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Abstract: WFSis a new Linux filesystenwhich providesa filesystenlike interfacefor the World Wide Weh It

wasdevelopedasa kernelmodulefor theLinuxKernel2.2.1,andutilizesa userlevel procesgwebdaemon}o

serviceHTTP documenffetch requestsThe filesystenprovidesfor cacing of remotedocumentsand can
processmultiple outstandingrequestsconcurently. As remotedocumentsare fetched, contentcontainedin

hyperlinkswithin thosedocumentss extractedand mappednto the local filesystem. This remotedirectory
contentinformationis maintainedfor ead directorymanagyedby WFSin a specialfile *.... Theutility | sw is

usedto list and manaye theremotedirectorycontent. Thepartition managyedby WFSis a read-onlypartition

for WFSclients. However, clientsare ableto flushentriesfromthe WFSpartition usinga specialutility r wm

Our performancestudy showsthat WFSis about 30% slowerthan AFS for file accesstracescomposedf

100%cadce misses.Thelower WFSperformancds probablyduein part to thelarger amountof processing
pushed to the usendel process in WFS, and the use ofemgal HTTP library for document fekes.

1. Introduction

Web browsersprovide an interfaceto public portionsof remotefile systems. In this paperwe
describeheimplementatiorof a new Linux filesystenthatprovidesa filesystemlik e interfaceto theweh
This new filesystem WFS, allows usersto ‘browse’ the webin a mannersimilar to browsing a directory
structure. WFSis mountedasa disk partitionthat actsasa cachefor portionsof the webthathave been
recentlyvisited. Throughouthis paperwe referto this partitionas/ wf s/ . Theremainderof this paperis
organizedasfollows. In Section2 we describethe overall architectureof WFS anddiscusgactorswhich
influencedour designdecisions. Section3 describesn detail our implementationof WFS. The imple-
mentationof the userlevel processusedby the kernelto serviceweb lookupsis describedn Section4.
Somesmall additionaltools (suchas| sw, a commandto list web content)are usedin conjunctionwith
WFS. Theimplementatiorandfunction of thesetoolsis describedn Section5. We comparethe perfor-
mance of WFS to AFS in Secti@n Finally we discuss our conclusions in Sectron

2. Design

2.1 Semantics

There are semanticdifferencesbetweena web file systemand a traditional filesystem. These
semanticdistinctionsinfluencedour designdecisions. For instancejn a normalfilesystemwhena user
issuegshecommandcd f oo’ andthedirectoryf oo doesnotexist, thecommanderminatesandanerror
is returned. However, in WFS,the samecommandmay resultin the creationof a new directoryf 0o. In
generalthe/ wf s/ partitionrepresentsheroot of the entireinternet,with eachsubdirectoryrepresenting
a hostthathasbeendiscoreredandvisited. Thedirectorystructurebelow thesehostdirectoriesrepresents
the portionof the directorystructureat thathostthathasbeenvisited or is known to be publicly accessible
(e.g./ wWf s/ www. cnn. coni mar ket s/ ). This structureis dynamicallycreatedduring normal use of
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the filesystem. For example,whena userfirst encounters directory (say/wfs/ ) andissuesthe com-
mandls , thereis nolisting (a staticlisting of all knowvn websitesthatexist ontheinternetcannotbe kept).
If that wuser attempts the command ‘cd www.cs.wisc.edu’ , the directory
/wfs/www.cs.wisc.edu/ will beautomaticallycreatedby the filesystemif (1) it doesnot exist, and
(2) www.cs.wisc.edu is a reachable site on the internet.

Anothersemantidifferencefor webfilesystemss thatthe /wfs/  partitionis a read-onlypublic
cache. Usersarenot allowed to directly createor modify files anddirectorieswithin this partition. File
creationis transparento the userasremotefiles areaccessedTheregular‘ls ' commandshaws thefiles
anddirectoriesthatarecurrentlyin the WFS cache. The WFS tool command Isw * will shav thedirec-
tory entriesthat are known to exist on the remotesitesbut have not yet beenbroughtinto the cache.
Althoughusersdo not have write permissionn /wfs/ , they areallowedto remove files from the /wfs/
partition. A utilityrmw is provided for this purpose.

2.2 Design decisions

2.2.1 Architecture

Figurel shaws the high level architectureof WFS. The shadedboxes are componentsmple-
mentedaspartof WFS, andthe nonshadedccomponentshav how the WFSfits in andinteractswith the
Linux kernel. TheLinux kernelprovidesa Virtual File System(VFS) which is anabstracinterfaceto all
filesystems.Eachfilesystemprovidesits own implementatiorof the standardJNIX filesystemandinode
operationgcreate(), open(), lookup() ,etc..)andregistersthesewith theVFS[3]. TheLinux
kernelresoheswhich functionto call for agivensystenmcall basednwhich filesystemnis beingaccessed.

The fundamentaideabehindour designis to attempta web lookup whena normallookup()
fails. Thisweblookupis handledby the web daemon(a userlevel processpn behalfof the kernel. We
decidedto pushthe web requestsaand subsequentesponserocessingo a userlevel processn orderto
minimizetheamountof codeintroducednto thekernel. Usingauserlevel procesgo provide file system
serviceds alsodonein othersystemssuchasAFS [2]. Usingthis approactwe wereableto developWFS
asa modifiedversionof the standardLinux filesystemEXT2 with relatvely small changedo the kernel
andEXT2. WeimplementedVFSasa kernelmodule. Therequiredkernel, VFS, andEXT2 filesystem
modifications are discussed in Sect®nThe user el web daemon process is discussed in Sedtion

2.2.2 Cache Management

Therearetwo issuednvolvedin cachemanagementralidationandreplacementThe threepopu-
lar validationpoliciesare: (1) validateon every accesgi.e. whenerer a URL is accessedsenda requesto
remotesener askingwhetherthe remotecopy is newer thanthe cachedcopy. If yes,fetchthe newv copy
otherwiseusethe cacheccopy), (2) validateif the cachedcopy is olderthana certaintime period,and(3)
validateon userrequestsimilar to "reload"requesin browsers. We choseto use(3) in WFSfor two rea-
sons: (1) performanceand(2) we decidedo leave the policy decisionregardingwhento validatea cached
copy to theuser/applicatiorthatis usingWFS. A singlecachevalidationpolicy appliedglobally is abad
idea.For instanceURLs of news sitesmight be validatedat muchshorterintervalsthanURLSs suchasthe
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Figure 1. Architectuee of the WFSfilesystem. Shadedboxesare componentand
toolsfor WFS. WFSis a modifiedversion of the Linux filesystenEXT2. The
web daemonis a user level process with root privileges and secue
communicationchannelswith the kernel. It servicesHTTP requestsand
modifieshe partition / wf s/ throughWFS. It is only activatedwhena call to
| ookup() fails, in whith case a web lookup is attempted.

Linux Kernel Haclkrs Guide tutorials, or nels which need not bealidated for months or longer

Another cachemanagemendecisioninvolves decidingwhat to do whenthe /wfs/  partitionis
full. Oneoptionis to have the kernelperiodicallyscan/wfs/  anddelete all files thathave residedn the
cachelongerthana fixedtime. However, this policy will produceanunpredictabldilesysteminterfaceto
theuser Forinstanceausermayseeafile using‘ls’ oneday, only to have it mysteriouslydisappeaby
thetime they next attemptto accesst. Therefore we decidedto pushthe responsibilityof cachespace
managemertb theuser Whenthe/wfs/ partitionis full the usermustmake spacgust ashe/shewould
if their AFS partitionwerefull. Theutility rmw is usedto deletecontentfrom /wfs/ . The semantic®of
‘rm /wfs/www.foo.edu " will be to remove the directorywww.foo.edu from the cache/wfs/
This designdecisionpresentsa problemsincewe mustallow the userto deletefiles from the readonly
/wfs/ partition. "B accomplish this we pvide a utility rmw to use in place ain (Section2.2.3)

2.2.3 Utilities

Apart from the utilities likels , cd, cat , vi , xv, andgv for accessindghe contentsof a /wfs/
directory our designrequiredthe developmentof two additionalutilities: Isw andrmw. The utility Isw
will showv the directoryentriesthat WFS knows to exist on the remotesites. The rmw utility allows users
to remove contentsfrom the read-only/wfs/  partition. The developmentof thesetools is discussedn
Section5.1 and Sectiob.2 respectiely.

CS736 Project (Spring 99): Jackson, Kathuria 3



3. WFS Module

The WFS moduleis the sameasthe EXT2 moduleexceptfor modificationsto the | ookup()
function. Whenl ookup() is calledit doesan EXT2 stylelookupondisk. If it failsto find thei node
for the requested path, it sends a message to webd requesting it to fetch that file from the web

3.1 How lookup() Services a Request

Themethod ookup() isgivenani node of thedirectoryin which afile is to belookedup and
thedent r y of thefile (SeeAppendixA for a descriptionof structdent r y). For example,the function
call fopen("abc/def","r") will leadto first calling of | ookup(i node_wd, dentry_abc).
Thisdent ry of abc containsall theinformationaboutabc excepttheinode(whichis why thelookupis
called).

After | ookup() suppliesthei node of abc, it is calledagain to find thei node of the next
pieceof the path,| ookup(i node_abc, dentry_def). Thusevenif along pathis suppliedto
fopen(),l ookup() resohesit onepieceof thepathatatime. Thereforewewill concentrat®nhow a
single irvocation ofl ookup() works.

Considera casewhenauserentersa commandcat/wfs/www.cs.wisc.edu/cslég/unix/inde.html.
Assumethatthedirectory/ wf s/ www. cs. wi sc. edu/ csl isalreadycachedn/ wf s/ sol ookup()
will proceechormallyuntil f aq is encounteredin thatcasd ookup(i node_csl, dentry faq) is
called. Sincethereis no entryf aq on disk, a web fetch requestis initiated. Thel ookup() function
must generate a URL to supply to the web daemon.

3.1.1 Construction of the URL from a dentry

For constructingthe URL for f aqg, | ookup() usesthedent ry for f ag providedto it. The
structdent r y has the follaing fields of interest to us.

struct dentry {
struct dentry * d_parent; /* parent directory */
struct qgstr d_nane; /* name of the entity to which this
dentry bel ongs */

I ookup() continuedollowing the parentpointersto walk throughthe dentriesof all the compo-
nentsof the pathleadingto f aq. It readseachcomponenhameandprependst to the URL string. When
therootis reachedthe string"ht t p: / /" is prependedo the URL string andthe URL string is sentto
webd.

The VFS cachemaintainschainsof dentriessuchthatif thereis adentryfor file f . x in thecache
thenthe dentriesof all the component®f the pathstartingfrom the root of the filesystemto thefile f . x
will alsobefoundin cacheThis ensureghatl ookup() will neverencounteranull d_par ent andthe
above scheme will alays work.
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3.2 WFS Module Implementation Details

3.2.1 Secure Messagad3ing Channels

Our designrequiresa meansfor communicationbetweenthe kernel and the userlevel process
webd. This channelmustbe a securechannelwhich only the kernelandwebd are ableto access. We
implementedhis bi-directionalchannelusing2 messageueues.Messagajueuesare createdby theker-
nel usingthe systemcall nsgget () . Thesechannelscanbe assignedpermissionsn a similar way to
assigningeadandwrite permissiongo files. In thisway we wereableto restrictaccesdo thesequeuego
only the kernel and webd. Communicationis accomplishedthrough the calls nsgsnd() and
nmegr cv() . Messagagueuesredestryedusingthecallnmsgct | () . Eachof thesecallshasaninternal
systemcall of theform sys_nsgget (), etc.. We modifiedthe kernelto provide thesefunctionsto the
WFSmodulein thefollowing two ways. First, we exportedthesesymbolsfrom thekernelsothatmodules
could accesgshem (by modifying ksyns. ¢). Secondwe modifiedthe functionssys_nmsgsnd() and
sys_nsgrcv() sothatthekernelcouldcall themto passmessage® webd. By defaultin Linux 2.2.1,
thesefunctionsassumea userlevel procesds calling themandthey try to copy parameterérom the user
spaceo kernelspaceWhenthekernelmakesthesecalls, it doesnot needto do this copying because¢hese
parameters are already iarkel space.

3.2.2 VFS Modifications

We mademinor modificationsto VFS to keepthe VFS directory cache(which containsdentries)
consistent. All the HTTP relatedwork of WFS is doneinsidethewf s_| ookup() procedurewhichis
calledby real _| ookup() of VFS. real _| ookup() createsanew dentry andlinks it into the
directorycache. Thisdent ry is thenpassedo wf s_I ookup() whichis expectedto setthei node
field of the structdent r y to thei node of therequestedile or to null (in caseswvherethefile doesnot
exist). If wfs_| ookup() cannotlocatethefile ondisk, it sendsa messagéo webdandblocks,waiting
for aresponsdérom webd. Thewebdfetcheghefile from theinternetandcreateghe correspondindile in
the/ wf s/ partition. During the procesf creatingthisfile, adent r y for thisfile is createdn the VFS
cache. Thereis anotherdent ry for this file that was createdby real _| ookup() and given to
wf s_I| ookup() (asdescribecearlier). In orderto maintainconsisteng of the cacheonly oneof these
entriesshould be kept so we decidedthat the entry createdby r eal _| ookup() would be purged.
wfs_| ookup() cannotdo the purging because eal _| ookup() still hasa pointerto this entry So
wf s_| ookup() returnsanerrorcode,informingr eal _| ookup() thatit shouldgetrid of the den-
try it has a pointer to. real | ookup() (which is part of VFS) was modified so that when
wfs_| ookup() returnserrorcode44,r eal _| ookup() callsthedput () methodto purgetheden-
t ry it createdandcallscached_| ookup() tolook for theentrycreatedoy webd. r eal _| ookup()
returns thatlent ry.

4. The Web Daemon

The web daemon(webd)is responsibldor processingveb lookupson behalfof the kernel. On
receving arequestrom the WFS moduledoesan HTTP requesto fetchthefile from theinternet. If the

CS736 Project (Spring 99): Jackson, Kathuria 5



file is successfullffetched,it is storedin the cache(the/ wf s/ partition) andsuccesss reportedto WFS.
Otherwise adilure is reported.

4.1 Action Inside Wb Daemon

Continuingthe examplefrom the previous section,webdrecevesa messagérom | ookup() to
attempta web lookup for "htt p: // ww. ¢s. wi sc. edu/ csl /faqg". The webd doesnot know
whether "f aq" is a file or a directory on the remote site. It sendsout HTTP request for
"http://ww. cs. w sc. edu/ csl / f ag” totheremotehttpd. If "f aq" is adirectory httpdsendghe
following message back in response to the HTTP request.

<! DOCTYPE HTM. PUBLIC "-//I| ETF/ / DTD HTM. 2.0//EN'>

<HTML><HEAD>

<TI TLE>301 Moved Permanent|y</TlI TLE>

</ HEAD><BODY>

<H1>Moved Per nmanent|y</Hl>

The docunent has nmoved <A HREF="http://ww. cs.w sc. edu/ csl/fag/ " >here</ A>. <P>
</ BODY></ HTML>

This messagénformswebdthatf aq is a directoryandwebdcreatesa directorycorrespondingo
faq in csl directory It also sends another request for the URL
"http://ww. cs. w sc. edu/ csl /fag/" (noticethe/ attheendof "f aq"). Thisrequestwill result
in a HTTP response that containsiardex. ht m file as the response body

This i ndex. ht Ml responsemay be a real file in a remote directory or a generated
i ndex. ht ml file that containsthe remotedirectory contents. In eithercase,i ndex. ht nl contains
informationaboutthe remotedirectorystructure. The web daemornparsed ndex. ht ml , extractslinks,
anduseghisinformationto constructaremotecontentffile (...) for eachdirectory This remotecontentfile
will be used by the directory listing utilitysw, which is described in Sectiénl.

4.2 Implementation

4.2.1 Secure Communication with theridel

Messageaueuesverechoserasthecommunicatiorchannebetweerthewebdandthe WFS mod-
ule (henceforthreferredas‘the module’). Wheneer the web daemoris startedt sendsa messag®nthe
queuereportingits PID (procesdD). Themodulealwayscheckshequeuefor pendingmessageom the
daemorbeforesendingamessagéeo thewebd.If thereis amessageéhenthePID is storedin avariableby
the module.The moduleusesthis PID to checkwhetherthereis a webdrunningon the system.This is
doneto reportanerrorif thewebdgoesdown webd. In this caseWFS shouldrevertto EXT2 functionality
instead of just hanging.

4.2.2 HTTP document fetching

For the fetching of the documentsye decidedto uselibwww [6] insteadof attemptingto imple-
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mentour own HTTP code,or modifying HTTP capableutilities like wget[5]. Using a generalpurpose
library suchas libwww usually has someperformanceoverheadshut also makes the implementation
cleanerandmoreextensible. For example extendingWFSto handleftp requestsvould be straightforvard
with webd using libwww. libwww also has supportfor parsing html documentsand multithreading.
Unfortunatelythe libwww documentationvasso poorthatwe decidednot to usethe libwww html parser
to scan"index.html" documentdor links. Insteadwe implementecour own link scanningcode,whichis
probablymuchfasterthana generalpurposehtml parser Neverthelessthe HTTP requestandresponse
facilities of libwww were ery useful in the deelopment of WFS.

4.2.3 HTTP Response Processing

An HTTPrequesissuedoy webdwill resultin sometypeof anHTTP response.Thewebdaemon
processeshe responsdasedon the HTTP statuscode. If a statuscodeotherthan301 (re-direct),or 200
(OK) is returned,webd sendsthe kernel a messagehat the web lookup failed. The original call to
lookup()  will thenfail. A status301codeindicatesredirectionandresultsin webdcreatinga directory
in /wfs/  correspondingo theURL. A status200responsendicatesthatthe HTTP requestvassuccess-
ful, andtheresponsédody containshe requestedesource.In this case webdrespondsn 1 of 2 ways. If
theresponseloesnot correspondo anindex.html  file, webdsimply createsafile in the/wfs/  parti-
tion andwritesthe HTTP responsdodyto thatfile. If theresponseorrespondso anindex.html  file
(the responseaeturnedafter a 301 re-directionis the one and only time that an index.html file is
returned),additionalprocessings donebeforecreatingthe local file. In particular theindex.html  is
scannedor links usingour link scanningparser For eachlink thatis found,webddeterminesf thatlink
containanformationabouttheremotesitethatshouldbe mappednto thelocal /wfs/  partition. For each
link thatcontainsusefulinformation,andentryis madeinto the specialfile *...". Thefile... existsfor each
directoryin /wfs/ . It canbethoughof asa databasef known remoteresourceghat exist for a given
directory Thisfile is usedandmodifiedby thewfs tool Isw (Section5.1). Entriesinto this databasare
of the folloving form:

resource_type$discoverytime$resource_name

For instancejf anindex.html responseontainsalink suchas<A HREF = “foo.html”> ,
the following entry would be created in ... :

0$Apr 28 05:14 $foo.html

Theremay be mary links in an HTML documentthat areirrelevantto WFS. For instance the
links <a href = "mailto:bj@aa.bbcom”>, <A HREF="#A">, <A HREF="?N=D"> do not point to remote
document=or directories. The link scannerignorestheseireelevant links, and makesno entryin ... for
them. If anHTML documentontainsmultiple links to the sameresourcea singleentryis madein ... for
that resource.

5. WFStools
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5.1 Isw

TheWFStool Isw is usedto maintainanddisplayknown remoteinformationaboutdirectoriesn
/wfs/ . Thisinformationis storedin a specialfile ‘..., which is createdeachtime a directoryis created
arywherein /wfs/ . Directoriesareonly createdin /wfs/ asa resultof fetchinga remotedirectory
Whenanindex.html  file is fetchedand the resultingdirectoryis createdthe index.html  file is
scannedo extractall links it contains. Theselinks areexamined,andary links that reveal subdirectory
informationare mappedinto ‘...’ in a fixed, simpleto parseformat. The commandisw scansthis file,
removesduplicategandentriesthat have beenbroughtinto the cache),anddisplaysthe results. The fol-
lowing example illustrates the wuse of Isw. Assume that the directory
Iwfs/www.cs.wisc.edu/~brucej hasbeencreatedhroughnormaluseof WFS. Whenthedirec-
tory ~brucej/  is createdtheindex.html  file correspondindo that remotedirectoryis scannedor
links. Assume it contains the folling links:

<A HREF = “http://www.cnn.com/world_headlines.htm|”> headlines </A>

<A HREF = "http://www.cs.wisc.edu/csl/">useful info</A>

<A HREF = “http://www.cs.wisc.edu/~bart/736.html">advanced os</A>

<A HREF = “http://www.cs.wisc.edu/~brucej/foo.html">foo file</A>

<A HREF = “http://www.cs.wisc.edu/~brucej/bar/’>bar dir</A>

<A HREF = “resume.ps”>resume</A>

<A HREF = “xml/">xml data files</A>

<A HREF = “http://www.cs.wisc.edu/~brucej/mountain.gif">Mt. St Helens</A>

These links wuld be stored irwfs/www.cs.wisc.edu/~brucej/... as follows:

0$Apr 28 05:14 $foo.html
1$Apr 28 05:14 S$bar

0$Apr 28 05:14 $resume.ps
1$Apr 28 05:14 $xml

0$Apr 28 05:14 $mountain.gif

Thedateis theindex.html  fetchtime (i.e.theremoteinformationdiscovery time), thefirst col-
umnis eithera 0 for aremotefile, or a 1 for aremotedirectory andthefinal field is the remotefile name.
Fieldsaredelimitedby dollar signs. Notice thatonly links thatpoint to files within theremotedirectorys
sub-treearestored. We alsoconsideredtreatingsymboliclinks for eachlink pointingoutsidethis sub-tree,
but decidedaguinstit becausef the large numberof symlinksthatwould be generated. Whenthe com-
mandisw is executed while in-brucej/ , the folloving screen output is generated:

root@crash2:/wfs/www.cs.wisc.edu/~brucej}-> Isw
[web] -r--r--r-- wedb Apr 28 05:14 foo.html
[web] dr--r--r-- wedb Apr 28 05:14 bar

[web] -r--r--r-- wedb Apr 28 05:14 resume.ps
[web] dr--r--r-- wedb Apr 28 05:14 xml

[web] -r--r--r-- wedb Apr 28 05:14 mountain.gif
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Thisinformationrepresentsnly theremoteuncahcediles anddirectorieshatarethoughtto exist
in http://ww. cs.w sc. edu/ ~brucej . Oncea file hasbeenfetchedfrom the remotesite (for
instanceghroughthecommandvi f oo. ht ml ’). Theremoteinformationentryis removedfrom®...” and
that file will appearonly througha normal‘l s’ command(i.e. the output from ‘I sw will not shaov
foo. ht m but 'l s’ will after is has been brought into the cache).

5.2r nw

The tool r nw is a simple commandowned by the root with the setuidbit set. This command
allows usersto deleteary andall filesin / wf s/ (they do not have write permissiorfor thesefiles). Users
of WFSmustbeableto do this because@achusermustmanagéhis/herown spacgseeSection2.2.2). The
useof this tool is restrictedto the/ wf s/ partitionin orderto preventusersfrom deletingarnything they
wish in other filesystem partitions.

6. Performance

For a study of the performanceof WFS, AFS is a good comparison. AFS and WFS have mary
thingsin commonsuchasaccessingemotefiles, cachingof whole files on accessandthe useof a user
level procesdor servicingrequestgVenusor afsdfor AFS [2] andwebdfor WFES). In addition,thehome-
pagesof usersin the CS departmentre accessibldrom both WFS (via HTTP) and AFS. For example
vishal'shomepagés accessiblasht t p: / / www. ¢s. wi sc. edu/ ~vi shal throughHTTP. Thesame
file canbe accessefrom AFS as~vi shal / publ i ¢/ ht m /i ndex. ht m . Ouraimwasto measure
the CPU time tadn when the same set of file accesses is performed using AFS, and then using WFS.

For this purposewe wrote a benchmarkbm) which flushesthe cacheandthenaccessea setof
files. This processs repeatedn aloop afixed numberof timesandthetime takento executethe filesys-
tem accessstring is measured.Our first benchmarkmeasureperformancevhennoneof the files being
accessedrein thecache.By remaoving this flushingstepin the benchmarkwe couldgetperformancesta-
tistics for the casewhenthe accessediles arefoundin the cache. We are continuingto collectthis data
and the results will be reported in our final report.

Becausef limitationsimposedon us by systemadministratorsye wereforcedto try to compare
the performanceof the two systemsusing two very differentmachines. We hadto usetwo machines
becauserash2(whereWFSis developedandinstalled)is onthe unsupnetwork andis not allowedto run
an AFS client. Although we had accesdo a Linux machinewith AFS accesgparrolles),we were not
allowedroot permission®n parrolles,sowe couldnotrun WFSonit. Thereforewe performedAFS tests
on parrollesandWFStestson crash2.parrollesis a200MHz PentiumProwith 64 MB RAM runningRed
HatLinux 5.2Kernel2.0.36. crash2is a90MHz Pentiumwith 160MB RAM runningRedHat Linux 5.2
Kernel2.2.1. Theseareclearly very differentmachines.We attemptedo measurehe performanceatio
betweenhesetwo machinesdy measuringexecutiontime of our benchmark®n a filesystemcommonto
both (EXT?2). Thisratio wasusedto estimatehe performancef WFS on parrollesafter collectingactual
performance data on crash2.
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6.1 Measuring CPU time

Most time datawascollectedusingthe time commandandthetimessystemcall. We could not do
this for afsdbecausat is a processstartedby root. We usedthet op commandinsteadfor afsd. t op
shaws, theamountof CPUtime thathasbeenconsumedy a processsinceit startedrunning.We recorded
this valuefor afsdjust beforerunningour benchmarkandjust afterwe finishedrunningit. Thedifference
was used as the CPU time spent by afsd in serving the requests generated by the benchmark.

6.2 Speed Comparison cafPolles and Crash2

As discussedbove, to be ableto compareAFS andWFS performancethe ratio of the speedof
parrollesand crash2was needed. We accomplishedhis by runningthe sameprogramon parrollesand
crash2 and taking the ratio of CPU timediak

Figure 2. Relative speedof parrolles and crash2 for a file systemintensive
application

Theproblemis thatthis ratio is notindependentf the programwhichis beingrun. We decidedo
modify the benchmarkwve wereusingfor AFS andWFSto measurdeXT2 performancen bothmachines.
For this, the files accessedy the bm were copiedto /tmp and EXT2 was usedto accesghosefiles.
Figure2 shavs thetime takenby bmext2 (benchmarkmodifiedfor EXT2) on parrollesandcrash2. Each
datapointis theaveragetotaltime takenfor 5 runsof the samebenchmarKor agivenvalueof n wherenis
thenumberof loopiterationsdonein thebenchmark.The slopeof thisline givesusanestimateof theratio
of speed®f thetwo computerghenceforthcalledRg = Speedof parrolles/speedf crash2). The valueof

Rs yieldedby this figureis 4.04. Theappendixcontains the entiredatasetusedto constructFigure2. In
orderto seehow Rg mightdiffer for differentapplicationswe alsocollecteddatarunning the programtop

on both machines. The resultsof that experimentaresummarizedn Figure3. In this case the value of
Rs=3.15. Thisis smallerbutin the samerangeof thevalueobtainedor runningthebenchmark®n EXT2.
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Figure 3. Relativespeedof parrolles and crash2for an applicationthat is not file
system intensive (top)

We believe thatthe EXT2 obtainedvalueis moreaccuratgor comparingWFSto AFS becausét is based
on filesystem intenge application, whereas top neakery faw file system accesses.

6.3 Performance Data for AFS and WFS

The performancemetric we useis CPUtime. The purposeof the benchmarks to continuously
attemptto accesdiles thatarenotin the cacheto measurehe amountof time taken by eachfilesystemto
servicethe fetch. We have concentratedn this areafor performancesincethis is likely to be the most
costly operation for these twiilesystems. The pseudo-code for the benchmark is aw$ollo

repeat n times {
1. flush cache

2. for each file in a collection of files: {
Open the file
Read first byte of the file
Close the file

We ensuredhatthe collectionof files hada reasonablenix of documentypes(suchaslike html,
ppt, ps,gif, jpg, directoriesetc). Thetime measurementse recordecasthe CPUtime is measuredsfol-
lows.

Total CPU tine = CPU tine for benchmark + CPU tine for the daenpn

Our initial datademonstrate®VFSto be far slower thanAFS. We usedthe timessystemcall to
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find out the portionsof WFSwhich weretakingmostof thetime. This led usto make someoptimizations
in WFS, including moving somelibrary initialization and cleanupcode out of the main loop in webd.
After makingthesechangeswe again collecteddata.This time WFS appearedo be 50%fasterthan AFS
(whenthespeedatio wasfactoredn). We werevery hapyy, but skepticalof our results. Theelationsoon
turnedinto suspicionand we turnedour attentionto discosering why AFS appearedo be slower than
WEFS. We discoreredthata considerablemountof CPUtime wasbeingspentin flushingthe AFS cache.
Sinceflushing the AFS cacheis functionally a much more comple operationthan flushing the WFS
cachewe decidedthatit wasunfair to include cacheflushingtime in our dataanddecidedto recordonly
thefile accesdimes. Theraw datawe collectedusingthis schemas presentedn Tablel. Figure4 showvs
the result graphicallyThe diferent data points were obtained by changing #heevof the loop counter

Table 1. Raw performance data for AFS (measured on parrolles) and WFS (measured on crash2)

Number of

iterations AFS WEFS

per AFS average AFS WES average WES
benchmark averageafsd  benchmark averagetotal average benchmark averagetotal
run time time time webd time time time

100 1.2 3.934 5.134 23.316 2.298 25.614

200 2.2 7.516 9.719 43.664 4.454 51.118

400 4.4 15.102 19.502 94.632 8.884 103.516

Using the speedratio obtainedfrom the EXT2 bm studyon parrollesand crash2 we normalized
the total time valuesfor the benchmarkdataobtainedrunning WFS on crash2to what we estimatethey
would be if we were able to run WFS on parrolles. The result isrshoTable?2.

Table 2. AFSbenchmark times compared to WFS benchmark times with WFS data normalized using the relative speed ratio of
parrollesto crash2

WFS WEFS
Number of iterations  AFS total timenormalized  performance
per benchmark run averagetotal time using EXT2 data penalty
100 5.134 6.331 23.3%
200 9.719 12.635 30.05%
400 19.502 25.587 31.20%

6.4 Results

Onanaveragethetime takenby WFSwasabout30% morethanAFS. We alsomadea few other
obsenations
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Figure 4. Performance of WFS compared to AFS with WFS performance
normalized

* On an AFS access that missed the cache, most of the time is spent inside the AFS module and only a frac-
tion of that time is spent in afsd. This means that AFS designers decidéli tmbst of the functionality of
afs in afs module.

* Most of the time in a WFS cache miss is spent in webd.

Every time the daemonis invoked, WFS hasto pay a price for communicatiorandtask switch.
Sincea big partof AFS functionalityis built into the kernelmoduleitself, our feeling is that AFS is not
invoking afsdvery oftenandmary of therequestaresatisfiedoy themoduleitself. This maybepartof the
reason wig AFS performs better than WFS.

7. Conclusions (bruce)

Our implementationof WFS succeededn producinga filesysteminterfaceto the World Wide
Weh Theinitial performanceaesultsindicatethat WFS performssignificantlyworsethan AFS (~ 30%
slower). We believe thisis dueto 2 mainfactors. First, we pushednuchof the functionallity outinto the
userlevel processwebd. This causesa lot of overheaddue to contect switching and kernel boundary
crossings. We madethis designdesisionin orderto limit the amountof codeintroducedinto the kernel,
andpayedthe performancegenaltyfor it. Secondwe useda generalpurposdibrary (libwww) for servic-
ing our remotedocumentetches. This decisionwasagain madein orderto simplify theimplementation.
Althoughthe performances slower than AFS, WFS performsreasonablyvell consideringhat AFS is a
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very mature system.
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