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Abstract Although such clusters compete neck and neck with tradi-
tional supercomputers in terms of processing capabilities,
Scientific simulations are often very 1/O intensive, re- they usually lag far behind when it comes to I/O. Traditional
quiring high 1/0 bandwidth to store the data generated by supercomputers have specialized I/O optimizations involv-
the simulation. Traditional supercomputers have special- ing multiple I/O nodes, special interconnects, and custom
ized 1/0 systems with multiple /0O nodes and specialized built file systems such as GPFS [16]. Clusters, on the other
interconnects to handle such high 1/0 loads. However, with hand, are typically configured with a single network file
the increased availability of inexpensive clusters of work- server, accessible to the rest of the computing nodes over a
stations, more and more simulations are now run on clus- remote file system such as NFS. Such an I/O configuration
ters. Unfortunately, cluster supercomputers are usually not becomes a bottleneck for I/O intensive applications like sci-
very well equipped for I/O, making I/O a serious bottleneck entific simulations. To make things worse, the throughput
for such applications. To address this problem, we propose0f /0 systems is not increasing at the same rate as processor
Log-Based I/O (LBIO), an approach that can substantially speeds.
increase the 1/0 performance of simulations on clusters by  Typical simulation codes cycle between computation and
utilizing free space on the cluster’s local disks to stage data I/O phases, computing for a number of time steps énma-
on its way to remote storage. LBIO uses local disks to cre- putation phase and then writing out a snapshot of the simu-
ate a log of all I/O calls, and uses a background thread to lation’s current data in al¥O phase. The output snapshots
replay the log at the rate that best utilizes the server and are saved on disk for later analysis, visualization, and/or
network resources. LBIO is implemented as an easy-to-userestart. Transfer of snapshots from memory to stable stor-
non-intrusive library—a user can turn on LBIO by adding a age is a very frequent and important operation in any sim-
single initialization call to the simulation code. LBIO also ulation and hence needs to be very efficient. Unfortunately
works with existing scientific I/O libraries like HDF, as well most clusters lack the 1/0 setup to handle this very effi-
as collective libraries like ROMIO. Our performance stud- ciently. For example, up to 30% of the running time for
ies on microbenchmarks and a real-world scientific simula- the Rocstar rocket simulation codes [10] at the Center for
tion code show that LBIO can provide upto 35% improve- Simulation of Advanced Rockets (CSAR) at the University
ment in /O performance for raw 1/0 and over 50% for I1/0O  of lllinois (www.csar.uiuc.edus spent waiting for disk 1/0
through libraries like ROMIO or HDF. to complete, when running on a cluster. In this paper, we
propose a novel method that can substantially improve the
I/0O performance of scientific simulations on clusters by ex-
. ploiting the special I/O characteristics of these simulation
1 Introduction applications. The key contributions of this paper are:
In the last decade there has been a pronounced increasel. We proposd.og Based I/O(LBIO), a novel way of
in the number of high-performance clusters of commodity doing I/O for scientific simulations in which all the
computers, which offer aggregate processing power compa- I/0O calls are logged on the local disks of the compute
rable to traditional supercomputers at a much lower price. nodes, and executed afterwards in a separate thread.



Creating a log involves sequential writes to the local
disk and is much faster than writing to a remote file
system. As a result the I/O timeisible to the sim-
ulation application, i.e., the time that the application
spends waiting for I/O to complete, is substantially re-
duced. The log replaying is carried out in the back-
ground, thereby overlapping the I/O with computation.
The simulation’s execution is not significantly slowed
by the background replaying.

2. LBIO has several advantages over other methods of
improving /0O performance of simulations. LBIO
has minimal memory requirements. LBIO is non-
intrusive, in the sense that incorporating it into existing
simulations requires virtually no modification to the
application code. LBIO works equally well with ap-
plications that perform I/O through external libraries,
such as ROMIO [18] and HDF [13].

3. Systematic comparisons of LBIO with conventional
I/0 approaches on microbenchmarks and real simu-
lation applications show that LBIO can significantly
improve aggregate 1/0 throughput and application re-
sponse time. Further, LBIO®ken-basedog replay
approach can be adopted by other I/O libraries to im-
prove their aggregate write throughput.

The remainder of the paper is organized as follows. In
section 2.1, we discuss I/O characteristics of scientific simu-
lations. Section 2.2 describe a typical cluster setup, the mo-
tivation behind our design, and certain previously proposed V)
I/O optimization techniques. In section 3, we present our
design and summarize its advantages over previous meth-
ods. We present the experimental setup and results in sec-
tion 4, and conclude and discuss future work in section 5.

2 Background
2.1 1/O for Scientific Simulations

The 1/O characteristics of simulation applications are
quite specific, and are summarized below.

i) Simulation 1/O is write-intensive : each snapshot op-
eration involves writing out in-memory data structures
such as arrays and meshes and their associated physics
variables, and these write operations are the main com-
ponent of simulation /0. Reads are confined to ei-
ther the start of the simulation run, where the initial
state is loaded from data files, or to the metadata reads
required during snapshot operations, as explained be-
low?.

1There are out-of-core applications which have substantial read com-
ponents. Our research does not target those applications.

Scientific simulations often write out output through
external I/O libraries in formats like HDF. HDF is a
portable external file format used for efficient storage
of scientific data. A HDF file stores metadata like ar-
ray dimensions and sizes along with the actual data.
Thus during a file write operation (like adding a new
array), this metadata is read in, updated and then writ-
ten back. Since the amount of metadata present is neg-
ligible compared to the amount of data, the read is usu-
ally negligible compared to the writes.

) Simulation snapshots have two forms. The first option

is for each process to dump its output to a separate
file. The second option is for all processes to write
to (different portions of) the same file. The Rocstar
simulation mentioned previously uses the first option,
with each process writing out its portion of the mesh
structure, along with all the physics variables such as
temperature and pressure, into a separate file during
each snapshot operation. Codes that employ a large
array distributed across all processors typically use the
second option to restore the global array to canonical
order in a single file.

iii) Writes do not conflict, i.e, processes do not overwrite

the data values written by other processes. Thus writes
are idempotent, i.e., the order of carrying them out
does not matter.

I/O is roughly synchronized. Processes enter each 1/0
phase at approximately the same time. Once they
finish their 1/O, they typically must exchange some
of their current data values with their computational
neighbors; thus they cannot proceed with computation
until their neighbors have also finished the current I/0
phase. As a result, the processes are roughly synchro-
nized. However, the synchronization is not nearly so
rigid as would be produced by placing a global syn-
chronization barrier before and after each I/O call. If
we can reduce the natural varience in the time that I/0
calls take to complete, we may reduce the time spent
waiting for other processors to complete 1/O., which
may translate into a reduction in total run time.

Scientific codes often use collective I/O libraries like
ROMIO for efficiently writing output into a shared file.
These libraries also introduce implicit synchronization
between processes. For example, ROMIO implements
a data sieving [17] stage in which processes coordinate
to reorganize data across their memory before writing
to the disk, if their in-memory data layout is different
from the intended on-disk layout. This coordination
between processes also causes all the processes to be
roughly synchronized.



2.2 /O on Cluster Computers the wsizeparameter in NFS. In the face of a few hundred
clients making simultaneous I/O requests, the storage server
A typical cluster configuration includes a powerful file- 1S likely to receive and process these requests in an inter-
server exporting a file system to compute clients over a re-!€aved fashion. Even if each client is making contiguous
mote file system protocol like NFS. The file server either /O requests (as usually is the case with simulation writes),
uses its local disks or is connected to an enterprise clasghe interleaving of requests of multiple clients can make the
storage server such as Apple’s Xserve RAID [1] or IBM’'s SE€rver perceive the requests.as random 1/O. Typical disk
DS8000 [2]. The storage disks are typically configured in drives perform very poorly with random 1/O because of
a RAID architecture for high data reliability and perfor- the large seek and latency costs incurred. The caching im-
mance. The connection to the remote file system is usu-Plemented in storage/file servers alleviates this problem by
ally an Ethernet-like network, with a more robust Myrinet Puffering and reordering the writes and issuing batch re-

interconnect reserved for interprocess communication. ~ quests to disk. However, the effectiveness of caching very
much depends on the amount of data written. Typical big

simulations write huge amounts of data per snapshot, often
more than the cache sizes in typical storage servers, thereby
severely restricting the cache’s effectiveness in improving
I/O performance by reordering requests. The poor scalabil-
ity of Ethernet-like networks is another reason for the low
I/O throughput during concurrent 1/0. Studies have shown
that the CSMA/CD protocol used in Ethernet-like networks
utilizes only a fraction of the total potential bandwidth when
many senders try to connect to a server [5, 6]. As discussed
above, implicit and explicit synchronizations between pro-
cesses may also increase wait times, which can translate
into longer total run times.
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Figure 1. The graph shows the aggregate
bandwidth on the storage server 2.3 Related Work
Much research has sought to improve the I/O perfor-
Studies have shown that the single NFS fileserver config-mance of simulation applications on clusters, from better
uration found in typical clusters performs very poorly and parallel file system designs like PVFS [8] and Lustre [3]
attains only a fraction of its peak bandwidth in the face of to parallel I/O libraries like ROMIO [18]. One optimiza-
concurrent writes from multiple clients [9, 12]. We corrob- tion technique that can be employed in almost all parallel
orated these previous results with experiments on the CSEf{ile systems and libraries is the usebafckground or asyn-
owned cluster described earlier, which has 640 Apple dualchronous I/O [11, 4, 15]. The underlying principle is to
processor machines running at 2GHz, with a Myrinet inter- hide the 1/0 time behind computation time. For example,
connect for MPI and a 100 Mbps ethernet for other network the blocking POSIXwrite call can be replaced by its asyn-
traffic, including the filesystem traffic. We wrote a parallel chronous counterpargjo_write. If implemented appropri-
application involving multiple processes writing simultane- ately, the asynchronous call returns immediately without
ously to the shared NFS file system, with each process writ-waiting for the file 1/O to complete, while the actual file
ing to a separate file. The total aggregate data written by allsystem write is carried out in the background by the OS.
the processes was kept constant at 1.5G, which is larger thaisimilarly, in background 1/O, the foreground simulation
the cache size on the fileserver. The graph in Figure 1 showscode only queues the I/O request, and a separate applica-
the aggregate 1/0 bandwidth achieved on the filesystem bytion thread carries out the file I/O in the background. Since
the application, as the number of processes varies. The agthe foreground 1/O calls usually return almost immediately,
gregate bandwidth is initially low, achieves its peak at 16 both of these approaches can potentially reduce the 1/0O time
processes and then drops beyond that. This poor scalabilityisibleto the simulation application.
is due to poor file system/disk performance for noncontigu-  There are, however, limitations to these approaches.
ous I/0 and interconnect/network bottlenecks in the face of Their effectiveness depends on the level at which the fa-
multiple connections. We briefly expand on these issues incilities are provided and the conditions at run time. For ex-
the following paragraph. ample, the memory buffer on which an asynchronous write
Typical remote file systems like NFS break up large has been called may be overwritten only after the 1/0 com-
write requests into chunks of smaller units, controlled by pletes. Hence the benefit of asynchronous 1/O is restricted



by the duration available between a write call and the time
the buffers need to be overwritten. Since simulations typ-
ically overwrite their variables shortly after each snapshot Silation Core
operation, high-level asynchronous I/O facilities will be of _
little benefit to them, and lower-level asynchronous I/O fa- 10 Library
cilities will only be helpful if there is free memory to buffer

snapshot output. Since the bulk of simulation 1/O is per-
formed through external libraries such as netCDF, HDF, VO Logs f‘ Trap O Calls \
and ROMIO, asynchronous file-system-level calls will be @

of little help to simulations unless their underlying libraries =
make use of them. Unfortunately, the conversion of block- Focal Disk
ing 1/O calls to their asynchronous counterparts is a signif- 1T

icant undertaking [7]. Compiler support can help to auto-
mate the process [4], but the performance results are un-
likely to be satisfactory in the typical carefully tuned paral-
lel 1/O library; a thorough rethinking of the library internals

is called for. Background I/O can be provided at the ap-
plication level, but since its implementation is a significant
undertaking [14], all but the most highly motivated simu-
lation writers need background 1/O to be provided at the for the first time, but the use of the word "replay” is tra-
underlying I/O library level. ditional when discussing logs. in a separate background

Finally, asynchronous or background IKiesthe 1/0 thread within the LBIO library to create the intended out-
cost, without trying taeduceit. If we can reduce I/0 costs, put files.
then there will be less to hide, and the hiding techniques will ~ Our LBIO implementation maintains three separate log
be more effective. We introduce a tokenizing approach thatfiles: map-log for maintaining the mapping between file
can increase the effectiveness of LBIO, background 1/0, names and integer descriptoragta-log for storingwrite
and asynchronous /O for file systems whose performancemetadata; andata-log for the actual output data. An ex-
does not scale well with the number of concurrent writers. ample file organization is shown in Figure 3.

Simulation Application

[ [Low Level /O Calls
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Remote FileSystem (NFS)

Figure 2. LBIO system architecture

e On anopenor fopencall, a unique filelD is gener-

3 Log based I/O ated and appended to the map-log log, along with the
file name, flags, and file mode arguments to aben
LBIO hides I/0 behind computation, but uses a differ- call. The filelD is returned to the application. LBIO-

ent technique than asynchronous or background I/O. Fig- generated fileIDs are greater than the number of simul-
ure 2 illustrates the overall LBIO system. The user acti- taneously open files allowed by the underlying file sys-
vates LBIO by calling the LBIO initialization routine, pass- tem, so that they do not conflict with the descriptors for
ing in a regular expression that LBIO uses to identify the its other open files. For new files, an additional auxil-
file names used for simulation output. LBIO treats the sim- iary data structure is also created, as described below.
ulation executable as a black box and externally traps its I/0 For each opened file, LBIO maintains additional meta-
calls to simulation output files, redirecting them to LBIO’s data, such as the current file position and size.

implementation of those calls the exact mechanism used is
explained in Appendix A.

Specifically we trap and redirect the following C library
I/0 calls: open close write, read, Iseek fcntl, and their
fstream counterpart®pen fclose fwrite, fread fseekand
ftell. Within our implementation of those functions, instead

e On awrite or fwrite call, the metadata (including the
file descriptor, the length of the data being written, the
position within the file where the data is to be written,
and the current position in the data-log) is appended to
the meta-log. The actual data are then appended to the

of executing the 1/O calls on the remote file system, we cre- data-log.

ate alog of those calls on the local disk of the compute The LBIO implementation also maintains a interval

nodes. tree data structure for each snapshot output file, to
The resulting log contains all the information needed to record the mapping between intervals within a file and

create the intended snapshot output files. We also main- the corresponding data positions in the data-log. The

tain an additional data structure for each file being writ- interval tree is a B+ tree on start positions of the inter-

ten, which lets us service read requests directly from the vals (the length of each interval is also stored with the
log. The log is replayed technically, the log is being played interval start positions). On each write call, the interval



Map-1O file ber of files opened during each simulation snapshot. Most
: : _ simulations create a small number of files per process per
— zii”j:idt 2;5;’2;’;5( d ”edsfg’p tor snapshot, e.g. one file per scientific variable to be saved, or
~home/time2hdF” | O_WRONLY 2193 one file for all the variables. Hence the map-log file is usu-
........................... ally very small. The meta-log file stores 16 bytes of meta-
data for every write call. Simulations usually execute large
write calls for dumping their arrays or meshes, making the
Filedescriptor | Start Pos Length DataLog Pos overhead of these log files very small in comparison to the
:izj g :‘;9; data-log that stores the actual write data.
,,,,,,,,,,,,,,,,,,,,,,,,,,, LBIO stores each file’s interval tree data structure in
main memory. The memory requirement of the interval
A / \ tree structure i€)(n), wheren is the number of intervals

‘ in the tree. The size of depends on the number of disjoint

Meta file

‘ 4096 bytes ‘ 16384 bytes . . ) . A
file intervals on whichwrite has been called. Most simula-
tions execute a relatively small number of write calls, each
Figure 3. An example of what the various log of which writes out a reIativeI_y large amou.nt of data. Con-
files look like. sequently, the memory requirements for interval trees are

very small.

3.1 Log Replay

tree is updated to include a mapping between the out-
put file interval being written and the current position Log replay involves reading metadata records from the
of the data for that interval in the data-log. meta-log file and executing the corresponding write calls
on the remote file system. The frequency of the replaying
e Foroutput data that has not yet been sent to the remotgg controlled via a parameter that the user can adjust at ini-
file systemreadandfreadcalls are directly answered tjalization time. The background thread waits until the total
from the log. The interval tree is traversed to find all amount of logged data crosses that threshold, and then ini-
the intervals overlapping with the read, and the corre- tjgtes replay.
sponding data is read from tiata-log If partofthe gince the actual file system 1/0 is carried out by LBIO’s
requested data has already been sent to the remote filg/o thread, LBIO has flexibility to implement additional
system, or has never been written by this process, thensemantics-preserving optimizations as it carries out the 1/0.
the LBIO implementation requests that data from the The most important optimization that we implemented is
remote file system and combines it with whatever rel- {oken-pasedeplaying. As observed above, the single file
evant data was still resident in the log. A read from the system/storage server configuration found in typical clus-
logs runs in timeO((log(n)) + k) worst case, where  ers may perform very poorly in the face of concurrent /O
is the number of intervals in the tree for that file, @nd  yequests from many clients. We have implemented a token
is the number of intervals spanned by tead based approach where each replay thread waits to receive
Typical simulations execute large writes, so we ex- a token before it replays a portion of its log. The number
pectn to be reasonably small. Furthermore, we expect of tokens given out at any time is limited to the number
reads to be confined to metadata that have been writ-of simultaneous I/O requests that maximizes the aggregate
ten by previous write calls, as is done in scientific 1/0 throughput of the underlying file system (for example, 16
libraries. Hence we expeétto bel or 2. tokens in Figure 1). This number is predetermined by run-
ning a parallel script that performs concurrent writes to the
The LBIO implementation uses a log cleaner process tofile system with varying numbers of concurrent requesters.
remove entries from the log files that have been replayed.Upon receiving a token, each processor replays its log, up
Cleaning up the log also requires appropriately modifying to a predetermined threshold number of bytes an alterna-
the file interval trees, so that any subsequent read requesttive possibility is to let each process complete all its logged
are answered from the remote file system rather than froml/O before passing on the token.. We implemented the to-
the log. We have implementedlazy reclaim policy, in ken scheme by having a separate token server that runs on
which log space is freed only if the log becomes larger than a front-end machine of the cluster. The background log
a threshold value that the user can adjust during in the LBIO threads communicate with the token server over the network
initialization call. socket interface. A decentralized implementation of tokens
The size of LBIO’s map-log file depends on the num- would also be possible.



A related optimization calledrouped I/Owas proposed
for early parallel file systems, such as CFS. Grouped I/O
also addresses the problem of file system performance that
does not scale well with increasing numbers of concurrent
writers. Under grouped I/O, predetermined groups of pro-
cessors take turns in writing their data to disk. Grouped
I/O explicitly synchronizes the beginning and end of each
group’s activities, which causes a cascading impact if one
processor in each group is delayed in completing I/O, as
commonly occurs in clusters. Grouped I/O also implicitly
assumes that each processor is writing the same amount of
data, which is no longer necessarily the case in today’s sim-
ulations. Token-based 1/O is designed to provide the bene-
fits of grouped I/0 without these drawbacks.

With LBIO, one can also implement optimizations that
looks at the log of I/O calls requested by the application
and apply semantics-preserving transformations to reduce
I/O costs. One optimization that we implemented in the log
replayer was to merge multiple small, but contiguous, write
I/O requests into larger requests. This is particularly effec-
tive for some of the scientific 1/O libraries like HDF which
do a number of small metadata writes. Our experiments
show that such small metadata writes perform very poorly
on remote filesystems. By merging these small write calls
into larger calls, one can substantially improve the perfor-
mance of 1/0.

The other optimization that we implemented was to get
rid of multiple open-close calls that applications like Roc-
star perform on the same snapshot file. In Rocstar, each
module of the simulation (e.g., solids, fluids, crack propaga-
tion) separately writes out its data by opening the snapshot
HDF file, creating a separate dataset, and then closing the
file. These multiple open-close operations are very costly
on NFS, because the NFS file-close cache synchronization
policy flushes all client cache updates to the server's filesys-
tem before returning. With LBIO, we get rid of these inter-
mediate open-close calls, thereby letting users maintain tidy
modular of their simulation 1/0O, without suffering the per-
formance penalty of multiple open-closes.

3.2 LBIO Correctness Guarantees

For semantic correctness of the result of replaying log
entries, LBIO relies on the properties of simulation 1/0 that
were described earlier.

e Write-write conflicts. LBIO guarantees that the ef-
fect of replaying an individual process’s log will be
the same as if the process’s log entries are replayed in
their original FIFO order. LBIO doesot guarantee a
particular replay order across multiple processes. Here
LBIO is relying on the characteristic of in-core simu-
lations that no two processes will write different data

to the same location of a snapshot file. A single pro-
cess can overwrite its own data, due to LBIO'’s FIFO
correctness guarantee.

It is fairly obvious that simulation codes do not have
conflicting writes on non metadata data from snapshot
output operations. (today’s application writers seem
to prefer to have their snapshot output data double as
application checkpoints. However, if an application
writer wants to create checkpoint files and periodically
overwrite them, then that is fine; those files should
not be included in the LBIO initialization parameters.)
However, processes often overwrite their own meta-
data. For example, the HDF library overwrites the old
file metadata with new metadata as datasets are added
to a file. If processes dump their snapshots to separate
files, then each process overwrites separate metadata,
so the overwriting is not a problem. If multiple pro-
cesses write to the same file, the metadata reads and
writes are normally done by a single process (often the
process with rank 0), because all the processes must
agree on the metadata values in the file. Single-process
metadata management is compatible with LBIO, as ex-
plained in the next paragraph.

Read-write conflicts. The data written by a process is
not available to be read by another process until LBIO
has replayed the relevant portion of the log. Here
LBIO is relying on the characteristic that in-core sim-
ulations do not reread the data that they write out. In-
core simulations do reread the metadata that they write
out, but as explained in the previous paragraph, the
metadata management facilities used in modern scien-
tific 1/O libraries localize metadata management to a
single process. Within a single process, LBIO guaran-
tees that a read of a previously written file region will
see the most recent values written to that file region.
The most recent (meta)data values are obtained from
the local log, or fetched from remote disk if they are
not available locally. For metadata reads, all processes
rely on the designated metadata management process
for that file; since the metadata management process
is guaranteed to see correct metadata values, all other
processors will also see correct metadata values.

Our current LBIO implementation does not support
advisory locking calls (fcntl and flock) or file attribute
calls (fstat). We also do not support file modifica-
tion through mmap/munmap. The LBIO implementa-
tion can easily be extended to handle fstat, mmap, and
munmap. Support for fentl and flock would require
LBIO design changes, and is an interesting topic for
future work.



4 Performance Evaluation
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and on a real simulation application, the Rocstar simula-
tion code described below. The experiments with Rocstar ] @ Direct /0
provide a real-world reality check for a particular applica-

n
o
o

-
(o)
o

H LBIO w/o token

m

[3]
. . . . Q . . .
tion, and the microbenchmarks allow us to twiddle applica- ¢ optimization
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range of applications than are represented by Rocstar alone. 5 |
All the experiments were conducted on the CSE cluster de- m
scribed earlier. The cluster has a single Apple XRaid Stor- 0 \ \ \ L
age server with 7TB of storage space, connected to a Linux B e 2 ®
NFS server over a 2Gbps Fibre Channel Interface. The
Linux server exports the volume over NFS to the rest of
the cluster (consisting of 640 dual processes Apple Xserver
machines)over a 100 Mbps ethernet link.

All the performance numbers were obtained by taking Relative I/O Performance - HDF

5 runs and taking the average. The error bars show 95% 25
confidence interval for the mean.
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The first set of experiments demonstrate the 1/O perfor-
mance improvement achieved by LBIO. The microbench-
mark for this evaluation is an MPI-based parallel applica-
tion with each process executing a series of I/O phases. ‘ ‘ an uE
Since the focus of this study was to measure I/O through- 9% % o o 2 16
put, we omitted the computation phase, thereby simulating
the extreme case of an 1/0-bound simulation. In each 1/O
phase, each process wrote out 10, 256Kbytes arrays to snap- (b) HDF Files
shot files, with each process writing to a separate file. The
number of I/O phases was 10 for all the eXperimentS. In or- Figure 4. Comparison between direct |/O,
der to simulate the dependency between processes, we also | BIO without token optimization, and LBIO
added a dummy data exchange step in which each process ith 16 tokens
exchanged an integer value with its four neighbors.

Figure 4(a) shows the total I/O time measured at pro-
cess 0, as the time between MBérrier's at the start and
at the end of the application/ for the microbenchmark, com- o .
paring direct I/O (raw 1/O in which each process wrote di- throughput. As expected, the speedup is higher for higher
rectly to the remote file system); LBIO, without the token numbers of concurrent writers. The group size in _these ex-
based replaying optimization; and LBIO, with token based penments was set to _16, thg value for which the filesystem
replaying. In this experiment, there was no compute phase®chieved peak bandwidth (Figure 1).
and hence nothing to hide I/O behind. Moreover individ-  We repeated the same experiment with each process
ual write calls were fairly large and contiguous. As a re- Wwriting HDF files using the HDF4 1/O library, instead of raw
sult, LBIO without the token based optimization does not I/O. In this case (as shown in Figure 4(b)), LBIO without
offer any advantage over direct I/O. Hence, expectedly, it token based replaying performs slightly better than direct
performs slower than direct I/O because of logging and re- /0. LBIO with token based replaying gives almost 2 times
playing overhead. However the slowdown was only about speedup. HDF executes some small writes for metadata.
20%. LBIO merges small writes into a big contiguous writes,

On the other hand, LBIO with the token based group re- Which usually gives better performance. As a result, LBIO
playing performs substantially better than direct I/O. Re- outperforms direct I/O, even without the token based opti-
playing with a limited number of concurrent writers reduces mization.
the I/O contention on the file server, thereby improving its ~ The next set of experiments uses LBIO for all subsequent
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1/0 Without Computation tion. If one processor takes longer than the others for a par-
180 ticular file system call to finish, then the implicit synchro-
160 | nizations have a ripple effect that can slow down the whole
140 1 computation [15]. LBIO overcomes this problem because
120 the foreground I/O cost visible to ROMIO is only the data-
100 logging time, which usually has a much lower variance than
80 1 mLBIO for writes to a remote file system. Processors do not need to
jg | communicate among themselves while replaying their logs,
. so delays in replaying the log do not have a ripple effect.
0 ‘ ‘ The microbenchmarks described so far have no compute
64 32 16 phases, hence no way to hide I/O costs. The next set of mi-
No of Processors crobenchmark experiments uses the same ROMIO bench-
mark as above, but with a computation phase between con-
Figure 5. Comparison of ROMIO and LBIO secutive 1/O phases. The computation phase involves iter-
without computation ating through loop that accesses the data in a local array.
Figure 4.1 compares the 1/0 and compute times for ROMIO
with and without LBIO, for different length compute phases
/O embeddded with computation (controlled by the number of iterations of the loop). At 200
350 iterations, the compute phase duration is about of the same
300 1 length as the I/O time for LBIO. As evident from the fig-
250 ure, LBIO almost overlaps the entire I/O behind computa-
210 tion. At 400 iterations, computation becomes the dominat-
, ing component. Again, LBIO hides almost the entire I/O be-
100 ﬂ hind computation. Also the computation time for the main

Time (secs)

Time (secs)
- n
o
o

application remains almost unaffected by the background

I/O thread of LBIO. This experiment shows that LBIO can

Rowio| Leio be very effective in hiding I/O behind computation.
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ROMIO‘ LBIO
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ROMIO| LBIO
0

4.2 Large Scale Simulations

Figure 6. Comparison of ROMIO and LBIO
with emedded computation The next set of experiments demonstrates the applica-

bility and utility of LBIO in a real simulation application,

the Rocstar multicomponent rocket simulation developed

as a part of an ongoing ten year project at the Center for
experiments, we use LBIO with token based replaying with Simulation of Advanced Rockets at the University of lli-
the default configuration of the ROMIO implementation of nois. The objective of the Center is to construct a detailed,
the MPI-IO standard for parallel 1/O. The application has whole-system simulation of solid rocket motors, such as the
a 64M two dimensional array, distributed in a (BLOCK, Space Shuttle Reusable Solid Rocket Motor (RSRM), op-
BLOCK) manner across the processors. The microbench-erating under both normal and abnormal operating condi-
mark executed a sequence of 40 consecutive I/O phasesjons [10]. In Rocstar, the simulation object (rocket) is pre-
with no intervening computational phases. In each I/O partitioned into a large number of mesh blocks and each
phase, the processors used collective ROMIO 1/O calls toprocessor is assigned a number of such blocks. Along with
reorganize the array into canonical order and write it to the the mesh structure, each block also has a number of addi-
remote file system. LBIO trapped and logged the file systemtional physics variables, such as temperature and pressure.
calls executed by ROMIO. We measured the total executionRocstar performs periodic snapshots, where each processor
time at process 0, as the time between Mialrier's at the  separately writes its mesh structure and its variables to sepa-
start and at the end of the application rate HDF files. The user controls the frequency of snapshots

As illustrated in Figure 4.1, ROMIO can perform sub- through a parameter setting. The snapshots are used as input

stantially better when LBIO is used. This is because to the ROCKETEER visualization program; frequent snap-
ROMIO’s internal facilities for array reorganization intro- shots result in a high quality video. Rocstar runs that use
duce implicit synchronizations between pairs of processesthe native HDF output interface spend a substantial fraction
as the processes work to reorganize a portion of the arrayof their total run time waiting for I/O to complete.
output that portion, and then start to reorganize the next por- Table 1 shows the performance results from test runs of



I/O Time | Computation Time| Total Time | the simulation directly accesses the remote file system or
Normal 226.48 606.93 833.41 uses I/O via libraries such as HDF or ROMIO.
With LBIO 15.73 609.19 624.92 Previous work on background I/O relies on the presence
of idle memory to buffer snapshot output; its effectiveness is
_ ) reduced if little memory is available. LBIO provides an ad-
Table 1. Rocstar simulation performance on ditional level for staging data as it moves between memory
60 processors, with and without LBIO and remote disk, and can be coupled with techniques that
take advantage of idle memory when it is available, to pro-
vide even greater reductions in visible 1/0 time than would

Rocstar with and without LBIO, for a simulation run of the be possible with either technique alone. LBIO's logs rely on
60 processor Inhibitor rocket dataset incorporating LBIO the presence of unused local disk space, which is usually in
just required adding one initialization call to the simulation Plentiful supply. A separate log cleaner incrementally frees
code.. The simulation was carried out for 10 timesteps, with the replayed portion of the log. The presence of a log also
a snapshot being output after timesteps 2, 4, 6 and 8. TheProvides a natural attachment point for I/O optimizations
total data written per snapshot operation (and hence the outaimed at reducing the total I/O time.
put time) was almost constant across different timesteps, at  Instead of having each background thread replay the log
800M and 57 seconds. independently, we have devised a token-based mechanism
As evident from the table, LBIO hides more than 90% in which the log replayer waits to receive a token from a to-
of the 1/0 time for Rocstar, thereby substantially improv- ken server before replaying a portion of its log. By control-
ing its total running time. Furthermore, the background log ling the number of tokens, we limit the number of threads
replayer thread had almost negligible impact on the fore- simultaneously executing 1/O calls on the remote file sys-
ground simulation (compute time went up less than 1%). tem. Our experiments show that the token approach also
This experiment demonstrates that LBIO can be a very ef-offers significant performance benefits for file systems that

fective tool for reducing I/O time for real simulation appli- do not scale well as the number of concurrent writers in-
cation. creases. The token approach can be incorporated into I/O

libraries that do not use LBIO.
For future work, we intend to explore ways to apply
Al learning techniques to self-tune the number of tokens

during the course of the simulation, based on current file
Other researchers have observed that background I/Q g

q h /O h h ial e sianifi system performance. We will also examine additional op-
and asynchronous ave the potential to provide Signifi- i ation opportunities that take advantage of the log to

Ca(';t mprc;ve;rgnts In tEe total ru_r;)lnme of sl_lmullatlonié% provide a broader perspective on I/O activities. We plan to
reducing the I/O costs that are visible to applications. extend the LBIO implementation to support flock and fentl

takes advantage of special characteristics of in-core S'mU|a'caIIs, which are helpful for storage libraries like HDF and

tions to reduce visible 1/0 costs while p_reserv_ing I/O cor- netCDF. Our solution approach may make use of a separate
rectness guarantees. LBIO treats the simulation code as %etadata manager process to keep track of all the metadata

black box, externally traps all its I/O calls, writes them to a for the logged 1/0. The central metadata manager can be
log, and then replays the log in the background once the aPused by processes to look up and read file contents directly

.p'licatilon’s computation has resumed. LBIO uses small aux- from other processes’ logs, and can be used to implement
|I|a_ry |ngex structures to handle read requests on recentlyﬁle locking. Careful optimization (and elimination) of calls
written data. to the metadata manager can be used to ensure that the man-

. LBIO’s execution ofwrite calls olnly involves gppend_— ager does not become a bottleneck for 1/0.
ing the call arguments to the log file on local disk, using

large sequential writes. Our experiments show that this op-

eration can be very fast, thereby substantially reducing theRReferences
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