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Abstract tem crash or application failure. Many visualization tools

read large amounts of data from disks into memory for vi-

Scientific applications often need to access remote filesualization. Despite recent improvements in disk perfor-
systems. Because of slow networks and large data sizemance, local I/O performance is still a serious performance
however, remote I/O can become an even more serious perbottleneck for these data-intensive applications. Many re
formance bottleneck than local 1/0O performance. In this search efforts have addressed this slow I/O problem through

work, we present RFS, a high-performance remote 1/O fa- utilizing I/0 parallelism [5, 11, 12, 17, 20].

cility for ROMIO, which is a well-known MPI-IO imple-

mentation. Our simple, portable, and flexible design elim- 54 \isyalization codes often need to store or retrieve data

inat_es the short(_:omings of previous remote I/O efforts. In at a remote file system that might be geographically sep-
particular, RFS improves the remote I/O performance by 5 aeq from where the codes are running. For example, a

adopting active buﬁgring with threads (ABT), which hid.es scientist at North Carolina State University chooses to run
/O cost by aggressively buffering the output data using pe; gimylation code on a parallel platform at Argonne Na-
available memory and performing background 1/0 USing i,na| | aboratory, yet she needs to visualize and analyze

threads while computation is taking place. Our experimen- v, sjmyjation data on her local machine, which is equipped
tal results show that RFS with ABT can significantly reduce \iun aqvanced graphics facilities. She also wants to visual

the remote /O visible cost, achieving up tc_) 92% of the ;¢ giher people’s data stored on a remote file archive. For
theoretical peak throughput. .T.h.e computation slowdoyvn applications that run in such distributed setups, rem@e 1/
caused by concurrent I/O activities was 0.2-6.2%, which o o mance becomes an even bigger concern than local 1/0
is dwarfed by the overall performance improvement in ap- o ormance, because the network bandwidth between two
plication turnaround time. platforms is usually much lower than the aggregate disk
bandwidth of the local file systems. This situation, along
1 Introduction with the emergence of Grid computing [8], motivated re-
searchers to develop efficient and convenient access to re-

The emergence of fast processors and high-bandwidth MOte data for scientific applications [3, 4, 9, 12, 18].
low-latency interconnects has made high-performance The traditional approach to address the remote I/O prob-
commodity-based clusters widely available. These claster lem is to manually stage either data or application from one
are gaining popularity as an affordable, yet powerful, para platform to the other, so that data can be accessed locally.
lel platform compared to commercial supercomputers, be-However, staging imposes several potential problems. Data
cause of the clusters’ excellent cost-performance rato. F staging requires enough storage space on the local machine
many computational scientists, clusters are an attracfive  to hold all the remote files, and such space may not al-
tion for running parallel scientific codes that require @é&ar  ways be available. Data staging can also result in excessive
number of computing resources. data transfer and consistency problems. Application stag-

Scientific applications are typically I/O intensive. For ing seems useful when the amount of data to be accessed
example, most simulation codes periodically write out the is large, but the application must be ported to the other ma-
intermediate simulation data to local secondary storage aschine, which may have a totally different architecture and
snapshotgor future time-dependent visualization or analy- software base. Further, the results of visualization olyana
sis. Checkpoinfiles also need to be written in case of sys- sis may have to be transferred back to the original machine.

In addition to their local I/O needs, scientific simulations



Moreover, staging is typically performed either beforefera mented as general-purpose distributed file systems whose
ter the application run, preventing possible overlap betwe main purpose is efficient sharing of files in distributed sys-
them and lengthening turnaround time. Lastly, manual stag-tems, and thus their performance is not optimized for large-
ing is cumbersome and inefficient. scale scientific workloads.

To overcome such shortcomings, we seek to provide ef-  For high-performance transfer of large-scale data, sev-
ficient remote data access functionality in a parallel IfO li  eral specialized tools have been designed [3, 4, 9, 12, 18,
brary for scientific applications. Our approach enables au-21]. Among them, RIO (Remote I/0) [9] was an early effort
tomatic data migration between two machines, mlnlmlzmg that provided a pre”minary design and proof-of-concept im
user intervention and unnecessary data transfer. Hints carplementation of remote file access in ROMIO. RIO’s client-
be provided by the user to tune behavior if necessary. Weserver architecture ensured implementation portability b
focus on optimizing remote write performance because aexploiting the intermediate ADIO (Abstract Device 1/0)
large fraction of scientific codes, especially simulatian®  [19] layer in ROMIO, which hides the details of different
write intensive and do very few reads. For the testbed im- file system implementations. RFS is also implemented at
plementation of this work, we chose ROMIO [20], a popular the ADIO layer and eliminates several limitations of RIO.
implementation of the MPI-IO specification in the MPI-2 For example, RIO used dedicated “forwarder nodes” for
standard [15]. The MPI-IO interface is the de facto paral- message aggregation and asynchronous I/O. Extra proces-
lel 1/O interface standard, used both directly by applmasi  sors, however, are not always available or convenient to
and by high-level libraries such as Parallel NetCDF [13] and yse [14]. Thus, RFS removes such a requirement. Also,
HDFS5 [1]. Supporting remote I/O through MPI-IO thus en- RIO seriously restricts the relationship between the num-
ables many applications to perform remote I/O without code pers of client and server processes, while RFS can work
changes. with any number of processes on both sides. Finally, RFS

The main contributions of this work are as follows. First, removes RIO’s dependency on the Globus Toolkit [8] and

we propose a simple, portable, and flexible design of a re-allows users to choose their own communication protocol.
mote 1/O facility called RFS (Remote File System), which These points are discussed further in Section 3.

eliminates the shortcomings of previous remote 1/0 ef-  ag another effort to support remote 1/O in an I/O library,
forts, and describe its implementation with ROMIO. Sec- gctive buffering was integrated with compressed data mi-

ond, as an optimization for remote writes, we integrate ac- gration in the Panda parallel /O library [12]. A variant of
tive buffering with threads (ABT) [14] with RFS, to hide the ' yoqedicated 1/0 processors was used for data reorganiza-

cost of remote I/O by overlapping it with the application's tion and client-side compression, and dedicated migration
computation. A previous study [14] showed that ABT is r5cessors were used for active buffering and migration.
especially useful for slower file systems and hence is an ex-jith a typical parallel execution setup, this approach re-

cellent choice for use in I/O to remote file systems. We also gy ces both visible I/O time and migration time significantly
optimize RFS performance with ABT through two schemes gt jike RIO. dedicated processors are required.

[o;stiampgra% l%faatlaf?'tcag:]rlgs du”(;]r? fgenﬁgggﬁ?tlogssrbg GASS (Global Access to Secondary Storage) [4] pro-
y, We provi \ct upp 'guou vides remote file access services that are optimized accord-

in RFS through portable decoding of recursive datatypes us—ing to several I/O patterns common in high-performance
ing MPI-2 features.

The rest of this paper is organized as follows. Section Grid computation. Examples of these I/O patterns include

. . . multiple readers reading a common file concurrently and
ier:c\:/rlﬁ)véz ?r:gvé%i? :]eg]:éﬁrz?ee;]fgstsazgg SBF;I'[.: g ?r?t:jo(:ta?i)l multiple writers writing to a file in an append only manner
Section 4 resentsg the e e?'mental results obtained .tr'](i.e. a log file). Our work, instead, addresses more gen-

' ' P 1€ experir resu ined Witheral workloads, with the focus on optimizing write-interesi
the RFS implementation. Section 5 discusses optimization

. : . workloads through latency hiding. Although RFS is ex-
of reads and failure handling. Section 6 concludes the paperpected to work well with most of I/O patterns addressed

by GASS, some of them can be further optimized through
2 Related Work prefetching and caching. Section 5 discusses these issues.
GridFTP [3] is a high-performance, secure, robust data
2.1 Remote I/0O Support for Scientific Workloads  transfer service in the Data Grid [6] infrastructure. GieHF

extends conventional FTP to meet high-performance data
Traditional wide-area distributed file systems such as transfer requirements in Grid computing [8]. The enhanced
Network File System (NFS) [2] and the Andrew File Sys- features of GridFTP include parallel and striped transfer,
tem (AFS) [16] provide convenient and often transparent partial file transfer, secure channels, and TCP buffer size

interfaces for access to remotely located file systems. How-control. Although not an I/O library, GridFTP offers the
ever, these file systems were originally designed and imple-APIs required to build client and server codes and can be



used as a means of data transfer for RFS. rent computation and I/O [14].
Kangaroo [18] is a wide-area data movement system,

designed to provide data transfer services with high avail-3  Design

ability and reliability. Both RFS and Kangaroo optimize

remote (_)utput op(_arations by staging the data locally and As mentioned earlier, RFS exploits the intermediate
trgnsferrlng them in the backgrognd. However, our work ADIO layer in ROMIO for portability. ADIO defines a
differs from Kangaroo in that we view the remote I/O prob- oo ot pagic 1/0 interfaces that are used to implement more
I_em from the MP.I'IO perspective and thus a_ddress _collec- complex, higher-level I/O interfaces such as MPI-IO. For
tive I/0, noncontiguous I_/O, an_d MPI-IO consistency issues .., supported file system, ADIO requires a separate im-
in the tr)em_ote Iijoldomalm, V}'h'le Kang/aroo floguses onl the plementation (called a “module”) of its I/O interfaces. A
more basic and Jower leve .remote Vo SO utions. Also, generic implementation is also provided for a subset of
Kangaroo r_elles on disk staging only, while RFS Performs Apjo functions. When both implementations exist, either
hybrid staging that uses both disks and available memoryy, e generic function is called first, and it may in turn call
throu_gh ABT. Kangaroo adopj[s a chalnable_ archﬂecture,the file system-specific function, or the file system-specific
consisting of servers that receive data and disk-stage therq;unCtiOn is directly called

locally and movers that read the staged data and send them  Krq has two componénts a client-side RFS ADIO mod-

tﬁ another;ervgr. This 'Si espec&ally uskauI |é||%I<|§,Ttl):>en}v<n/ee ule and a server-side request handler. On the client where
the two end points are slow or down. Like Gri » RaN the application is running, remote I/O routines are placed

garoo can be used to transfer data for RFS. in a new ADIO module also called RFS. When called, RFS
_ _ _ functions communicate with the request handler located at
2.2 Active Buffering with Threads the remote server to carry out the requested 1/O operation.

On the server where the remote file system resides, the re-

Active buffering [14] reduces apparent /O cost by ag- quest handler is implemented on top of ADIO. When it re-
gressively caching output data using a hierarchy of buffers ceives I/O requests from the client, the server calls the ap-
allocated from the available memory of the processors par-propriate ADIO call for the local file system at the server.
ticipating in a run and writing the cached data in the back- Figure 1 illustrates this architecture.
ground after computation resumes. Traditional buffering ~ More detail on the design and implementation of RFS is
aggregates small or noncontiguous writes into long, sequen presented below.
tial writes, to speed them, but active buffering tries iaste
to completely hide the cost of writing. Active buffering 3.1 RFS ADIO Module
has no hard buffer space requirement; it buffers the data
whenever possible with whatever memory available. This  The goal of the RFS project is to provide a simple and
scheme is particularly attractive for applications with- pe flexible implementation of remote file access that minimizes
riodic writes because in-core simulations do not normally data transfer, hides data transfer costs through asynahison
reread their output in the same run. Thus, once output dataoperation, and supports the MPI-10 consistency semantics.
are buffered in memory, computation can resume beforeTo this end, we implemented the following basic RFS ADIO
the data actually reach the file system. Also, computation functions:
phases are often long enough to hide the cost of writing
all the buffered output to disk. Unlike asynchronous writes  ® RFS_qJenl, RFS_A ose - open and close a remote
provided by the file system, active buffering is transparent file.
to users_and allows user code to s_afely rewrite the output | RFSWiteContig, RFSReadContig - write
buffers right after a write call. Active buffering can also
help when asynchronous I/O is not available.

Active buffering originally used dedicated processors for e RFS_W it eNonconti g,
buffering and background 1/O [12]. Later, active buffering RFS_ReadNonconti g - write and read a non-
with threads [14] was proposed for 1/0O architectures that contiguous portion of an open file.
do not use dedicated I/O processors, such as ROMIO. In )
ABT, data are still buffered using available memory, but ~ These RFS functions take the same arguments as do the
the background 1/O is performed by a thread spawned oncorresponding ADIO functions for qther file sy_stem mod-
each processor. Local /O performance obtained from theUl€s. One requirement f&FS Cpen is that the file name
ABT-enabled ROMIO shows that even without dedicated €ontain the host name where the remote file system resides
/O processors, active buffering efficiently hides the adst IThe prefix RFS denotes an RFS-specific function. Generic ADIO
periodic output, with only a small slowdown from concur- functions start with the prefiADI O.

and read a contiguous portion of an open file.
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Figure 1. RFS architecture. The bold arrows show the data flow for an ABT-enabled RFS operation
that writes the data to the Unix file system on the remote serve r.

and the host port number where the server request handledefer RFS_Cl ose until all the buffered write operations
listens. For example, if we need to access the file systemare completed. Third, the ADIO functions that cannot
on elephant.cs.uiuc.edu through port 12345, we use the prebe implemented in the previous two ways have their own
fix “rf s: el ephant. cs. ui uc. edu: 12345: ” before implementation in RFS (e.gADI O Del et e to delete files
the file namé. with a given file name).

The RFS implementation of the remaining func- Providing specialized noncontiguous I/O support is key
tions required for an ADIO module can be divided into in local I/O but is even more important in the remote 1/0O
three categories. First, some ADIO functions have a domain because latencies are higher. For noncontiguous
generic implementation that callsDl OW it eConti g, file access, ROMIO usedata sieving[20] to avoid non-

ADI OW iteNoncontig, ADI OReadContig, or contiguous small 1/O requests when support for noncon-
ADI O.ReadNoncont i g. With the RFS implementation tiguous I/O is not available from the ADIO implementa-
of those functions, the ADIO functions that have a generic tion. For noncontiguous reads, ROMIO first reads the en-
implementation can still be used without any changes. tire extent of the requested data and then selects the appro-
For example, ADIOWiteCol |, an ADIO function priate pieces of data. For writes, ROMIO reads the whole
for collective writes, can use the RFS implementation extent into a buffer, updates the buffer with pieces of out-
of ADIOW iteContig or ADIOWiteNoncontig put data, and writes the whole buffer again. This approach
for all data transfer. Second, like tlseek operation in makes sense in the local I/O environment where the cost of
ordinary file systems, some ADIO function calls have no moving additional data is relatively low. However, in the
discernible effect until a subsequent call is made. In order network-constrained environment of remote 1/O, reducing
to reduce network traffic, these ADIO function calls can be the amount of data to be moved is just as important as re-
deferred and piggybacked onto later messages. For sucfilucing the number of operations.

functions, RFS provides a simple client-side implementa- ~RFS’s specialized implementation can significantly re-
tion that checks for errors and returns control immediately duce the amount of data transferred in read and write cases.
to the application. For example, whall O.Set _vi ewis This is especially useful in the write case because for a non-
called at the client byPI _Fi | e_set _vi ewto determine  contiguous write, we would be required to read this large
how data will be stored in a file, the client implementation region from across the network, modify it, and write it back.
first checks for errors and returns. Then RFS waits until the The RFS server can use data sieving locally to the server to
next read or write operation on that file and sends the view optimize local data access.

information to the server together with the 1/0O operation. ~ For noncontiguous writes, RFS packs the data to be
The appropriate implementation @Dl O.Set _vi ew is written usingMPl _Pack and sends the packed data as the
chosen by the server based on its local file system. TheMPl _PACKED datatype to the server, to reduce the amount
user can also choose to deRFS_Open until the firstread ~ of data transferred. Similarly, for noncontiguous readsad

or write operation on the file by passing a hint, and can are firstread into contiguous buffer space on the servet, sen
back to the client, and unpacked by the client using the user-

2ROMIO’s file naming convention is to use the prefigfi | e sys- specified datatype. In both cases, the datatype that describ
t em nane>: " to specify the file system to be used. how the data should be stored in memory (called the “buffer




RFS_handl e RFS_Make_connection(char *host, int port);

int RFSWiten(RFS.handl e handle, char *buf, int count);
i nt RFS_Readn(RFS_handl e handl e, char *buf, int count);
i nt RFS_.Cl ose_connection(RFS_handl e handl e);

Figure 2. C-style communication interface prototypes used in RFS.

datatype”) need not be transferred between the client andng the appropriate ADIO file system module functions. At
server. For example, it is not important for noncontiguous the user’s request, ABT can intercept and defer file close
write operations whether or not the data are in packed form,operations until the buffered writes for that file are com-
as long as they have the correct number of bytes to write.pleted. Thanks to the stackable ABT module, the integra-
However, file view information must be sent to the remote tion of ABT and RFS required few code changes.

server, to describe how data should be stored on disks onthe T, optimize RFS performance with ABT, we augmented
server. The file view information contains a datatype (calle AT with two temporary local disk staging schemes. First,
the “filetype”), which can be a recursively defined derived \yhen there is not enough memory to buffer the data for an
datatype. To portably pass a complex recursive datatypey/o gperation, ABT does not wait until a buffer is released,
to the remote server, we us®l Type get envel ope because that may be very slow with RFS. Instead, ABT
andVPl Type. get cont ent s in MPI-2 for datatype de-  jjmmediately writes the data into a local “cache” file cre-
coding. Using these two functions, we perform a pre- ateq in the fastest file system available on the client (4fore
order traversal of the given recursive datatype and paCkground staging”). The description of the I/O operation is
the results into a buffer string, which is sent to the remote || puffered in memory, along with the size and the offset
server. The server reads the buffer string and recursivelyys the data in the cache file. For each data buffer that is
recreates the original derived datatype. The file view in- reaqy to write out, the background I/O thread first checks
formation is sent once whenever there is an update (e.9.the |ocation of the data. If the data are on disk, the thread
MPI _Fi | e_set vi ewis called). Ching etal. [7]took & gjjocates enough memory for the staged data and reads the

similar approach to pass datatypes between client andrserveyaia from the cache file. Once the data are in memory, the
in the Parallel Virtual File System (PVFS) [5] on a single requested /0 operation is performed.

site, but we believe that this is its first use in remote 1/O.

As briefly mentioned in Section 2, RFS requires no spe-
cific communication protocol for data transfer. Instead,
RFS defines four primitive communication interface func-
tions (Figure 2) that implement simple connection-oridnte
streams, and allows users to choose a communication proto
col for which an implementation of the four interface func-
tions is available. For example, users can pick GridFTP for
its secure data transfer or can use a hybrid protocol of TCP
and UDP, such as Reliable Blast UDP [10], for better trans-
fer rates. The current implementation uses TCP/IP.

Second, to reduce the visible I/O cost even more, dur-
ing each computation phase, we write some of the memory-
buffered data to the cache file in the background, to procure
enough memory space for the next set of output requests
(“background staging”). For that purpose, it is helpful to
know how much time we have before the next output re-
guest is issued and how much data will be written during
the next set of output requests. RFS can obtain such infor-
mation by observing the application, or users can provide
it as hints. This scheme is especially well suited for typ-
ical simulation codes that write the same amount of data
at regular intervals. If the amount of data or the interval
between two consecutive output phases changes over time,
. we can still use the average values as estimates. However,
ABT is implemented as an ADIO module that can be we want to avoid unnecessary background staging, because

ene:jbliad in_ conjunction with ar|1y ﬁli SyStemiSpeCiE)T ’;\Dl,oh staged data will have to be read back into memory before
module (Figure 1). For exampie, when ABT s enal & wit being sent to the server, thus possibly increasing the thvera
the module for a particular file system, read and write re- execution time

quests to ADIO are intercepted by the ABT module, which _ _
We use a simple performance model to determine how

buffers the data along with the description of the ADIO call i
and then returns control to the applicatfoim parallel, the much data to stage in the background before the next output

background thread performs 1/0 on the buffered data us-Phase begins. Suppose that the maximum available buffer
size isABS,,.... bytes, the currently available buffer size
SInstead of allocating a monolithic buffer space at the beigig of an is ABS,..., bytes, the remaining time till the next output

application run, ABT uses a set of small buffers, dynamycallocated ; ; ;
as needed. Each buffer has the same size, preset accordilegsigstem is I seconds, and the expected size of the next output is

performance characteristics. If the data to be bufferedeager than this 1V .bytels- If ABS,.00 is smaller thanmin(ABSaz, N),
buffer size, they are further divided and stored in multipléfers. which is the amount of buffer space needed, we perform

3.2 Integration with the ABT Module
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Figure 3. Sample execution timeline of an application run at the client, when using RFS with ABT.
Both foreground and background staging are being performed . The foreground staging is visible to
the application, while the background staging is hidden by t he concurrent computation.

background staging. If we writebytes to the cache file be- multiple clients, it spawns a thread for each client that it
fore the next output phase begins, it will take an estimated has to serve, and handles the I/O requests concurrently. Al-
B seconds, wher®,, is the write bandwidth of the cho- though concurrent 1/O operations on a common file could
sen file system. Also, fof — Bi seconds, remote writes be requested on a server process, it need not be concerned
will transfer B, (I — Biw) bytes of data, wherds,, is the about the file consistency semantics, as MPI by default re-
remote write bandwidth that also considers the write time quires the user to be responsible for consistency when hav-
at the server and the response time. Therefore, with thising multiple writers on a common file.
scheme, the available buffer siZeseconds from now will
be ABS, 0w + « + B, (I — B%)' and this value should be
equal to or greater thamin(ABS,,q4., N). Solving this
equation forz, we get
. Our experiments used Chiba City, a Linux cluster at
x> min(ABSmaz, TlL) _JiBS”O“J —I-B: (1) Argonne l\ﬁ)ational Laboratory, for theyclient-side platform

4 Experimental Results

B Chiba has 256 compute nodes, each with two 500 MHz

This is a rough estimate; for example, it assumes that all Pentium Il processors, 512 MB of RAM, and 9 GB of lo-
the data to be transferred are buffered in memory and doesal disk space. All the compute nodes are connected via
not consider the read cost for the data buffered in the localSWitched fast ethernet. For the servers, we used two Linux
cache file. The current implementation spreads the staging”Cs at different locations. Elephant is at the University of
of z bytes over the current computation phase (i.e., Stagi,«]glllinois, with a 1.4 GHz Pentium 4 processor and 512 MB of
a fraction ofz bytes before writing each buffer remotely), RAM. Tallis is at Argonne, with a 1 GHz Pentium Il pro-
adjustingz if B, changes over time. Figure 3 depicts a cessorand 256 MB of RAM. The MPICHZ implementation

sample execution timeline of an application using RFS with of MP1is used on all the platforms.

ABT at the client, with these optimizations in place. Table 1 shows the network and disk bandwidth mea-
sured between Chiba and each server with concurrent
3.3 RFS Request Handler on the Server senders/writers. Both network and disk throughput are

fairly stable and do not vary much as the number of
An RFS request handler on a server is an MPI code senders/writers increases. As in a typical remote 1/O setup
that can run on multiple processors and whose functional-the network between Chiba and Elephant is slower than Ele-
ity is relatively simple compared with that of the client RFS phant’s local disk. However, Tallis has a very slow disk,
module. The server receives the 1/O requests from clienteven slower than the network connection to Chiba, thus sim-
processes, performs them locally, and transfers back to theulating an environment with a high-performance backbone
client an error code and the data requested (for reads). Curhetwork.
rently clients are mapped to server processes in a round- We first measured the apparent I/O throughput with dif-
robin manner. If a single server process needs to handl€ferent file system configurations. The goal was to show how



Table 1. Aggregate network and disk bandwidth with each serv
the 95% confidence interval.

er. The numbers in parentheses show

| | No. Procs|| 4 | 8 | 12 | 16 |
Elephant| network || 11.7325 ¢ 0.035) MB/s | 11.75 & 0.018) MB/s | 11.74 & 0.025) MB/s| 11.69 & 0.10) MB/s
disk 15.49 (¢ 0.16) MB/s 15.46 & 0.29) MB/s | 15.31 & 0.13) MB/s 15.07 & 0.18) MB/s
Tallis network || 11.75 @& 0.010) MB/s | 11.75 & 0.020) MB/s | 11.77 & 0.020) MB/s| 11.77 & 0.0049) MB/s
disk 1.95 & 0.0092) MB/s | 1.95 @ 0.0046) MB/s | 1.95 (+ 0.0060) MB/s| 1.95 (+ 0.0068) MB/s

close the RFS throughput can be to the performance of the
bottleneck in the remote 1/O path and also how efficiently
RFS with ABT can hide the visible cost of remote writes by
overlapping them with the subsequent computation. For an
application that writes periodically, we used a 3-D patalle
Jacobi relaxation code. Jacobi is iterative; in each itera-
tion, it updates the values of cells in a grid with the average e
value of their neighbors from the previous iteration. The
code writes its intermediate “snapshot” to disk after a-user
controllable number of iterations have passed since the las
output.

The 3-D global array for the Jacobi code is distributed
across the processors using an HPF-stylBLOCK,
BLOCK, BLOCK) distribution, and for each snapshot, this
array is collectively written to a common file in row-major
order by ROMIO? Because of this “nonconforming” dis-
tribution, each collective write involves data reorgatiza
between processors. We used 4, 8, 12, and 16 proces-
sors, and the number of partitions in each dimension of the
global array was determined ByPl _Di s _cr eat e. We
fixed the amount of data on each processor at 32 MB (a
128 x 128 x 256 double array). For example, with 16 pro-
cessors, the number of partitions in each dimension is [4, 4
2, 2], and thus the global array is5a2 x 256 x 512 dou-
ble array. All the participating processors write to the eom
mon file (except for one configuration), each responsible for
writing 32 MB of data per snapshét.

We used six file system configurations:

mance.
LOCAL: local file system writé.

RFS: RFS write without ABT. The entire data transfer
cost is visible here.

RFS+ABT-large-long: RFS write with ABT. The to-
tal buffer size on each processor is equal to or larger
than the amount of a single output operation that the
processor is responsible for (“large”). The length of a
computation phase is long enough to hide an entire re-
mote write operation (“long”). Thus, no local staging
(either foreground or background) happens. Here we
set the buffer size to 32 MB.

RFS+ABT-large-short: The same configuration as the

previous one, but the length of a computation phase
is shorter than the time required to transfer one snap-
shot. This situation may trigger background staging to

obtain enough buffer space for the next snapshot. We
controlled the length of each computation phase so that
45-75 % of each snapshot could be transferred.

RFS+ABT-small-long: The same as RFS+ABT-large-
long, except that the total buffer size is not big enough
to hold a single snapshot. This will trigger foreground
staging, whose cost is visible. We set the buffer to 16
MB.

Figure 4 shows the aggregate application-visible 1/O
throughput (data size divided by the response time for the
disks, simulating infinitely fast disks (using ROMIO’s /O calls) measured with the two remote 1/O setups and the
TESTFS ADIO module). The visible write cost in- file system configurations described above. The visible 1/0
cludes only the communication for data reorganiza- cost for “LOCAL” and “RFS” includes the time for the out-
tion, and we used this as the theoretical peak perfor- put data to reach the destination file system (without an ex-
plicit “sync”) and the time to receive an error code for the
write operation from the server. For the configurations with
ABT, the visible I/O cost is the cost of local memory buffer-
ing and foreground staging, if performed. For each run, we

e PEAK: local write without actually writing the data to

4In collective 1/0, all the processors cooperatively paptte to carry
out an efficient /0. Global data layouts in memory and on digkused to
optimize the I/O requests, forming fewer, larger sequéatieesses instead
of having many small I/O requests.

5Although we used the same number of writers as the numbemef pr
cessors for test purposes, the number of RFS writers shewddrefully se-
lected, considering the aggregate network and disk pegbecawith con-
current senders/writers, because too many writers canpeufbrmance.
ROMIO allows users to control the number of writers (calledigrega-
tors”).

6Since a shared file system on Chiba was not available at treedfm
these experiments, we simulated a shared file system bydhaxmmaggre-
gator gather and reorganize all the data and write to itd idisa. Many
clusters use NFS-mounted shared file systems, whose parioeis often
much lower than that of our simulated shared file system.
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Figure 4. Aggregate application-visible write bandwidth w ith different file system configurations.

executed the Jacobi code with five iterations, writing up to down caused by concurrent foreground buffering and back-
2.5 GB of data remotely; the numbers in the graph were av-ground remote I/O.
eraged over five or more runs. The error bars show the 95% When the computation phase is not long enough to
confidence interval. hide an entire remote output operation (“RFS+ABT-large-
The “PEAK” I/O throughput increases as the number of short”), the visible 1/0 throughput is still comparable het
processors and the amount of data grow, reaching 160.Zhroughput obtained with long computation phases. In our
MB/s with 16 processors, although it does not scale up well. experiments, the difference in throughput does not exceed
Since this configuration does not involve disk operations, 4% of the long computation phase throughput, proving that
the performance is limited by the message passing perfor-background staging with our performance model can pro-
mance on Chiba done via the fast ethernet. The “LOCAL" cure enough buffer space for the next snapshot.
I/0 throughput is up to 9.8 MB/s and does not scale up be-  When the total buffer space is smaller than the size of
cause we used only one writer. a snapshot (“RFS+ABT-small-long”), RFS has to perform
Between Chiba and Elephant, the network is the main foreground staging, whose cost is completely visible. For
performance-limiting factor for remote 1/O. Thus, as shown our tests, we usefisync to immediately flush the staged
in Figure 4(a), the RFS throughput reaches 10.1 MB/s with data to disk, because we wished to see the effect of local
16 processors, about 86% of the network bandwidth be-staging of larger data: if the amount of data to be staged is
tween the two platforms. The gap between the RFS andsmall, as in our experiments, the staged data can fit in the
network throughput occurs because RFS writes also in-file cache, producing a very small local staging cost. Even
clude the response time for disk writes at the server andwith f sync, RFS with ABT can still improve the remote
the time to transfer the error code back to the client. Our write performance significantly, reaching 103.1 MB/s with
tests with RFS reads yielded similar results. As the number16 processors, an improvement of a factor of 10.2 over RFS
of writers increases, the aggregate RFS throughput also in-alone and a factor of 12.4 over local write performance.
creases slightly, because the data reorganization thppiigh  Without f sync, we obtained performance very close to
increases, too. In this setup, RFS performance is comparathat with 32 MB of buffer.
ble to or even higher than the local I/O performance. Figure 4(b) shows the I/O bandwidth obtained between
With ABT in place, however, the visible write through- Chiba and Tallis. Here, the very slow disk on Tallis is the
put increases significantly because ABT efficiently hides performance bottleneck, limiting the RFS performance to
the remote 1/O cost. In “RFS+ABT-large-long,” where we less than 2 MB/s. We obtained up to 1.7 MB/s of RFS
have enough buffer space and long computation phases, tharite throughput, roughly 87.1% of the disk bandwidth
visible 1/0 throughput reaches 146.7 MB/s with 16 proces- on Tallis. Read tests produced similar results. Neverthe-
sors, about 92% of the theoretical peak, a factor of 14.5 im- less, the performance of RFS with ABT between Chiba
provement over the RFS performance and a factor of 17.7and Tallis is close to the performance between Chiba and
improvement over the local I/O performance. The gap be- Elephant, making the performance improvement even more
tween the peak and the RFS performance is due mainly todramatic. For example, the aggregate visible 1/0 through-
the cost of copying data to the active buffers and the slow- put with RFS+ABT-large-long reaches 145.0 MB/s with



Table 2. The amount of data staged at the client in RFS+ABT-la  rge-short.

| | No. Procs || 4 | 8 | 12 | 16 |
Chibato | foreground 0.0 MB (0.0%) 0.0 MB (0.0%) 0.8 MB (0.05%) 1.6 MB (0.08%)
Elephant| background|| 168.0 MB (32.8%)| 322.4 MB (31.5%)| 571.2 MB (37.2%)| 798.4 MB (39.0%)

Chibato | foreground 12.0 MB (2.3%) 26.0 MB (2.5%) 46.4 MB (3.0%) 71.0 MB (3.5%)
Tallis | background|| 317.0 MB (61.9%)| 614.0 MB (60.0%)| 961.6 MB (62.6%)| 1320.0 MB (64.5%)

16 processors, about 86.8 times higher than the RFS writediate forwarders and let clients directly communicate with
throughput and about 8.3 times higher than the local write servers, effectively reducing the message traffic compared
throughput. With a 16 MB buffer, 103.0 MB/s throughput to RIO. For this reason, we expect RFS to be more efficient
was achieved with 16 processors dnslync, a factor of than RIO in many situations.

61.6 improvement over RFS writes and a factor of 12.4im-  To test the performance model with the background stag-
provement over local writes. The reason we could still ob- ing, we measured the amount of data staged both in the
tain excellent visible I/O performance with this slow remot  foreground and the background at the client in RFS+ABT-
file system is that the client buffers data, and thus, with the |arge-short (Table 2). The numbers were averaged over five
help from background staging, the buffering cost does not or more runs; the numbers in parentheses are the percentage
vary much with different servers. of staged data out of the total data in four snapshdteur

We cannot easily compare the performance of RFS di- performance model accurately predicts the amount of data
rectly with that of RIO. RIO was a one-time development that _should be staged, then there _sho_uld be no foregrpund
effort, so today RIO depends on a legacy communication staging, because the total buﬁer size is same as the_ size of
library, making it impractical to run RIO in our current en- & snapshot. The numbers obtained confirm this claim. In
vironment. Also, the experiments presented in the origi- Poth setups, less than 4% of the output data are staged in
nal RIO paper [9] were conducted irsanulatedvide-area  the foreground.
environment, where the RIO authors partitioned a parallel ~ Also, an accurate model should minimize the amount
platform into two parts and performed TCP/IP communica- Of data staged in the background; otherwise, unnecessary
tion between them, instead of using a real wide-area envi-staging will make the overall transfer longer. However,
ronment as we have. Moreover, the RIO authors measuredt is difficult to measure the exact amount of unnecessar-
the sustained remote I/O bandwidth witparalleffile sys- ily staged data because the amount of data transferred dur-
tem at the server for blocking and nonblocking I/0 (equiva- iNng each computation phase can vary as a result of net-
lent to our I/O operations without and with ABT), while we Work fluctuation and slowdown from multithreading. In
measured the visible 1/0 bandwidth withsaquentiallnix “RFS+ABT-large-short,” we roughly estimated the length
file system at the server. of each computation phase to be long enough to transfer
over the network about 70—75% of a snapshot for the Chiba-
Elephant setup and 45-50% of a snapshot for the Chiba-
. . Tallis setup. Thus, in theory, 25-30% of a snapshot for
to the RIO authors, RIO can achieve blocking remote 1/O the Chiba-Elephant setup and 50—55% of a snapshot for the

performance close to the pe‘?"‘ TCP/IP performance with Chiba-Tallis setup should be staged in the background, to
large messages. Our experiments show that remote 1/O

without ABT can achieve almost 90% of the peak TCP/IP minimize the visible write cost for the next snapshot. When

. : S background staging is in place, however, smaller amounts
bandwidth even with a sequential file system at the other ; .

: ) of data than estimated above may be transferred during a
end. With smaller messages, however, RIO’s blocking I/O y g

performance dropped significantly, because of the Commu_computatlon phase, because background staging takes time.

nication overhead with RIO’s dedicated forwarders. Since Also, since the unit of staging is an entire buffer, often

o we cannot stage the exact amount of data calculated by
all remote 1/0O traffic with RIO goes through the forwarders, the model. Thus, the amount of data staged in the back-

gezlg?:\a/olllv C;Sofoeljfltfr]ogreb (z\é\f:; SSCtIrIg: v?nrt]ﬁ SFSS r\t/\iz) %rl?t'_ground for each snapshot should be larger than the portion
. 9 ' of a snapshot that cannot be transferred during a computa-
fion phase with RFS alone. Our performance numbers show

However, we can still speculate on the difference in re-
mote I/O performance with RFS and with RIO. According

and the client-side forwarder and two between the server
p!’(_)CGSS and the server-side _fom_larde_r' These can Cause SIg” “Among the five snapshots in each run, the first cannot be siaged
nificant overhead for an application with many small _W“tes the foreground, and the last cannot be staged in the badkgriouthis
that uses RIO. RFS, on the other hand, does not use intermeeonfiguration.




Table 3. The computation slowdown caused by concurrent remo te I/O activities.

| | No. Procs | 4 | 8 | 12 | 16 |
Chibato | RFS+ABT-large-long|| 2.33% | 0.68% | 0.53% | 1.41%
Elephant| RFS+ABT-large-short| 6.24% | 3.62% | 1.97% | 2.46%
Chibato| RFS+ABT-large-long|| 5.67% | 5.25% | 5.35% | 2.11%
Tallis RFS+ABT-large-short| 0.90% | 1.17% | 0.45% | 0.24%

that 31-39% of the output for the Chiba-Elephant setup are not cached locally. GASS [4] has facilities for prefetch

and 60—65% of the output for the Chiba-Tallis setup were ing and caching of remote files for reads. GASS transfers

staged in the background, slightly more than the estimatedonly entire files, however, an approach that can cause ex-

numbers above. Based on these arguments and our perfoeessive data transfer for partial file access (e.g., visingli

mance numbers, we conclude that the amount of unnecesenly a portion of a snapshot). We instead aim to provide

sarily staged data by RFS is minimal. finer-grained prefetching and caching that use byte ranges
Finally, we measured how much these background re-to specify the data regions to be prefetched and cached.

mote 1/O activities slow the concurrent execution of the Our extensions will comply with the MPI-IO consistency

Jacobi code through their computation and inter-processorsemantics.

communication. Table 3 shows the average slowdown of

the computation phases with various configurations when5.2 Handling Failures

the 32 MB buffer was used. All the measured slowdown

was less than 7%, which is dwarfed by the performance gain  Through ABT and hints, the current RFS implementa-

from hiding remote 1/O cost. tion allows the user to defer file open, write, and close calls
to reduce the network traffic and response time. The origi-
5 Discussion nal call to such functions returns immediately with a susces

value, and if an error occurs during a deferred operatian, th
user will be notified after the error. Thus, the user needs to
be aware of the possibility of delayed error message as the
cost of this performance improvement. If timely error noti-

mance through ABT for write-intensive scientific applica- fication is important, the user should avoid these options.
tions. Reads are typically not a big concern for such appli- A failed remote open notification will be received when
cations, because they often read a small amount of initialthe fpllowmg le] o'p.erafuon on the specified rem'ote file fails
data and do not reread their output snapshots during theif® failed write notification can be delayed until a sync or
execution. A restart operation after a system or applicatio ¢/0S€ operation is called on the file. The MPI-IO standard
failure may read large amounts of checkpointed output, but S8y thaVPl _Fi | e_sync causes all previous writes to the
restarts rarely occur. The current implementation of ABT file by the calling process to be transferred to the storage
requires one to flush the buffered data to the destination filed€vice PI _Fi | e_cl ose has the same effect), so delay-
system before reading a file for which ABT has buffered N9 write error naotification until a sync or close operation
write operations. does not violate the standard. If the user chooses to defer

However, applications such as remote visualization tools 2 file close, too, and a write error occurs after the original
may read large remote data. The traditional approaches tFlose operation returns, then the error can be delayed until
hide read latency are to prefetch the data to be read an

| _Finalize.
to cache the data for repetitive reads, and we are adding >°Me RFS operations that are deferred by default, such
such extensions to ABT, using local disks as a cache. More'

as setting the file view and file seeks, can be checked for er-
specifically, we are providing a flexible prefetching inter- OrS a_lt the client and the user can be notified about such er-
face through the use of hints, so that background threadd©rs: if any, before the operations are executed at the serve
can start prefetching a remote file right after an open call on 1hUS: they do not need separate failure handling.
that file. When a read operation on a file for which prefetch- _
ing is requested is issued, RFS checks the prefetching sta6 Conclusions
tus and reads the portion already prefetched locally, amd th

portion not yet prefetched remotely. Cached files can be We have presented an effective solution for direct remote
read similarly, performing remote reads for the portiora th  1/O for applications using MPI-IO. The RFS remote file

5.1 Optimizing Remote Read Performance

This work focuses on optimizing remote write perfor-



access component has a simple and flexible 1/0 architec-
ture that supports efficient contiguous and noncontiguous
remote accesses. Coupling this with ABT provides aggres-
sive buffering for output data and low-overhead overlagpin
of computation and 1/0. Our local data staging augmenta-
tion to ABT further enhances ABT’s ability to hide true I/O
latencies. Our experimental results show that the write per
formance of RFS without ABT is close to the throughput
of the slowest component in the path to the remote file sys-
tem. However, RFS with ABT can significantly reduce the
remote /O visible cost, with throughput up to 92% of the
theoretical peak (determined by local interconnect thheug
put) with sufficient buffer space. With short computation

phases, RFS still reduces visible 1/O cost by performing a [

small amount of background staging to free up sufficient
buffer space for the next I/O operation. The computation
slowdown caused by concurrent remote 1/O activities is un-
der 7% in our experiments and is dwarfed by the improve-
ments in turnaround time.

As discussed in the previous section, we are currently en-
hancing ABT for RFS reads, by introducing prefetching and
caching. Future work includes experiments with altermativ
communication protocols and parallel server platforms.
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