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SCALABLE CACHING OF REMOTE FILE
DATA IN A CI.I/STFR FII.F. SYSTEM

BAC:KCiROUND

[0001] l. I'ield of the Invention
[t)t)02J The prcscnt invention relates vencrally to data stor-

age In particular, the present invention relates to scafablc
caching of remote file data in cluster file systems.
[0003] 2. Background
[0004] Information technolovy (IT) environments require
sharing of large amounts of file dnta in a consistait, eflicient,
and mliablc manner across a wide-area nenvork (WAN)
WAN data storave systems. including cluster file systems,
need to scale in capacity and bandwidth to support a large
number ofclient nodes. A Cluster comprises a aroup of uiter-
connected independent computing nodes working together as
a single system A cluster lile systeni manages dain stored
wifiun a cluster and provides client nodes with access to all
files located on storage devices in the file system. A large
cluster lile systeni c ui scale to petabytes ol'storage and hun-
dreds of &gabytes of access bandwidth, and needs to provide
a consistent cache ol'data tlat can be exported by a rcmotc
cluster file system

BRIL'F SUMMARY

[0005] A method for facilitating access to data in a natuork
is provided. One embodiment composes maintaining a cache
in a local cluster file system and cachuiv local file data in the
cache, by fetclung tile data from muluple nodes on demand
from a remote cluster file system into the cache over the
network local lile data and mctadata corresponds to thc tile
datn lorn& the remote cluster file system and nietadata in the
remote cluster file system
[0006] Further. a system for facilitating access to data ili a
network. &s provided. One embodiment composes a cache
sniisyste&ll coi'&&pris&fig '& caclle co&iiigi&red f&il ala&lit'a&i&fig

data I'or a local cluster lile system The system fur&)mr com-
prises a caching layer function configured for caclung local
tile data in the cache by fi:tching file data im demand from a

remote cluster file system uito the cache over the nenvork
I'he local file data corresponds to file data in the remote
clusmr file system
[0007] Further. a computer program product for facilitatin
access to &hta, is provided. 11&e computer progmm product
coniprises a computer readable storage medium uicluduig
computer usable program code embodied thereiiith. Ilie
computer usable provrmn code comprises compmer usable
program code coniigured to maintain a cache subsystem con-
figured for maintaining data in a cache for a local cluster file
system, md provide a aiching lever I'unction by fetching file
data ui parallel and on demand from the remote cluster file
system into thc cache ova the network Tlm local file data
correspmids to the tile dnta in the renmte cluster file system
[OUUU] Other aspects and advantages of the present inven-
tion will bccmne apparent from thc I'allowing detailed
descripuon, which, u hen taken in con)unction with the dnsw-

ings. illmuatc by way ofexample the principles of the inven-
t&&i&1

BRII')F DES( RIPTION OF THB SI'l1 I.RAI
FirsW S OF TIIF. DRAWINCS

[0009] I'or u fiiller understandin of the nature and advan-
tages of the invention. as well as a preferred mode of use,

reference should be made to the follouuig detailed descrip-
tion read in conjunction u &th the accompmiying drawings. in
u i&eh&

[0010] FICI I illustmstes a block diagram of a system for
caching of remote file data in a load cluster iilc sysiem,
[OUI IJ FICi. 2 illustrates a block diagram of a system for
cachinv of reniotc tile oam in a cluster tile system;
[0012] FIG 3 illustmtes an cxmnple open/close operation
process in a local cached file system cluster that is caching
data fiir a remote cluster file system,
[0013] FIG. 4 illustrates an example read operation pmcess
in a local cached file systan cluster that is caching data fiir a

renuite cluster tile system;
[0014] I'IG. 5 illustrates an exmnple write operation pro-
cess in a local cached file system cluster that is caching data
for a remote cluster file system:
[OU15J Fl(i. 6 illustrates build up of data access operation
queues at gateway nodes ol'a local cnched file systeni cluster,
and
[0016] I'l(i. 7 illustmtes a system inwluch scalable caclfing
of rem&its iilc data in a cluster file system may be imple-
mented.

DL'TAIL)..D DFSCRIPTION

[0017] The following descnptionismade forthe purposeof
illustrating the general principles of the invention and &s &&&it

meant to lunit the invenuve concepts claimed herein I'urther,
particular features descnbed herein can be used in combina-
tion with other dcsvribcd I'canircs in each of the various
possible combinauons and permutations. Unless other&vise

speciiicnlly dehned hereui. all terms are to be iven their
bnradcst possible interpretatimi uicluding meanings in&plied

from the specilicauon as well as meanings understood by
those skilled in the ait nnd/or as defined in dictionaries, tres-
&sacs. ctc
[0010J The description may disclose seveml preferred
anbodimaims for caching of remote file data in an infomui-
tion technology (IT) computing envir&inmenk includmg niul-
t&ple computing resources. as v, ell as opemstion and/or com-

ponent parts thereof While the folio&sing description will be
described in terms of caching of remote file data for clarity
and placing the invention in context, it should be kept in mind
that tlm teachings herein may have brond applicatimi to all

types of system~, devices and applications.
[0019] A caching cluster file system &liat implements cach-
ing ofremote file &Lsta in a cluster file systan is provided. 1 he
system caches data on den&and while guaranteeing umll
define file system consistency semantics. A preferred
embodiment provides a scalable cache arclfitecture for a

cache in a iil&: svstc&il t&i c&icllc &c&ii&itc filc system data u bile
pmviduig the consistency semantics of a distnbuted file sys-
tem 1 1m scalable caching arclutecture enables the file system
to cache reniote tile system data wherein the cache can scale
in capacity and bandwidth similar to a clustered file system.
Fwthcr, such a cache can suppon a renxitc seri sr file system
from difierent vendors. The cached data can be exported and
accessed transparently by a file system client for both read
and write access The aiche uulizes opai. standard pmtocols
for over-theomre file access. I'urther the cache can signif-
icantl mask nenvork Intency mid continue to I'iuiction ivith
network outages.
[0020] In an cxamplc implementation dcscribcd below, the
scalable caclung arclutecture is uitegratcd with a General
I'arallel File System (GPFS) clustered file system. The
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remote data is accessed over n network file system (NFS) so

that any remote server exporting data over NFS can be the
caching target To gct better pcrfortuankk, Uic cnchc can
switch to a pam llel N FS (p N FS) for data transfer if the remote
system exports the data using pNFS. The cache &s visible to
any file system client as a Portable Operatuig System Inter-
face (POSIX) compliant tile system, thus miy file system
client c m browse the cnche and access tlm data ns if it v as in

a local file system. The cached data can be fiuther exported
via NFS to a remote NFS client. NFS can altm be substituted

by the CIFS (Common Inteniet file systeni) protocol.

[0021] Referrtng to I'IG. I, a GPFS parallel cluster file

system 10 comprising a local cachcxi hlc system cluster 15

that stores cached uatg wlmrein pNFS is usixi to move thc
data bertveen the cluster 15 and a remote cluster file system
18 CrPFS &s used llor both file system clusters 15 uid 18, to
pronde concurrent high-speed tile access across multiple lile

system computing nodes of a cluster. The cached cluster
includes the file system 15, computing nodes 11 (e.g.. pro-
cessors) tliat support the C)PI'S file system and the applica-
timls 16 that use it Thc nixles 11 arc connectnl to storage
media 12, such as slrared disks or disk subsystemw over a
switching fabric 13. A cache manager 14 maintains cached
naia in the stomgc media 12 All axles 11 in the cluster luivc

equal access to all disk 12. Files are striped across all disks 1Z

in the tile system where the number ol'isks 12 can ranee
from tens to several thousand disks. In addition to balancin
the load on the disks. striping ac la aves the full tlu oughput that
a disk subsystem is capable of by reading and writing the
blocks in parallel.

[0022] The switching fabric 13 that connects lile system
nodes 11 to the shared disks 12 may compnse a storage area
network (SAN) such rws fibre channel or iSC'Si Alternatively,
uidiv&dual disks 12 may be attached to some mimber ol BO
server nodes that nlloiv access from file system nodes ll
through a soli&vere later running over a general-purpose com-
munication network, such as IBM Virtual Shared Disk
(VSD) Rcgardlcss of bow shared disks 12 arc implcntcntcd.
the CiPFS only twvsumcs a conventional block I/O interface
with no particular intelligence at the disks 13. Parallel read-
writs disk accesses fr&mt multiple nodes 11 in the cluster 15

are synchronized to prevent corrupuon ofboth user data nnd
tile system metadata. The cluster 15 uses distributed locking
to synchromzc access to sharai disks 12 Wherein distributed
locking protocols ensure file system consistency regardless of
the niunber of nodes 11 tliat simultaneously read from and
v'rtte to a file system on the disks 12 on behalfof an applica-
tion 16. wlule at the same time allowuig data napa&&on par-
allebsm to achieve maximum &bmughput.

[0023] For remote acccssks over a wide area nctvork
(WAN). pNFS clients access storage devices &n a remote
cluster file system in parallel. 11&is is acltievixi by separating
tlm data and nwtadata pnths, aixl by moving the nwtadata
server out of the data path. As a result. each pNI'S client can
levemge the hill aggregate bandwidth of the cluster file sys-
tclli ifslilg pNFS. clio&1m call 0&tery &lie Iu&.'tildaia selvcl'o
determine the layout of how files are distributed across data
servers I.ayouts nre mnintained internally by the metadata
server. Based on the tile layout. the chent is able to directly
access the data servers in parallel. A pNFS client conumuu-
cams with tlm data servers using a variety of storage access
protocols, uicluding Nl'Sv4 and &SCSI/I:&bre Channel. The
pNFS specification allows for the addition of new layout

distributions nnd storage access protocols. ui ad&i tion to flex-
ibility liir implementation oHhe back-knd storage system

[0024] A morc dciailcd dcscrtpuon ofa cacbcxi file systnn
is descnbed below.

[UUZ5] FICi. 2 shows a fiuictional block diagram of an IT
system 20 The IT system 20 includes a local cache cluster 21

and a remote cluster file system 22. Dvery computing node 23

in the cache cluster Z1 lms the same access to data cached by
a local cache tile system 24 of tlm local cnchc cluster 21.
However, only some ofthe nodes 23 (i.e.. Ii0 nodes 23A) may
have the hard&tare and sofrtvne support for remote network
connect&vity. I/O nodes are also called gate~ay nodes. The
liO nodes Z3A act as pNliS clients to fetch the data from the
rcnuite cluster 21 The remote cluster 21 may store the dain in
any POSIX-compliant cluster file system that is exported via
pNIiS (NFS may also be used but i& ith n pertiinnmice pen-
alty) The I/O nodes 23A are responsible for rcaduig the data
from the remote cluster 21 and w rtting it to the local cache tile
system 24 and vice-versa The otlmr nodes of the cluster (i.e,
apphcation nodes 23B) service file access rcxiuests ol'appli-
cations 16. by reading and tv riting the cached dnta in the local
cache file systnn (i e, caclm) 24 The rcnmtc file system 22
similarly includes I/O nodes 25A and applia&tion nodes 25B.

[0026] The application nodes 23B of the local cache file
system 21 sic also responsible for forwarding access requests
by requesun apphcations 16 to the I/O nodes 23A (i.e.,
writes to be synclu onized with a remote server node 25A of
the remote file systnn 21, and reads to bc fetched fmm the
remote server 25A on a local cache nuss).

[0027] The split benveen I,'0 and application nodes 23A,
23B in thc local system 21 is concc7&tuid and miy node 23 in

ihe load cluster 21 a&n function both as an FO node or ui

applicauon node bnsed on &ts coniigurat&on. The IiO nodes
23A can be viewed as the edge of the cluster cloud that cmi
comnnuucate w ith the remote cluster 22 while the application
nodes 23B interface with the npplications

[0028] To access tlm remote dam consistently, the system
20 associates a cnche staten ith every object in thc local cache
file system 24, wherein the cache state includes the Nl'S file
handle and inodc (c g . data stmcture) attributes of the corrc-
spoixhng obiect in the remote tile system 26. As multiple
nodes 23 in the local system ZI can be accessing the cached
data in tlm local caclmd file system 24. tlm acccsses may be
serialized by a ann&hard GPFS distributed lock management
with one of the nodes 23 being the token nmna ger and issuing
read and write tokens. The data can be concurrently written at

the remote file system 26 of the remote cluster 22. and at the
local cache file system 24 of tlm kical cache cluster 21.
Detv, een the remote cluster 22 mid the local cache cluster 21,
the system 20 supports the well known close-to-open consis-
tency gunrmitees provided by NFS. To reduce the frequent
checking ofcached attrtbutes with the remote file system 26,
the I/O nodes 23A leverage the read mid writo delegation
support ofNI'Sv4. With delegations. the pNF'S server 25A of
the remote cluster 22 can transfer the ovv ners hip ofa file to the
local cache cluster 21, so tluu thc local caela cluster 21 can
safely assume that the data &s valid and service local requests.
[0029] A cache manager 27 integrated into local cache fife

system 24 intercepts the application file access requests,
wherein the applications simply expertence the local cache
file system 24 as a traditional Cil'FS file system. The cache
nmnager 27 of the local clustn 21 mimics thc sane
namespnce ns the remote cluster 22. Tlu&s browsing through
the cache cluster 21 v;ill show the same listing of directories
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and h les as the remote cluster 22. The caching binet&on can be
further exported via NFS to enable access by Nl&S clients.
Fxample lile system operations arc now dcscrtbcd. including
Open/Close operations, Data Read operations and Data Write
operations.

[0030] OpeivClose Opemstions

[0031] FICc 3 illustrates an example open/close operation
process 30. File opemtions that modify in-memory file state
(e.g . open. close, lock. and unlock), are perfortucxi by the
cache m stager 27 locally ui the local cached file system 24
widiout colisillting tlm remote serve& 22 (bluck 31) Tlm cache
manager 27 functions as n lile system. with the remote cluster
Z2 being primarily

usual

as a source of data that is fetched on
demand into the local caclmd iik. system 24 fmm the rcmo&c

cluster 22 &iver WAN (block 32). When a lomifly opencxi file
needs to be read from, or written to, the remote server 25A of
the rcmotc cluster 22. an I/O node 23 A opens tbe file remotely
prior to, and closes it after: perfomung the read/write us&ng

the same name used when thc fil was opmied locally (block
33).

[0032] The liles are typically read and wrtuen ui their
enurety using whole file caclun mid wrtte coalesc&ng,

respectively. In a typical usage scenario, intcrsite contiicts are

expected to bc minunnl and cemtin ucxI operu t& on & s requ&red ui
the face oi WAN outages (similar to un NI'Sv4 cl&ant handl&ng
ol'its file stmc in thc prcscncc of delegations)

[t)033J Tlm system allows disconncccted operations,
wlmrcin usmr processes (applications) supported by the local
cluster 21. may continue to fiuiction in the absence ofnetwork
conncmtivity to the rmnotc cluster 22.

[0034] Data Read Operations

[0035] FIG. 4 illustrates an example data read operation
process 40 The cache lilc system 24 is inuinllv created in the
local cluster 21. and conte&ns no data (block 41) When
n&ountcxi, tlm cache file system 24 is associnted with tlm root
ol'tlm remote eh&ster cxportcd space using a mount operation
(block 42) . When an object such as a file is first accessed by an
application node 238 of thc local cluster 21. a result of a

user-invokcxi opened on a file or a directory (i.e., v&a a GPFS
lookup request), the cache manager Z7 perfom&s a (VFS)
lookup or read directory (i e., readdir) operation in the local
cache 24 (block 43). If the object is not found &n the local
cache file system (as the case would be on an initial ized cache
tile system), the application node 23B rcqimsts a sclcctixi I/O
node 23A to service the request from the remote cluster 22
(block 44). The selection of I/O node 23A is based on a

hashing fi&nction that ensures tlmt requests for an obiect ue
always sent to the same I/O node 23A.

[0036] The selected I/O node 23A converts a OPFS lookup
request to an NFS I,OOKi/P request m&d fi&rtvards it to tlic
remote cluster 22 to ohta&n the lile us formation (block 45) On
success in obtaining file information fmm thc remote cluster
ZZ. the 1'0 node 23 A creates tlm object in tlm local lilc system
cache 24 via the cache manager 27, assoc&ates a mappuig
between the local (iPFS inodc and the remote cluster (or
home cluster) state (tbc cache is local but it contains inl'or-

mation of the remote object (object modificat&on umes.
unique identifier. etc.)). 'Ihe I/O node 23A provides the
obta&ned iile lmndle and attributes of the obiect to the appl&-

cation node Z3B and returns success status back to the appl&-

cation node 23B (block 46) In cffi:ct, once the lookup open-
tion completes successfi&lly. the obiect would have been
created in the local cache file system Z4 but w ould not contain

any data. The state assoc&ated w&th a cached obiect indicates
if tfic object is incomplete or empty.

[0037] On &I&i application read request, in block 47 thc
appl&cauon node 23B first checks with the cache manager Z7

to determine if the object exists in the local caclm file system
24 If the object exisus but is empty or incomplete(i e, n cache
nuss), the application node 23B requests tl&e designated I/O
node 23 A to fi.tch the dnta fron& thc remote cluster 22 The I/O
node 23A. bused on a prefetch policy, fetches/retneves the
entire file or the requested bytes from the remote cluster 22

(via pNFS over WAN) and u rttes the fetched &nformauon ui
the local cache file system via the cache manager 27. If only
a portion of the file (object) was retrieved from the remote
cluster 22. then the rest of the file may be prefetched asyn-
chronously after the application request is completed.

[0038J The system 20 supports both w hole file and partial
lile caching (segments including a set ol'conti uous blocks).
The application node 23 B. when notified of comp)et&on. reuds
thc rcquestcd bytes fron& the local cache 24 via the cache
manager 27 and returns &t to a requestuig applioatio&& 16 as if
the requested data file (i.e., objcxt) was present in the local
clnstcr 21 all along It slu&uld be no&cd tlmt the I/O mxi

appl&cat&on nodes 23A. 23B only exchange request and
response messages while the actual data is accessed locally
by thc cacfic manager 27 via tlm shared disks 12 Thereafter,
if said pre~iously requested file (object) is read again, the
application node 23B chcmks via the cache manager 27 if the
complete valid obiect exists ui the local cache 24. On a cache
hit, the application node 23B can itself service the file read
request from thc local cache 24 via thc cache mannger 27. Thc
system 20 uses file und directory nttnbute check&ng, per-
forn&ixi by an NFS client at the I/O node 23A to guarantee
close-to-open cons&stency ol'he data in the local cache 24 of
the local cluster 21, with the file system 26 of the remote
cluster 22. All tlm "read class" of rcqucsts which include
lookup. get attrtbute (getattr) and read, follow a suuilar data
flov&. These requests can be considered syncluonous on a
cache miss, because the application is bi&&eked i&siting for the
response back from the I/O node 23A.

[0039] Data Wrtte Opemtions

[0040] FICi 5 illustrates an cxm»pie data ivritc operatlotl
pmcess 50. On a ivrite request. the apphcauon node 23B tirst
writes the data to the local cache 24 via dw. cache manager 27
(block 51), and then semis a message to the designatexi I/O
node 23A to perform the v rt te operation at the remote cluster
22 (block 52) The I/O node 23A queues thc request (block
53) nnd returns mlo&ov ledgenmnt &nuncxfiately, alloiv&ng the
requesting application 16 (e.g., user process) to complete
(block 54) At a later time, tlm I/O node 23A reads tlm data
from tire local cache 24 and completes the remote write asyn-
chronously (block 55). 'I he cache read provides better per-
liormm&cc as it avoids both network latency and the limitcdi
WAN neuvork bandwidth. The cache read pnivides better
throughput and low latm&cy as the data is locally resident. A
remote wnte opemst&on &s sent as an NFS opemtion to the
remote (or home) cluster where the data &s written to the home
cluster file system. This is perl'ormcd fiir all '*~rite class"ol'equestssuch as: create. make d&rectorv (mkd&r). write and
unl&nk. Since data modifying operations are perfonued asyn-
cluonously. optunrzmti&1&ts si!cll &I willa cotllcsclllg all&i ellllll-
nauon of trans&ent creates may be performed.

[0041] As such, an implementation of a prefi:rred embodi-
ment of the system accord&ng to the invention comprises a

remote file data caching module integrated with the (IPFS
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cluster file system, providuig a scalnble, multi-node, consis-
tent cache of dain ixported by a remote file system cluster
The exmnple system uses the pNI'S protocol to move data in
parnllcl fmm tlm remnte file cluster Furthernmre, the system
pro»des a POSIX compliant file syslein uiterl'ace, making the
cache completely transparent to applications. 'fhe system can
mask the fluctuating wide-arcs-network (WAN) lntencies and
ouiages by supporung asynchronous and disconnemted-mode
operations. 'Ilia system allows concurrent updates to be made
at thc caclm and at tlm remote cluster and synchronizes them
by using conflict detection techniques to fln and handle
conflicts. The system may rely on open standards for high-
performance file servuig mid does not require any propnetary
hardware or software to be deployed at a remote cluster.

[0042] The cache manager 27, gateway nodes 23A and
apphcation nodes 23B collectively provide a caching layer
inteyatcxf into the local GfsFS cluster file system 21 that can
persistently and consistcnily store data mid mctadnta
exported by the remote cluster 22 across a wide-area network
27. Since every node 23 has direct access to cnched data and
metadata m the file system 24. once data is cached. applica-
tions 16 nuuung on the cached cluster 21 achieve the same
performmicc as if they uerc running directly on the remote
cluster 22. Iiurthermore, Nl'S clients can access the cache 24
in cached cluster Zl and see the same view of the data (as
defined by Nl S consisteiicy seinantics) as NFS clients
directly access the data from the remote cluster 22. hi essence,
both in ianna of c(insistency and performance, applicntiiiiis
16 ain function as if there was no cache 24 and WAN 27 ui
bctweai tlm applications 16 mid the remote cluster 22. More
importantly, thc caching layer 27 am funcliim as a standalone
tile system cache. Thus applications 16 can run on the cache
clusmr 21 using POSIX seniantics mirl access, update, and
lraveme flic directory tree even when the remote cluster 22 is
offline.

[0043] The aiching layer 27 cmi operate on a nnilti-node
cluster (henceforth called the cache cluster) v, here afl nodes
need not bc identical in tcmis of hardware. operating system
(OS). or support lor remote network conimctivily The nodes
Z3B of the cache cluster 21 see a shared storage 24. either by
connecting to SAN attached storage or relying on a Netv;ork
Shnred Disk layer that enables all nodes in a GPFS cluster hi
"access" direct attaclicxi storage on another node in the clus-
ter. as if it umm local. Only a set ofdesi gnatcd I/O nodes 23A
(Crateway nodes) need to tave the hardware and software
support for remote access to the remote cluster 22. The nodes
Z3A intcmally act ims NFS/pNFS clienms to fi:tch flm data in
parallel from the remote cluster 22. Parallel Ni:S can be used
if the remote cluster tile system 22 provides support, other-
wise NI'Sv4 can be used. As noted. the rem unmg nodes 23B
of the local cached cluster 21 called (Apphcation nodes)
service the data requests of apphcauons 16 from tbc kmal
caches cluster 21.

[0044] The I/O nodes 23A communicate with each other
via internal remote procedure call (RPC) requests. As the
apphcation nodes 23B service data requests by the requesting
apphcalions 16. whenever an application request ainnot be
satisfied by the cache 24 (due to n cache nuss or when the
cached data is invalid), an application node 23B sends a read
request to mic of the I/O nodes 23A u hich accesses the data
from the remote cluster 22 on behalf of the application node
23B

[0045] Dtfl'creat mechanisms can be unplemented for the
liO nodes 23A to share the data witli the application nndes

23B. One nption is for the I'0 nodes to write the remote data
to tlm shared storage 12, wluch application nodes can ihai
access mid return the thtta to the apphcations 16. Another
option is for tlm I/O nodes to transfi:r tlm data directly to the
apphcation nodes using the cluster inlerconnimt In /lie first
option. data sharing occurs through the storage subsystem 12,
which can provide higher pcrforniancc than a typical network
lurk All updates to the cache 24 are also mnde by the appli-
cation nodes Z3B via the cache manager 27 and a conunand
niessage (again no data) is sent to the I/O node 23A nnd
queued.

[0046] FIG. 6 shows an example process 70 illustrating
build up of queues 71 at the I/O nodes 23A for asynchronous
rcquesms sent by mi apphcalion node 23B (i e, create, wale
requests made at one of the application nodes 23B). These
requests are queued at the desimiated VO node 23A before
being sent lo ranole cluster 22, u harem ui FIG 6 Ci. I(i and
W»ndicate create, read and write for file i respecnvely. At a
later time. the I/O node(s) 23A read the data in parnllcl 1'rom

the stor igc subsystem 12 and push it to the remote cluster 22
over pNFS 27 lite selection of an I/O node 23A to service a

rcqucst cnsurcs that depemlcnt requests nrc executed in lhc
intended order. To provide node nflinity, as a first step, mi

application node 23B selects an I/O node 23A using a hash
Ibnction based on a unique identifier of'lm object on which a

file system operation is requested. Coordination for opera-
tiolls fl'lat nrc lvased oii a llaluc (c.g.. Iookitp, cri:atc, retrieve
etc.) and operations that affect multiple oh lee ts (e, rename,
link), are provided. Bach I/O node 23A maintains an in-

nwmory qucuc ofoperations that swed to be sem to flm ranotc
cluster 22. All the file system opemtions, from the point of
view of the cache 24. fall into tv;o classes: syncftronous (i.e.,
those that require the request to block unul the rmuote opera-
uon completes nnd returns. e... read, lookup), and nsyncluu-
nous (i c . those. that eius pnicccdt wtlhoul flie rciliiilc i)pcia-
non completing. e.g, create. unte). Iisch VO node can delay
asyncluonous operations for a configumble duration of time.

[UU47] Data consistency can be controlled across various
dimensions and a n be detined mlativc lo thc cache cluster 21,
the remote cluster 22 and ihc network conncmtivity The
cached data in the cache 24 is considered locafly consistent if
a read from a node o fflw cache cluster 21 retunis the last svrite
from any node of the cache cluster 21. A vahdity lag is defined
as the time delny between a read at the cache cluster 21

rcflccling tlm last write at tlm rcmolc cluster 22 A synchro-
nization lag is defined as the time delay benveen a read at the
remote cluster 22 reflectin the last write at the cache cluster
21.

[0048] I/sing liPFS distributed locking mech uusm, the
duta cache is locally consistent for the updates made at the
caclm cluster 21. The accesses are scrinlized by clccting (iim

of the nodes 23 lo be the token m mager and issuing read aixi
write tokens. I,ocal consistency within the cache cluster 21

translates to the traditional definition of strong consistency.
I'or cross-cluster consistency acmss the WAN 27, the local
cluster21aflosvs boththevalidity lagandthesyncluonization
(or synch) lag lo bc tunable based on lhc workload require-
ments. Basic NliS close-to-open consistency can be achieved
by setting thc validity lag to zero on a file opai (i e., the data
is always validated with the remote cluster 22 on an open
conunand) and setting the synch lag to zero on a file close
(i e., caclm ivritcs are flushed to lhc remote cluster 22 on a

close). NliS uses an attnbute timeout value (typically 30
seconds) to recheck with the server if the file attnbutes have
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clwnged, 11&e validity lag is bounded by tlus attrtbute t&meout

value or sct explicitly as a pammcter

[0049] The synch lag can also be set to NFS semantics or set
explicitly as a parameter However, NFS consistency seman-
tics can also be strenyhened v&a the 0 DIRECT parwneter
(wluch disables NFS client caching) or by d&sablu&g attnbute
caching (clfi:ctively setting Ihc attribute Iimcou& vnluc to 0)
NI'Sv4 file delegauons can reduce the overhead of cons&s-

tency manavement by having the remote cluster 22 NFS/
pNFS server trans)'er ownership of n file to the cuche cluster
21 so that the cache 24 can safely assume that the data is val&d

and service local requests

[0050] When the synch lag is yester than zem. all updates
made to the cache 24 are asynchronnusly committed at the
remote cluster 22 The sen&antics will no kmger be close-to-
open as data wrttes re ardless of the tile close tune delay.
When the network is disconnected both thc validation lag and
synch lag become indeterminate. When connecuvity &s

restored. the cache m&d remote clusters are synchronized,
with contlicks bdng detected m&d reso(vcd.

[0051] As &&ill be appreciated by one skilled in the art. the
present invention mny be embodied as a system. nwthod or
computer progr m& proiluct Accordin ly. Ihe present u&ven-

tion mny take the form of an entirely hardware en&bodiment,
w& cntirelv soflwarecmbodinwnt (including firmivarc, resi-
dent softv,are, m&cro-code, etc ) or an emboduuent combin-
ing software and hard&vere aspects that may all generally be
referred to herein Bs a '*circuit." "module'* or '*system." Fur-
them&ore. the present invention may take the fom& of a cnm-
puter program producr en&bodied in any tnngible medium of
expression having computer-usable prtigl'aiu civil club&alia&i

in the medium.

[0052] Any con&hinationol'one or inure computerusable or
con&puter readable med&um(s) may be utilized. The com-
puter-usable or con&puter-readable medium may bc. for
exwuple but not liinitcd Io, an electronic, magiwtic. Cpucal,
electmmagnetic, infrarix(, or semiconductor system, appam-
tus, device. or propagation medium IVlorc specific examples
(a non-exhaustive list) of the computer-readable med&um

would include the following, an electrical connection having
onc or more wires, a portnble computer diskc&te, a hard disk.
a random access memory (RAM). a read-only memory
(ROM), an erasable pmgranunable read-only memory
(EPROM or Flash memory). u& opt&cal liber. a portable com-
pact disc read-only memory (CD-ROM). an optical storage
device, a transmission media such ws Ihose supporting the
Internet or an u&tranet. or a magnet&c stomge device. Note tlwt
the computer-usable or computer-readable med&um could
even bc paper or another suitable mediwu upon ivluch Ihc

program &s prtnted, as the proyum can be electron&cally cap-
tured, via. I'or instance, optical sctmning of thc pnper or other
med&um, then con&pilcx), interpreted, or othe&w&se processezl
in a suitable manner, if necessary. and then storix) in a com-
puter memory. In the context of this docwnent. a computn-
usable or computer-readable med&um may be any medium
that can contain, store, commnnicate, propagate, or tmnsport
Ihc program for usc by or in connection with the ins&rtiction
execut&on system, apparatus. nr dev&ce. '11&e computer-usable
medium nwy include a propagated data signal with the cim&-

puter-usable progrwn code embodied therew&th. e&ther in
baseband or as part of a carrier wave. The computer usable
progm&n code may be transmitted using any appropriate
med&um, u&clud&ng but not linuted to w&reless, wirel&ne, opt&-

cal fiber cable. RF, etc.

[0053] Computer program code for carrying out operat&ons

o I'the pri sent invention may be written in Bnv combiixition of
one or more programnung languages, includ&ng an oblect
oriented progmnuning language such ns.lava, Sn&alltnlk, C++
or Ihe like and conventional pmcedural programming lan-
guages. such ils thc C p&xiglauurlh&g IBngtlagc iir sin&&lar

progranw&ing langunges I'hc program code may cxccutc
entirely on ihc user*a computer. partly on the user's computer,
as a stand-alone sofrt& are package, partly on the user's com-

puter and partly on a remote computer or entirety on tlw
remote computer or server, h& the latter scenano, the remote
computer may be connected to the user's computer through
any type ofnetwork, &ncludu&g a local area nertvork (LAN) or
a &vide area nel&vork (WAN). or the connect&on nwy be made
to an extcn&al computer (for example, through the Internet
using an Internet Serv&ce Provider).

[0054] The present invention is described below with ref-
erw&cc to flowclrait illustrations Bnd/or block dingf&iu&s of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of tlw invention. It will be
understood that each block of the flowchart illustmt&ons and/
or block diayams, and comb&oations of blocks &n the tiow-
cluirt ilhisuations and/or block diagrams. c u& be imple-
mented by computer progmm instruct&ons. These computer
program instructions may be provided to a processor of a

general purpose computer. special purpose computer. or other

pro rammable data pmcessu&g apparatus to produce a
machine, such that the instruction~, ivhich cxcvute via thc
pmcessor ol'he computer or other proyamrmable dnta pro-
cessing apparatus, create means t'nr implenwnting the func-
tions/acts spccilicd in tlw flowchart w&d/or block diagram
block or blocks.

[0055] Thcsc cwnputcr progrwn instructions mny also be
stored m a computer-readable med&um that can direct a com-

puter or other proyanunable data processing apparatus to
Ihnction in a particular nuwncr, such that Ihc instructions
stored in the computer-readable medium produce an aruc le of
manul'acture includinv instruction means which implement
the Ihncuon/act spccilicd u& the flowchart an&Uor block dia-

gmm block or blocks.

[0056] Tlw computer pmgram instrucuwis may also bc
loaded onto a computer or other pmy unmable data process-
ing apparatus to cmise a series of operational steps to bc
peril&rmcd on the &mw&puter or otlwr progrwnmable apparatus
to produce a computer unplemented pmcess such tlwt the
instructions which exvcute on the computoror other program-
mable apparatus prov&de processes Iiir unplen&eating the
fiinct iona l acts speci fied in the flowchart and/or block diagmm
block or blocks

[0057] I'IC), 7 shows a block diay im of an exiunple arclu-
tecture of an embudimcnt of a system 100 The systen& 100

includes one or more client devices 101 conncx:ted to one or
more server computing systmns 13U. A server 13U includes a

bus 102 or ofl&er commmiication nux:Iwnisms for communi-
cating information. and a processor (CPU) 104 couplcxt with
the bus IU2 for processing infnrtnation. The server 130 also
includes a main nwmory 106. sucfi rws a randwu access
memory (RAM) or other dynam&c stomge de~ice, coupled to
the bus 102 fiir storing infiim&atinn and instructions to bc
executed by the processor 104. The ma&n memory 106 also
may be used for stonng temporary variables or other inter-
mediate information dining execution or instructions to be
executed by the processor 104. 11&e server computer system
13U further includes a read only memory (ROM) 100 or other
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static storage device coupled to the bus 102 for storing static
information mid mstructions for thc procemsor 104 A storage
device 110. such as a may(etio disk or opucal disk. is pro-
vided nnd coupled to thc bus 102 for storing inl'onnation and
uistructions The bus 102 may em(tain. I'or cx unple, thirty-
nvo address lines for addressing video memory or main
memory 106 I'hc bus 102 can also include, fiir exnmplc. a

32-bit data bus I]or trmislerruig data beiwcen aud unong thc
components. such as the CI'U 104, the main memory IU6.
video lliciruiiy ((lid tile st((rag('. 110 Altcrnativcly, niultiplcx
data/address lines may be used instead of separate data and
address lines

[OU58] I'he server 13(l may be coupled via the bus I U2 to a

display 112 for displaying Infomiation to a colnputer user. An
input device 114, including alphaniuneric mid other keys, is
coupled to thc bus 102 I]or cmnmunicating mfonnutimi and
command selections to the processor 104. Another type of
user input device comprises cursor control 116, such as a

mouse, a trackball. or cursiir dirccction keys I]or communicut-
Ing direction information and conmiand selections to the
processor 104 and for controfling cursor nmvcnmnt on thc
display 112.

[0059] According to one embodunent of the invention. the
functions of the system 10 [Flfi. I) are performed by the
sel v(Ã 130 ill (capo(lac to tlie proccssoi 104 exec(It((i olla or
more sequences of one or more instructions contained in the
mnin nwmory 106 Such instructions may be read into the
maui memory 106 from another computer-readable medium,
such as tlie stonige device 11U. Execution of the sequences of
instructions contained in the main memory 106 em(sea the
processor 104 to perfomi the process steps described herein.
One or more processors in a multi-processing arrangement
may also be employed to execute the sequences of instnic-
tions contained in the main memory 106. In alternative
en( bod i ments, Imrd-u ired circuitry may be used in place o I'or

m combination vnth software uistnictions to implement the
Invention. I'bus. embodiments ofthe invention are not limited
to any specific combuiatimi of hardv,arc circuitry mid soft-
lval'c.

[OU6U] Oeneraily, the term "computer-readable medium'*

as usixl lmrein refem to miy medium that participnwd in pro-
v(din utstnictions to tlie processor 104 for execu uon Such a
medium may take many fomis, including but not limited to,
non-voLitilc media, volatile media, nnd transmission mixfia
Non-volanle media includes. f(ir example, optical or mag-
netic disks, such as the stomge device IIU. Sdolatile media
includes dynmnic memory. such as thc main nicmory 106
I'ransmission media includes coaxial cables, copper wire and
fiber optic~, including the (vires that comprise the bus 102.
Transnussion media can also take the form ofacoustic or light
waves. such as those generated during mdio ivave and infm-
red data communications

[0061] Conunon forms of computer-readable media
include, for example. a floppy disk, a flexiblc disk, hard disk.
magnetic tape. or any other may(etre medium. a CD-ROM.

any other optical medium. punch cards, paper tape. any other
physical medium i(itis patterns ofholes, a RAM. a PROM, an
EPROM, a IILASII-L'PROM. any other memory clup or car-

tridge, a carrier wave as described hereumfter, or any other
niedium I'rom winch a computer mm re uL

[0062] Van(ms fonna of computer readable media may be
involved in carrying onc or morc scqllcllcc's of (i(le (il lilolc
Instructions to the pmcessor 104 for execution. I'or example.
the instructions may initially be carried on a magnetic disk of

a remote computer. The remote computer can load the
instructions into its dyn miic memory mid s(nd the instruc-
tions over a telephone line usuig a modem. A modem local to
thc serivr 130 can receive the data on tlm telephone line and
use. an infrarcxt transmiuer to convert the data to m»nlral(xl
signal. An infrared detector coupled to the bus 1UZ can receive
tlm data carried in tfm info(red signal and phicc the (Lite on the
bus 102 Thc bus 102 murics the data to the main memory 106,
from wliich the processor 104 retrieves and executes the
instructions 11(c instrnctions received front the main
memory 106 may optionally be stored on the storage device
110 either before or after excmution by the processor 104.

[0063] The server 130 also includes a conununication inter-
face 118 coupled to the bus 102. The commumcation uiter-
face 118 provides a nv o-way data conununication coupling to
a network link 120 that is conncmted io the v (irhl v'ide packet
data coillilluiliciltioll llew(ork nou conuuonly referred to as
the internet 128. The Internet 128 uses electncal. electromag-
netic or optical signals lira( curry digital daui strmims, The
si nels tluough the various networks and the sianals on the
network link 120 and through the communication interface
118. ivhich carry the digitnl data io mid fmni the server 130,
are exemplary fomis or carrier waves transporting the infor-
nliltloli

[0064] Ill Sr(other embodiment ol'Ihe server 130, interface
118 is connected to a network 122 via a communication link
120. I'or exmnple, the comnnmication interface 118 mny be
an Inteyated semices di Ital netv,ork [ISDN) card or a

modem to provide a data conununication connection to a

corresponding type of tclc7hone linc, which can comprise
part of the network link 120. As another example. the com-
nnufication interface 118 nmy be a local area network [LAN)
card to pmvide a data conununication muinection to a mmi-

patible LAN. W(reless links may also be implemented. In any
such implementation. Ihc communication inierl'acc 118 smuls
and receives electncal elecuomagoeuc or opucal signals tlmt
carry digital (Lite streams representing various types of infor-
Illiltloli.

[0065] Thc n(.twork link 120 typically proiidms datu com-
nuufication tluough one or more networks to other data
devices. For exaniplc. the network link 120 may provide a

connemtion Ihrough the load network I 22 to a host computer
124 or to data equipment operated by an Internet Service
Providor 0SP) 126. The ISP 126 in turn provides data colil-
nuuucation services tluough the internet 128. The local net-
work 122 and the Internet 128 both use electrical, electro-
magnetic or optical signals tlmt carry digital data streams Thc
signals tluough the various networks and the sip+is on the
network link 12U and tluough thc communication interface
118. v'luch carry the digital data to and Inmi the server 130,
are exemplary limns or carrier ivaves transporting the infor-
Illiltioll.

[0066] The server 130 can send/receive messages nnd data,
including e-mail, program code, through tlm network. the
netuork link 120 mid the conununication interface 118. Fur-
ther, the communication interface 118 can comprise of a

USE(Tuner mid tlie netuork lmk 120 mny be an uitenna or
cable for connecting the server 130 to a cable provider, sat-

ellite provider or otlier terrestrial transmission system for
race(via messages, cata uid progrun code liom another
source.

[0067] Thc cxmnple versions of the invention described
herein are implemented as log(cal operations in n distnbuted
processing systmn such as the system IUU includinvg the serv-
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ers130. Thelovmcaloperattonsofthepresentutvent(oncanbe
unplemented as a sequence of steps executing in the server
130. mid as intcrconncctcdi machine inodulcs within thc sys-
tem It)t). I'he implementation is a matter of choice and can
d&7end on performance of the system 1UU implementing the
uivention. As such. the logical operations constituting sod
exmnple versions of the invention are rcfcrrwI to for e g.. as
operations, steps or modules

[0068] Similar to a server 130 described nbove, a client
device It)l can include a processor, memory, stomge device.
display, input device and commumcation interface [e.g.,
e-m ul interface) for coonecting the cliem device to the Inter-
net 128, thc ISP 126, or I,AN 122, for communicatimi with
the scrven, 130.

[0069] Thc system 100 wm fin(her uiclude computers [c.g,
personal computers. computing nodes) IU5 operating the
same manner as client devices 101. v herein a user can utilize
one or more computers 105 to manage data in the server 130.

[007U] The flowclmrt and block diagrams in the l&igures

d lustrate fiie architecture. Iunctioimlity. mid operationo I'pos-

sible implementations of system~. nwthods and computer
progmm products according to various embodiments of the
present uivention. In tlus regard. each block in the fiowchart

or block diagrams may rcprcscnt a module, sequent. or por-
tion of code, which comprises one or niorc executable
instructions for implementing the specified logical function

[s). It should also be noted that, ui some alternative imple-
mentatioiis. the functions noted in the block may occur out of
the order noted in thc Iigures. For exmnple, two blocks shou n

in succession may. in fact, be executed substantially concur-

rently, or the blocks may sometimes be executed in the reverse

order, d&7(end(ng upon tbe functionality invol(md It will also
bc noted that each block of(bc bkwk diagrams and/or fiou-
chart dlustmtmn. and combinations of blocks in the block
diagrams and/or fiowchart illustmtion, can be implemented
by special purpose hard(vili'c based syst&xns that pcl foMI thc
specified functions or acts, or combinations of specu(1 pur-
pose hardware nnd computer instructions.

[U071] The terminology used herein is for the purpose of
describing

particular

em bodiments 

(mly and is not intended to
be lunituig of the uivention. As used herein. the singular
forms "a", "an" and "the*'re intended to include the plural
I'orms as well. Ilul(ms th('. coll(ex( cl("lllv illdicatcs otf'Iciwisc
It will be further understood that the terms "comprises" and/
or "comprising,*'hen used in this specitication, specify the
presence of stated features, integers. steps. Operations. ele-
ments. and/or coniponents. but do not preclude the presence
or addition of elle oi'lloi'& otllci'catui'&w bit&net's, steps,
operations. elements. componentw and/or @oops thereof.

[0072] The correspond(a structures. matenals, scag and
equivalents of all means or step plus function elements in the
claims below arc intended to include any structure. nmtcrial.
or act for perfonuing the function in cmnbination with other
claimed elmnents as specifically claimed. The description of
thc present invention has been presentcdi for purposes ol'llustrationand description. but is not intended to be exhmis-
tivc or limital to the invention in the fomi disclose&1 Mmty
modifications and vanations will be apparent to those of
ordinary skill in the art (vithout departing from the scope and
spirit of the invention. Tlm embodiment was chosen and
descnbed ui order to best explain the pone(plea of the inven-
tion mid tlie practical application, and to enable others of

orduiary skill in the art to understand the uivenuon for vanous
&mboduuents with varmus modilications rm( arc suit(d to the
particular use contemplated.

What is claimed is
1. A method for facilitating access to data ui a nenvork,

con(prising:
maintaining a cache in a local cluster hie system;
caching local file data in the cache by fetching file data in

parallel and on demand from a remote cluster file system
into the cache over the network:

wherein the local tile data and metadata corresponds to the
tile data from the remote cluster file system and meta-
&bsta in the remote cluster file system.

2 The method of claim l. I'urther comprisinc.
upon detecting that a requested tile data is not In the cache,

fetching file data on demand from the remote cluster file
system ui parallel into tlm local miched file system over
the netv'ork.

3 Tlm metlmd of claim 1. further comprising
transfernng locally iuodi lied file data I'rom the cache to the

remote cluster file system over the network.
4 Tlm nmthod ol'claim 1. wherein caching local file data in

the miche fiirther uicludes
receiving a request for file access by an application node of

the local cached Iilc system, wherein the appbcatioll
node checl s the cache for the requested file; and

upon detecting a caclm hit. tlm application node accesses
the file data ui the cache.

5. 1 he method ofclaim 4, w herein cac lung local file data ui
tlm cache Iiirthcr includes

upon detecting a cache miss. fetching file data on demand
from the remote cluster file system into the cache over
the netv ork, wherein I'etching Iile data on demand
includes the application node signahng a gatev;iy node
to fetch tlm lilc data and tbc gateway n&xic li:tching thc
Iile data from the remote cluster Iile system uito the
cache in parallel over the network for access by the
application node

6 fhe method of claim 5, wherein fetching the file cata
from the remote cluster file system Iurther includes

fetching the file data frimi thc remote cluster tile system
uito the cuche over a wide area network using a parallel
network file system data tmnsfer.

7. The method oi claun 6, wherein the local cluster tiler
system and the remote cluster tile system comprise (icncn(l
Parallel File Systems, the cache comprises a storage sub-

system of the local cluster, mid the cache is visible to any tile
system client node rms a portable Operating System Interface
compliant Iile system. a)lou ing a file system client to bmu se
the cache and access the cached remote file data as in a local
lilc system

8. A system for facilitating access to data in a nenvork,
Co(tip&IS(llg:

a cache subsystem comprising a cache configured for
maintauiin data for a local cluster tile system,

a cachin layer functimi configured liir caching local tile
data ui the cache by fetclung tile data on demand from a
remote clusmr file system into the cache over the net-
work,

wherein thc local file data corresponds ui lile data in thc
remote cluster file system

9 Tlm system of claim 8, wherein thc caching layer func-
tion is fiirther configured such tlmt. upon detectuig that a
requested file data is not in the cache, the caching layer
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function fetches file data on demand from the remote cluster
tile systcin inul the local cached file system over the net&vork

10. The system ofclaim 8. &vherein the caching layer func-
tion is further mmfigured for trmlsfcrring local updates of the
file data mid me&ada&a I'rom the cache &o the rmnote cluster lite

system over the network asyncluonously, wherein local
updates may bc nmdc when the netv,ork is down and later
pushcvt to the remote cluster file system when thc network is
up

11 Thc system ofclaim 0, wherein tlw caching layer func-
tion includes an application node configured for receiving a

request for file access. checking tile cache for the requested
file. and upon detectmg a cache hit, accessing the file data ui
the cache.

12. The system of claim 11. wherein the caching layer
funclion includes a gateway node, uid the application node is
further configured such upon detecting a cache miss, the
apphcauon node utvokes the gate&&ay node for fetching file

data on demand from the remote cluster file system into tile
cache over the nenvork, wherein fetching file data on demand
uicludes the application node signaling, the ateway node fii

fetch the file data and the gate&vay node fetclung the file data
from tlm remote cluster file systmu into tho cache over thc
network for access by the appl&miuon node

13. I'he system of claim 12, wherein the gateway node is
I'urthcr configured fi&r fetching thc Iilc data from thc rmnotc
cluster tile system into ihe m&che over a wide area network
using a parallel network tile system data transfer.

14 The system oi'claim 13, w barmn &he local cluster liter
system and the remote cluster file system comprise Iteneral
Pamllel File Systcmg and the cache is visible to any file
system client node as a Portable Operating System Interface
compliant fife system, allowing a file system client to browse
tlm cache and access tlm cached remote tile data as in a local
file system.

15. &1 computer program product for facilitating access to
data. the computer pmgram product comprisuig:

a computer readable storage medium having computer
usable prognun code cinbodied tlmrewith, &bc compuicr
usable program code compnsmg.

computer usable pmgram code configured to maintmn a
cache subsysiem configured for maintaining data in a

cache fora local cluster file system:
computer usable prugram code configured to provide a

caclung layer I'unction by fetchuig tile data ni parallel
and on demand from the remote cluster file system into
thc cache over tlm network,

wherein the local file data corresponds to the tile data ui the
remote cluster file sysiem

16 The computer program pmducl of claim 15 funher
CO&l&Pf&S&llg:

cmnputer usable program code coidigurcd to. upon detect-
uig that a requested file data is not in the cache, fetch file
data on den&and from the remote cluster file system in

pandlel into the kmal cached file system over tlm net-
work.

17 The computer program product of claim 15 furtlmr
C Oll&P&'1S ill g:

computer usable progmm code configured to transfer
locally modified Iile data from the cache to the renuite
cluster file system over the network.

Ig. 11&a computer progrmn product of claim 15 further
Colllprlslllg

computer usable prograni cede configured for an appllca-
iimi node ot the caching layer function to receive a

request for file access. wherein the application node then
checks the cache for the requested file, mid upon detect-
uig a cache hit, accvvses the tile data in the cache

19. 11&e computer progmm pmduct of claim 18 further
c&)lnPf&slllg

computer usable program code contigured for the appllmi-
tion node to detect a cache miss and imoke a gateway
niidle for I'etching lite data on demmid film& thc remote
cluster Iile system into the cache over the network,
wherein fetching file data on demand includes the appli-
cation node signaling tlm gatewny node to fetch the tile
&Lota and the gateway node fetclung the file &Lsta from the
remote cluster file system imo tlm cache in pamllel over
the netv;ork for access by the applicanon node.

20 Tile conlpll&LY pnlglalll product ol claim 19 I'urther

COlllprls lllg
computer usable program code configured for ihe gateway

node to fetch the file data from the remote cluster file
system into ihc cache over a &Vide arcs ac&work using a

parallel nenvork file system data transfer. wherein the
local cluster tiler system and the remote cluster file sys-
Icin comprise fieneral Parallel File Systems, and the
cache is visible to any file system client node as a Por-
table Operating System Interface compliant file system,
allowing a tile system client t&1 bro&vse thc cache nnd
access the cached remote file data as in a local fife

systcu&.
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