O requests must be made by
each agent process. This creates extra overhead for resonant
I/O as ROMIO collective I/O uses only four requests. Fig-
ure 9 shows that the I/O throughput of resonant I/O is a little
lower than that of ROMIO collective I/O when elmtcount is



4096. However, when elmtcount is increased, resonant I/O
yields higher throughput. Both read and write throughput
peaks at elmtcount of 16K when the segment size equals the
striping unit size and all the data requested by an agent pro-
cess is for itself. For read the peak throughput is 101MB/s,
an improvement of 157% over that of ROMIO collective
I/O, and for write the peak throughput is 96MB/s, an im-
provement of 97% over that of ROMIO collective I/O.

4.2.5 Benchmark HPIO

The benchmark HPIO can generate various data access
patterns by changing three parameters: region count, re-
gion spacing, and region size [2]. In our experiment, we
set region count to 4096, region spacing to 0, and vary re-
gion size from 2KB to 64KB. Using four MPI processes,
the access pattern is similar to the one described for bench-
mark noncontig. Here the length of a column is fixed as
region count (4096) and the width of a column varies from
2KB to 64KB (powers of two times 2KB). Each process
reads its designated column with a collective call. Only one
collective call is made in the benchmark.

Compared with the 16MB data requested in one col-
lective call in noncontig, HPIO accesses much more data
in one collective call, from 32MB to 1GB. This helps the
benchmark to achieve a higher throughput and the high
throughput is consistent across different region sizes, as we
compare Figures 9 and 10. Resonant I/O provides even
higher throughput by rearranging requests to an I/O node,
and produces a resonance peak at a region size of 64KB.

4.3 Resonant I/O Under Interference

In this section we study the impact of interference due to
external competing I/O requests on the performance of res-
onant I/O. For comparison we also show the impact of in-
terference on ROMIO collective I/O. We run two programs,
the demonstration program, denoted by demo, and mpi-io-
test, which concurrently access their respective files that are
striped over the same set of I/O nodes. We use four paral-
lel processes for each program with 64KB segment size. In
this experiment we consider mpi-io-test to be the source of
interference with demo. To control intensity of inteference
we insert a period of compute time between two consecutive
I/O requests in mpi-io-test. Thus the interference intensity is
quantitatively represented by the magnitude of the compute
time—the smaller the computer time the higher the inter-
ference. We also define a metric called relative throughput
as the ratio of the throughput of the program under inter-
ference and the throughput of the program with exclusive
access to the same storage system. We measure both abso-
lute throughput and relative throughput of demo and mpi-
io-test with inter-call compute time ranging from 1 second
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Figure 10. I/O throughput of benchmark HPIO with varying
segment sizes.

to 0 seconds using resonant I/O and ROMIO collective I/O,
respectively (see Figure 11).

For the demo program, the relative throughput of res-
onant I/O drops from 0.90 to 0.43 as the compute time de-
creases from 1 second to 0. In contrast, the relative through-
put of ROMIO collective I/O drops from 0.98 to 0.47. The
relative throughput of resonant I/O drops at a greater rel-
ative rate, which demonstrates that resonant I/O is more
sensitive to interference because sequential request-service
order is more difficult to retain with increasingly high in-
terference from concurrently I/O requests. However, even
when there is no compute time between two consecutive
I/O calls (and so the highest interference intensity), in mpi-
io-test, resonant I/O still achieves an absolute throughput of
48MB/s for demo, which is more than twice the throughput
of ROMIO collective I/O (22MB/s). Meanwhile, when the
interference intensity is the highest, mpi-io-test could poten-
tially reduce the throughput of demo by at least half. From
this perspective, the relative throughput of resonant I/O for
demo, which is 0.43, can be deemed quite acceptable. This
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Figure 11. Absolute and relative throughput of resonant I/O
and ROMIO collective I/O under different interference intensity,
represented by length of the compute time between two consecutive
I/O calls in mpi-io-test.

result shows that the effort at the application/runtime level
to maintain preferred request arrival order still help to im-
prove disk scheduling efficiency even when the competing
load on the disk system is high and there are many pending
requests for the disk scheduler to reorder.

For mpi-io-test, the relative throughput also drops but at a
relatively moderate rate with the increase in interference in-
tensity. Higher interference intensity means more I/O time
in the program’s run time, and the I/O time could be at least
doubled when mpi-io-test runs concurrently with demo in
comparison to when it has exclusive use of the I/O subsys-
tem. Here the relative throughput of resonant I/O is slightly
higher than that of ROMIO collective I/O. The rising curves
representing absolute throughput of mpi-io-test are due to
its increasing I/O demand as its compute time is reduced.

4.4 Scalability of Resonant I/O

In this section we study the scalability of resonant I/O in
a production system environment, the Itanium 2 Cluster at
Ohio Supercomputer Center, which has 110 compute nodes
and 16 storage nodes, each with 4 GB of memory, running
the PVFS2 file system. We ran benchmark mpi-io-test with

Figure 12. I/O throughput as a function of the number of com-
pute nodes, relative to a single node, for benchmark mpi-io-test.

10GB file size and 1MB segment size with different num-
bers of processes, each on a different processor, to a maxi-
mum of 64. Figure 12 shows I/O throughput as a function
of the number of compute nodes, relative to the throughput
achieved on a single node, for benchmark mpi-io-test, for
both resonant I/O and ROMIO collective I/O. As shown,
resonant I/O is as scalable as ROMIO collective I/O. Be-
cause the quantity of data requested in a collective-I/O call
is proportional to the number of processes, the I/O through-
put increases with the number of processes to the limit of
the storage system at 32 processes. When the performance
of the storage system becomes a bottleneck, efficient use
of the disk-based system becomes critical, which explains
the performance advantage of resonant I/O over the ROMIO
collective I/O when the number of processes is larger than
32. In general, both resonant I/O and ROMIO collective I/O
scale well in our experiment. In addition, we note that the
program shared the I/O nodes with other concurrently run-
ning programs during its execution. As the measurements
show, the concurrent I/O requests from other programs do
not negate the effects of resonant I/O arranging a preferred
access order for a higher I/O throughput. This is because
the requests belonging to a collective I/O, implemented as
resonant I/O, still arrive at the I/O system in a bursty fashion
and so retain their preferred order.

5 Conclusions and Future Work

We have proposed, designed, and implemented a
new collective I/O scheme, resonant I/O, that makes
resonance—a phenomenon describing the increase in per-
formance when there is a match between request patterns
and data striping patterns—a common case. Resonant
I/O makes the client-side implementation of collective I/O
aware of the I/O configuration in its rearrangement of re-



quests without compromising the portability of client-side
middleware and the flexibility of server-side configuration.
Our experimental results show significant increases—up to
157%—in I/O throughput for commonly used parallel I/O
benchmarks. Resonant I/O demonstrated advantages both
at scale, and in the presence of competition for I/O services.
Finally, resonant I/O has not been observed to substantially
degrade performance (relative to ROMIO collective I/O) in
any test scenario.

While our experiments have shown that resonant I/O is
a promising technique for the alleviation of the increas-
ingly serious I/O bottleneck in high-performance comput-
ing, there are some limitations in its implementation and
evaluation that will be addressed in future work. First, we
will use asynchronous I/O to fully exploit the performance
potential of resonant I/O. As current ADIO does not sup-
port real asynchronous I/O, we will use additional threads
to implement asynchronous I/O. Second, the dedicated clus-
ter used in our experiments is of relatively small scale, and
the larger cluster was not available for dedicated use. Our
plan includes evaluating resonant I/O on a larger dedicated
cluster to obtain more insight into its performance charac-
teristics. Third, we plan to implement resonant I/O on top
of other state-of-the-art file systems, including Lustre, to
further evaluate its potential.
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