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tGrid enabled storage systems are a vital part of data pro
essing in the grid environment. Evenfor sites primarily providing 
omputing 
y
les, lo
al storage 
a
hes will often be used to bu�er input�les and output results before transfer to other sites. In order for sites to pro
ess jobs eÆ
iently it isne
essary that site storage is not a bottlene
k to Grid jobs.dCa
he and DPM are two Grid middleware appli
ations that provide disk pool management ofstorage resour
es. Their implementations of the storage resour
e manager (SRM) webservi
e allowsthem to provide a standard interfa
e to this managed storage, enabling them to intera
t with otherSRM enabled Grid middleware and storage devi
es. In this paper we present a 
omprehensive set ofresults showing the data transfer rates in and out of these two SRM systems when running on 2.4 seriesLinux kernels and with di�erent underlying �lesystems.This ben
hmarking information is very important for the optimisation of Grid storage resour
es atsmaller sites, that are required to provide an SRM interfa
e to their available storage systems.1 Introdu
tion1.1 Small sites and Grid 
omput-ingThe EGEE proje
t [1℄ brings together s
ientistsand engineers from 30 
ountries to order to 
re-ate a Grid infrastru
ture that is 
onstantly avail-able for s
ienti�
 
omputing and analysis.The aim of the Worldwide LHC ComputingGrid (WLCG) is to use the EGEE developedsoftware to 
onstru
t a global 
omputing re-sour
e that will enable parti
le physi
ists to storeand analyse parti
le physi
s data that the LargeHadron Collider (LHC) and its experiments willgenerate when it starts taking data in 2007. TheWLCG is based on a distributed Grid 
omput-ing model and will make use of the 
omputingand storage resour
es at physi
s laboratories andinstitutes around the world. Depending on thelevel of available resour
es, the institutes are or-ganised into a hierar
hy starting with the Tier-0
entre at CERN (the lo
ation of the LHC), mul-tiple national laboratories (Tier-1 
entres) andnumerous smaller resear
h institutes and Uni-versities (Tier-2 sites) within ea
h parti
ipating
ountry. Ea
h Tier is expe
ted to provide a 
er-tain level of 
omputing servi
e to Grid users on
ethe WLCG goes into full produ
tion.

The authors' host institutes form part of S
ot-Grid [2℄, a distributed WLCG Tier-2 
entre, andit is from this point of view that we approa
h thesubje
t of this paper. Although ea
h Tier-2 isunique in its 
on�guration and operation, sim-ilarities 
an be easily identi�ed, parti
ularly inthe area of data storage:1. Typi
ally Tier-2 sites have limited hardwareresour
es. For example, they may have oneor two servers atta
hed to a few terabytes ofdisk, 
on�gured as a RAID system. Addi-tional storage may be NFS mounted fromanother disk server whi
h is shared withother non-Grid users.2. No tape storage.3. Limited manpower to spend on administer-ing and 
on�guring a storage system.The obje
tive of this paper is to study the 
on-�guration of a Grid enabled storage element ata typi
al Tier-2 site. In parti
ular we will in-vestigate how 
hanges in the disk server �lesys-tems and �le transfer parameters a�e
t the datatransfer rate when writing into the storage ele-ment. We 
on
entrate on the 
ase of writing tothe storage element, as this is expe
ted to be themost stressful operation on the Tier-2's storageresour
es, and indeed testing within the GridPP




ollaboration bears this out [3℄. Sites will be ableto use the results of this paper to make informedde
isions about the optimal setup of their stor-age resour
es without the need to perform ex-tensive analysis on their own.Although in this paper we 
on
entrate on par-ti
ular SRM [4℄ grid storage software, the resultswill be of interest in optimising other types ofgrid storage at smaller sites.This paper is organised as follows. Se
tion 2des
ribes the grid middleware 
omponents thatwere used during the tests. Se
tion 3 then goeson to des
ribe the hardware, whi
h was 
hosento represent a typi
al Tier-2 setup, that was usedduring the tests. Se
tion 3.1 details the �lesys-tem formats that were studied and the Linux ker-nel that was used to operate the disk pools. Ourtesting method is outlined in Se
tion 4 and theresults of these tests are reported and dis
ussedin Se
tion 5. In Se
tion 6 we present suggestionsof possible future work that 
ould be 
arried outto extend our understanding of optimisation ofGrid enabled storage elements at small sites and
on
lude in Se
tion 7.2 Grid middleware 
ompo-nents2.1 SRMThe use of standard interfa
es to storage re-sour
es is essential in a Grid environment likethe WLCG sin
e it will enable interoperation ofthe heterogeneous 
olle
tion of storage hardwarethat the 
ollaborating institutes have availableto them. Within the high energy physi
s 
om-munity the storage resour
e manager (SRM) [4℄interfa
e has been 
hosen by the LHC experi-ments as one of the baseline servi
es [5℄ thatparti
ipating institutes should provide to allowa

ess to their disk and tape storage a
ross theGrid. It should be noted here that a storage ele-ment that provides an SRM interfa
e will be re-ferred to as `an SRM'. The storage resour
e bro-ker (SRB) [6℄ is an alternative te
hnology devel-oped by the San Diego Super
omputing Center[7℄ that uses a 
lient-server approa
h to 
reate alogi
al distributed �le system for users, with asingle global logi
al namespa
e or �le hierar
hy.This has not been 
hosen as one of the baselineservi
es within the WLCG.

2.2 dCa
hedCa
he [8℄ is a system jointly developed byDESY and FNAL that aims to provide a me
h-anism for storing and retrieving huge amountsof data among a large number of heterogeneousserver nodes, whi
h 
an be of varying ar
hi-te
tures (x86, ia32, ia64). It provides a singlenamespa
e view of all of the �les that it man-ages and allows a

ess to these �les using a vari-ety of a proto
ols, in
luding SRM. By 
onne
tingdCa
he to a tape ba
kend, it be
omes a hierar-
hi
al storage manager. However, this is not ofparti
ular relevan
e to Tier-2 sites who do nottypi
ally have tape storage. dCa
he is a highly
on�gurable storage solution and 
an be easilydeployed at Tier-2 sites where DPM is not suÆ-
iently 
exible.2.3 Disk pool managerDeveloped at CERN, and now part of the gLitemiddleware set, the disk pool manager (DPM)is similar to dCa
he in that is provides a sin-gle namespa
e view of all of the �les stored onthe multiple disk servers that it manages andprovides a variety of methods for a

essing thisdata, in
luding SRM. DPM was always intendedto be used primarily at Tier-2 sites, so has an em-phasis on ease of deployment and maintenan
e.Consequently it la
ks some of the sophisti
ationof dCa
he, but is simpler to 
on�gure and run.2.4 File transfer servi
eThe gLite �le transfer servi
e (FTS) [9℄ is a gridmiddleware 
omponent that aims to provide re-liable �le transfer between storage elements thatprovide the SRM or GridFTP [10℄ interfa
e. Ituses the 
on
ept of 
hannels [11℄ to de�ne uni-dire
tional data transfer paths between storageelements, whi
h usually map to dedi
ated net-work pipes. There are a number of transfer pa-rameters that 
an be modi�ed on ea
h of these
hannels in order to 
ontrol the behaviour of the�le transfers between the sour
e and destinationstorage elements. We 
on
ern ourselves with twoof these: the number of 
on
urrent �le trans-fers (Nf ) and the number of parallel GridFTPstreams (Ns). Nf is the number of �les thatFTS will simultaneously transfer in any bulk �letransfer operation. Ns is number of simultane-ous GridFTP 
hannels that are opened up forea
h of these �les.



2.5 InstallationSe
tions 2.2 and 2.3 des
ribed the two disk poolmanagement appli
ations that are suitable foruse at small sites. Both dCa
he (v1.6.6-5) andDPM (v1.4.5) are available as part of the 2.7.0release of the LCG software sta
k and have beensequentially investigated in the work presentedhere. In ea
h 
ase, the LCG YAIM [12℄ in-stallation me
hanism was used to 
reate a de-fault instan
e of the appli
ation on the avail-able test ma
hine (See Se
tion 3). For dCa
he,PostGreSQL v8.1.3 was used, obtained from thePostGreSQL website [13℄. Other than installingthe SRM system in order that they be fully op-erational, no 
on�guration options were altered.3 Hardware 
on�gurationIn order for our �ndings to be appli
able to exist-ing WLCG Tier-2 sites, we 
hose test hardwarerepresentative of Tier-2 resour
es.1. Single node with a dual 
ore Xeon CPU.This operated all of the relevant servi
es(i.e. SRM/nameserver and disk pool a
-
ess) that were required for operation of thedCa
he or DPM.2. 5TB RAID level-5 disk with a 64K stripe.Partitioned into three 1.7TB �lesystems.3. Sour
e DPM for the transfers was a suf-�
iently high performan
e ma
hine that itwas able to output data a
ross the networksu
h that it would not a
t as a bottlene
kduring the tests.4. 1Gb/s network 
onne
tion between thesour
e and destination SRMs, whi
h wereon the same network 
onne
ted via a Net-gear GS742T swit
h. During the tests,there was little or no other traÆ
 on thenetwork.5. No �rewalling (no iptables module loaded)between the sour
e and destination SRMs.3.1 Kernels and �lesystemsTable 1 summarises the 
ombinations of Linuxkernels that we ran on our storage element andthe disk pool �lesystems that we tested it with.As 
an be seen four �lesystems, ext2 [14℄, ext3[15℄, jfs [16℄, xfs [17℄, were studied. Support forthe �rst 3 �lesystems is in
luded by default in theS
ienti�
 Linux [18℄ 305 distribution. However,

support for xfs is not enabled. In order to studythe performan
e of xfs a CERN 
ontributed re-build of the standard S
ienti�
 Linux kernel wasused. This di�ers from the �rst kernel only withthe addition of xfs support.Note that these kernel 
hoi
es are in keepingwith the `Tier-2' philosophy of this paper { Tier-2 sites will not have the resour
es available to re-
ompile kernels, but will instead 
hoose a kernelwhi
h in
ludes support for their desired �lesys-tem.In ea
h 
ase, the default options were usedwhen mounting the �lesystems.FilesystemKernel ext2 ext3 jfs xfs2.4.21 Y Y Y N2.4.21+
ern xfs N N N YTable 1: Filesystems tested for ea
h Linux ker-nel/distribution.4 MethodThe method adopted was to use FTS to trans-fer 30 1GB �les from a sour
e DPM to the testSRM, measuring the data transfer rate for ea
hof the �lesystem-kernel 
ombinations des
ribedin Se
tion 3.1 and for di�erent values of the FTSparameters identi�ed in Se
tion 2.4. We 
hoseto look at Nf ; Ns 2 (1; 3; 5; 10). Using FTS en-abled us to re
ord the number of su

essful andfailed transfers in ea
h of the bat
hes that weresubmitted. A 1GB �le size was sele
ted as be-ing representative of the typi
al �lesize that willbe used by the LHC experiments involved in theWLCG.Ea
h measurement was repeated 4 times toobtain a mean. Any transfers whi
h showedanomalous results (e.g., less than 50% of thebandwidth of the other 3) were investigated and,if ne
essary, repeated. This was to prevent fail-ures in higher level 
omponents, e.g., FTS fromadversely a�e
ting the results presented here.5 Results5.1 Transfer RatesTable 2 shows the transfer rate, averaged overNs, for dCa
he for ea
h of the �lesystems. Sim-ilarly 3 shows the rate averaged over Nf .



Nf Filesystemext2 ext3 jfs xfs1 157 146 137 1563 207 176 236 2365 209 162 246 24510 207 165 244 247Table 2: Average transfer rates per �lesystemfor dCa
he for ea
h Nf .Ns Filesystemext2 ext3 jfs xfs1 217 177 234 2333 191 159 214 2195 189 155 208 21710 183 158 207 215Table 3: Average transfer rates per �lesystemfor dCa
he for ea
h Ns.Table 4 shows the transfer rate, averaged overNs, for DPM for ea
h of the �lesystems. Simi-larly 5 shows the rate averaged over Nf .The following 
on
lusions 
an be drawn:1. Transfer rates are greater when using mod-ern high performan
e �lesystems like jfs andxfs than the older ext2,3 �lesystems.2. Transfer rates for ext2 are higher than ext3,be
ause it does not su�er a journalling over-head.3. For all �lesystems, having more than 1 si-multaneous �le transferred improves the av-erage transfer rate substantially. There ap-pears to be little dependen
e of the aver-age transfer rate on the number of �les in amulti-�le transfer (for the range of Nf stud-ied).4a. With dCa
he, for all �lesystems, singlestream transfers a
hieve a higher averagetransfer rate than multistream transfers.4b. With DPM, for ext2,3 single stream trans-fers a
hieve a higher average transfer ratethan multistream transfers. For xfs and jfsmultistreaming has little e�e
t on the rate.4
. In both 
ases, there appears to be little de-penden
e of the average transfer rate on thenumber of streams in a multistream transfer(for the range of Ns studied).

Nf Filesystemext2 ext3 jfs xfs1 214 192 141 2043 297 252 357 3415 300 261 368 35410 282 253 379 356Table 4: Average transfer rates per �lesystemfor DPM for ea
h Nf .Ns Filesystemext2 ext3 jfs xfs1 293 277 289 3103 264 209 313 3235 264 237 303 30710 272 234 339 317Table 5: Average transfer rates per �lesystemfor DPM for ea
h Ns.5.2 Error RatesTable 6 shows the average per
entage error ratesfor the transfers obtained with both SRMs.5.2.1 dCa
heWith dCa
he there were a small number of trans-fer errors for ext2,3 �lesytems. These 
an betra
ed ba
k to FTS 
an
elling the transfer of asingle �le. It is likely that the high ma
hine loadgenerated by the I/O traÆ
 impaired the per-forman
e of the dCa
he SRM servi
e. No errorswere reported with xfs and jfs �lesystems whi
h
an be 
orrelated with the 
orrespondingly lowerload that was observed on the system 
omparedto the ext2,3 �lesystems.5.2.2 DPMWith DPM all of the �lesystems 
an lead to er-rors in transfers. Similarly to dCa
he these er-rors generally o

ur be
ause of a failure to 
or-re
tly 
all srmSetDone() in FTS. This 
an betra
ed ba
k to the DPM SRM daemons beingSRM Filesystemext2 ext3 jfs xfsdCa
he 0.21 0.05 0 0DPM 0.05 0.10 1.04 0.21Table 6: Per
entage observed error rates for dif-ferent �lesystems and kernels with dCa
he andDPM.



badly a�e
ted by the ma
hine load generatedby the high I/O traÆ
. In general it is re
om-mended to separate the SRM daemons from thea
tual disk servers, parti
ularly at larger sites.Note that the error rate for jfs was higher,by some margin, than for the other �lesystems.However, this was mainly due to one single trans-fer whi
h had a very high error rate and furthertesting should be done to see if this repeats.5.3 Comment on FTS parametersThe poorer performan
e of multiple parallelGridFTP streams relative to a single streamtransfer observed for dCa
he and for DPM withext2,3 
an be understood by 
onsidering the I/Obehaviour of the destination disk. With multipleparallel streams, a single �le is split into se
tionsand sent down separate TCP 
hannels to the des-tination storage element. When the storage ele-ment starts to write this data to disk, it will haveto perform many random writes to the disk asdi�erent pa
kets arrive from ea
h of the di�erentstreams. In the single stream 
ase, data from asingle �le arrives sequentially at the storage el-ement, meaning that the data 
an be writtensequentially on the disk, or at least with signi�-
antly fewer randomwrites. Sin
e randomwritesinvolve physi
al movement of the disk and/or thewrite head, it will degrade the write performan
erelative to a sequential write a

ess pattern.In fa
t multiple TCP streams are generallybene�
ial when performing wide area networktransfers, in order to maximise the networkthroughput. In our 
ase as the sour
e and des-tination SRMs were on the same LAN the e�e
tof multistreams was generally detrimental.It must be noted that a systemati
 study wasnot performed for the 
ase of Nf > 10. How-ever, initial tests show that if FTS is used tomanage a bulk �le transfer on a 
hannel whereNf is initially set to a high value, then thedestination storage element experien
es a highload immediately after the �rst bat
h of �les hasbeen transferred, 
ausing a 
orresponding dropin the observed transfer rate. This e�e
t 
an beseen in Figure 1, where there is an initial highdata transfer rate, but this redu
es on
e the �rstbat
h of Nf �les has been transferred. It is likelythat the e�e
t is due to the post-transfer nego-tiation steps of the SRM proto
ol o

urring si-multaneously for all of the transferred �les. Theresulting high load on the destination SRM node
auses all subsequent FTS transfer requests totime out, resulting in the transfers failing. Itmust be noted that our use of a 1GB test �le for

Figure 1: Network pro�le of destination dCa
henode with jfs pool �lesystem during an FTStransfer of 30 1GB �les. Throughout the trans-fer, Nf = 15. Final rate was 142Mb/s with 15failed transfers.
Figure 2: Network pro�le of destination dCa
henode with jfs pool �lesystem during an FTStransfer of 30 1GB �les. Nf = 1 at the startof the transfer, in
reasing up to Nf = 15 asthe transfer progressed. Final transfer rate was249Mb/s with no failed transfers.all transfers will exa
erbate this e�e
t. Figure 2shows how this e�e
t disappears when the starttimes of the �le transfers are staggered by slowlyin
reasingNf fromNf = 1 to 15, indi
ating thathigher �le transfer rates as well as fewer �le fail-ures 
ould be a
hieved if FTS staggered the starttimes of the �le transfers. Improvements 
ouldbe made if multiple nodes were used to spreadthe load of the destination storage element. Ifavailable, separate nodes 
ould be used to runthe disk server side of the SRM and the names-pa
e servi
es.6 Future WorkThe work des
ribed in this paper is a �rst stepinto the area of optimisation of grid enabled stor-age at Tier-2 sites. In order to fully understandand optimise the intera
tion between the baseoperating system, disk �lesystem and storage ap-pli
ations, it would be interesting to extend thisresear
h in a number of dire
tions:1. Using non-default mount options for ea
h ofthe �lesystems.2. Repeat the tests with SL 4 as the base oper-



ating system (whi
h would also allow testingof a 2.6 Linux kernel).3. Investigate the e�e
t of using a di�erentstripe size for the RAID 
on�guration of thedisk servers.4. Vanilla installations of SL generally 
omewith unsuitable default values for the TCPread and write bu�er sizes. In light ofthis, it will be interesting to study the how
hanges in the Linux kernel-networking tun-ing parameters 
hange the FTS data trans-fer rates. Initial work in this area has shownthat improvements 
an be made.5. It would be interesting to investigate thee�e
t of di�erent TCP implementationswithin the Linux kernel. For example, TCP-BIC [19℄, westwood [20℄, vegas [21℄ andweb100 [22℄.6. Chara
terise the performan
e enhan
ementthat 
an be gained by the addition of extrahardware, parti
ularly the in
lusion of extradisk servers.When the WLCG goes into full produ
tion, amore realisti
 use 
ase for the operation of anSRM will be one in whi
h it is simultaneouslywriting (as is the 
ase here) and reading �lesa
ross the WAN. Su
h a simulation should alsoin
lude a ba
kground of lo
al �le a

ess to thestorage element, as is expe
ted to o

ur duringperiods of end user analysis on Tier-2 
omputing
lusters. Preliminary work has already startedin this area where we have been observing theperforman
e of existing SRMs within S
otGridduring simultaneous read and writing of data.7 Con
lusionThis paper has presented the results of a 
ompar-ison of �le transfer rates that were a
hieved whenFTS was used to 
opy �les between Grid enabledstorage elements that were operating with di�er-ent destination disk pool �lesystems and a 2.4Linux kernel. Both dCa
he and DPM were 
on-sidered as destination disk pool managers pro-viding an SRM interfa
e to the available disk.In addition, the dependen
e of the �le transferrate on the number of 
on
urrent �les (Nf ) andthe number of parallel GridFTP streams (Ns)was investigated.In terms of optimising the �le transfer ratethat 
ould be a
hieved with FTS when writing

into a 
hara
teristi
 Tier-2 SRM setup, the re-sults 
an be summarised as follows:1. Pool �lesystem: jfs or xfs.2. FTS parameters: Low value for Ns, highvalue for Nf (staggering the �le transferstart times). In parti
ular, for dCa
heNf = 1 was identi�ed as giving optimaltransfer rate.It is not possible to make a single re
ommen-dation on the SRM appli
ation that sites shoulduse based on the results presented here. This de-
ision must be made depending upon the avail-able hardware and manpower resour
es and 
on-sideration of the relative features of ea
h SRMsolution.Extensions to this work were suggested, rang-ing from studies of the interfa
e between the ker-nel and network layers all the way up to mak-ing 
hanges to the hardware 
on�guration. Onlywhen we understand how the hardware and soft-ware 
omponents intera
t to make up an entireGrid enabled storage element will we be able togive a fully informed set of re
ommendations toTier-2 sites regarding the optimal SRM 
on�gu-ration. This information is required by them inorder that they 
an provide the level of servi
eexpe
ted by the WLCG and other Grid proje
ts.8 A
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