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Abstract

Layeled architectue in opemting systemcodeis oftencom-
promisedby execution path-speific customizationsud as
prefething, pagereplacementindscediling strategies. Path-
specificcustomizationsare difficult to modularizein a lay-
ered architectule becausehey involve dynamiccontet pass-
ing and layer violations. Effectivelythey are vertically inte-
gratedslicesthroughthelayers.

Aninitial experimentusing an aspect-orientegorogramming
languageto refactorprefetdingin theFreeBSDopemting sys-
temkernelshowssignificart benefis, includingeasy(un)plug-
gability of prefething modesindepenientdevelopmenof pre-
fetching modesandoverall improvedcompehersibility.
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1. INTRODUCTION

Almost 35 yearsago, Dijkstra propcsed a layeredarchitec-
ture for operatingsystems primarily for the purposeof hid-

ing complity and suppating the development procesy?2].

But in practice,0OS codedoesnot have a cleanlayeredstruc-
ture. A studyof OS/360donein theearly 70sshovedthatthe
averagenumker of modulesinvolved in a given changerose
from 14.6%in release2—6,t0 31.9%in release42-16 dueto

“unintentioral interaction’amongcomporents[12]. Windows
NT requiresthird partyfile systemdesignes to be intimately
familiar with “patternsof interaction” that exist betweenthe
file systemcachemanageandvirtual memorymanagr [25].

RecentlyEngleretal. capturecbopularsentimentwvith anob-

senation thatdisparatepartsof operatingsystemkernelcode
arelinkedtogetherin a“fragile andintricatemess”[3].

Onesignificantsourceof modularityproblemsis thatOS ker-
nelsinvolve a numberof path-sgecific customizationgritical
to delivering requiredperformanceand functionality Path-
specific customizationsnvolve tailoring a servicebasedon
the contet in which it is invoked. For example,prefetching
on pagefaultsto a randomlyaccesse file mustbe different
thanfor asequentiallyaccessefile.

Two critical propertiesof path-speific customizationsnake
themdifficult to modularizein alayeredarchitecture(1) They
dependon dynamiccontet information (e.g. whatis being
donewith thedatathatcausedhepagefault). (2) They involve
layering violations (e.g. both high-level information about
predictedaccespatternsandlow-level informationaboutcon-
tiguity on disk) [23].

The lack of supportfor implementingpath-specificcustom-
izationsin acomprehasiblefashionis a knowvn disadantage
of layeredarchitectureg5]. Problemsarisebecausepassing
dynamiccontext is inherentlymessyandleadsto couplingas
highekrlevel context passeshroughlower-levels. Layeringvi-
olationsalsoleadto couplingin fragmentof codethatoperate
on abstractiongrom multiple levels. In essencepath-speific
customizationgut a verticalslicethroughthelayers.

Recently the aspect-orientegprogrammimg (AOP)[11] com-

munity hasfocusedattentionon the conceptof crosscutting
concerns which are elementsof a systemthat cut through
the primarysystemmodularity They have proposel linguistic

mechanismintendedto allow implementatiorof crosscutting
concernsasfirst classmodulescalledaspectq8, 16,14, 1].

The goal of our work is to determineif the mechanismof
AOPcanbeusedoimprove themodularityof OScode.Specif-
ically, we wantto determinewhethemath-specificustomiza-
tionscanbeconsideredo becrosscuttingonceris,andwheth-
erthey canbemodularizedusingthe mechanismef AOP

Most AOP languag researchis in Java. To enable a range
of experimentsfor operatingsystemswrittenin C, we devel-
opeda paperdesignfor AspectCConcepually andin syntax,
AspectCis asimplesubsebf Aspect]8, 10]. As aninitial ex-
perimentwe usedAspectCto moduarizetheimplementation
of prefetchingwithin pagefault handlingin the FreeBSDOS
kernel.



Ourmethodolog wasto startby refactoringexisting codeus-
ing AspectC,andhandcompilingthe codeto C. We arecom-
fortable with the code we have developed for two reasons.
First, our designfor AspectCis basedon AspectJ,sowe are
confidentthatit canbe implemented.Secondhandcompila-
tion is straightforvard (albeit boring) which makes us confi-
dentthatour refactoredcodeis correct.

We bagin with a descriptionof the type of crosscuttingcon-
cernswe are focusingon, path-speific customizationsand
specificallyconside prefetchingin pagefault handing asa
concreteexample. Section3 shavs how we have usedAs-
pectCto modularizetwo path-speific prefetchingcustomiza-
tions. Section4 presentsan analysisof the implementation.
Sections presentguturework anddiscussespenissues.Sec-
tion 6 reviews relatedapproacks,and Section7 summarizes
our resultsandfuturework.

2. A REPRESENTATIVE EXAMPLE -
PREFETCHING IN FREEBSD

Prefetchings a critical elementof all operatingsystemslt is
a performanceoptimizationthat aimsto amortizethe costof
fetchingdatafrom the disk by retrieving additionaldatawith
eachdisk request.Prefetchings basedon combiring predic-
tions aboutwhat additionaldatais likely to be neededn the
future with a analysisof what additionaldatawould be most
cost-efective to fetchatary giventime.

Prefetchingis a classicpath-specificoptimization. Dynamic
contet informationis requiredbecausehe lower levels of the
pagefaultmechanisrmeedto know wherethefaultcamefrom
in orderto predictfuture demands. Layering violations are
inherentin the combinirg of predictionsandcostanalysis.

This pape focuseson two particularaspectsof prefetching
in the FreeBSD3.3 operatingsystem. Both have to do with

prefetchingduringa pagefault to mappediles. Thefirst han-
dlesthe casewherethe declaredaccespatternis normal,the
seconds for declaredsequetial access.

The next sectiondescribeghe relevant mappedfile function-
ality asit would be with no prefetching. This is followed by
a generaldescriptionof prefetching and a descriptionof the
two specificprefetchingmodes.

Section2.1and2.2discusgherequiredprefetchingunction-
ality indepement of ary particularcode that implementsit.
Discussionof the original implementatioris deferredto Sec-
tion 2.3.

2.1 The virtual memory abstraction
FreeBSDand other Unix operatingsystemsallow the pro-
grammerto mapary file into virtual memory Sucha mapped
file is calleda VM object, and can be accesseds ordinary
virtual memory Whenafile is mappedit is notentirelytrans-
feredfrom disk atthattime. Insteadt is broucht into memory
asneededonepageatatime.

A page fault occurswhen a processreferencesa virtual ad-
dressthatis notin physicalmemory A pagefaultis basically

an exceptionraisedeachtime a non-residaet virtual pageis
accessed.Over time, pagesaccessedn the mappedfile are
demand-pgedinto memory

In the absenceof prefetching,handlinga pagefault is fairly

straightforvard. It is well supportedby a layeredarchitecture
in which thevirtual memorysystemis a client of thefile sys-

tem,whichis in turnaclient of thedisk system.

A pagefault startsin thevirtual memory(VM) systemasare-
questfor apageassociatesvith aVM object;it movesthrough
to thelocal file systemFFSin our caseandis translatednto
a block-basedrequestassociatedvith afile; it finally passes
to the disk systemwhereit is expressedn termsof a cylinder,
head,and sectors. The division of responsibilitiesbetween
thesethreelayersis centeredarourd the managemeinof their
respectre representationsf data. Thatis, the functionality
within eachlayerprimarily dealswith controllingresourcesn
termsof its own setof abstractions.

2.2 Prefetching

This paperis focusedon two path-speific prefetchingcus-
tomizations,both having to do with virtual memory mappel
files. But it is importantto note that prefetchingin the OS
kernelis more extensve. Essentiallyall executionpathsthat
leadto thediskor the network have someform of path-speific
prefetchingassociateavith them. (We have alreadyrefactored
two more prefetchingaspectsand have identifiedthreemore
which we intend to implementoncewe have a running As-
pectCcompiler)

Prefetchingnvolvesfour key actiities: prediction,costanal-
ysis, planningandactuallyfetchingthe pages.(Notethatthis
discussiorof prefetchinds intendedto enablethenon-OSex-
pertreaderto understandhe resultsof this refactoringexper
iment, not to sene asa detailedsurey of prefetchinglitera-
ture.)

At a high-level, context at the origin of the requests usedto
predictfuture requestsThe virtual memorysystemthe local
file systemandtheremotefile systemall usedifferentcriteria
to male this prediction. For example,the file systemmight
determinehatafile is beingaccessedequatially, andpredict
futurerequeston thatbasis.

Costanalysisinvolveslower level factorssuchasthe costof
disk accessgontiguity of dataon disk, andthe destinationof
the data. Theseare usedto determinewhich disk blockscan
be prefetchedn the mostcost-efective way.

Planninginvolves combiring predictionand costanalysisin-
formationto determinewhich datashouldactuallybe fetched
from disk, andwhetherthat shouldhappen asa synchronous
partof the currentread,or asynchroously.

Fetchingthe datanormally just involves executingthe plans,
buttherearecasesvherediskor othersystenstatemaychang
betweenplanningandfetching, which can causeplansto be
changedr cancelled.

Figure 1 provides a simplified overview of the primary func-
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Figurel: Thelayeredkernel architecture andthe structur e of two path-specificoptimizations. The ovals representfunctions
in the primary codefor the virtual memory system,file systemand disk systemlayers. The path-specificoptimizations are
numbered: (1) normal accessnode pagefault and (2) sequentialaccessnode pagefault.

tionality of thekernellayersinvolvedin executionpathsgoing
to disk: the virtual memorysystem the local andremotefile
systemsandthe disk system. The executionpathsdiscussed
in the paperareshavn asnumberedines: (1) is for normally
accessefiles,and(2) is for sequentiallyaccessediles.

2.2.1 Prefetching for normal acces (pathl)

VM objectshave a declaredaccesshehaiour, which canbe
setto random normal or sequentialisingthe madvisesystem
call.

For VM objectswith normal behaior, predictionfollows a
simplelocality heuristicthataddressesloseto the faultedad-
dress(+/- a specificwindow) aremorelikely to be usednext.
Costanalysislooks at both available memoryand contiguity
ondisk.

In plannirg normalmodeprefetchingthe costanalysisfactors
are given more weight than the predictionfactors. Prefetch-
ing is synclronousand pagesthat are not contiguousare not
prefetchedevenif they appeawithin the predictedwindow!

As part of planning physicalpagesare allocatedto hold the
pagesto be prefetched Becausehis allocationrequireslock-
ing the pagemapassociatedvith the VM object,andbecause
that pagemap is alreadylocked in the VM layer as part of
preparingto fetch the faultedpage, it is advartageousto do
planningwhile executionis still in the VM layer.

Costanalysignherentlyinvolvesdynamic context passingand

! Intuitively thisis becaisethe predictionin normalmodeaccessis not
strongenoughto warrant therisk of additonal disk waits.

layer violations, sinceit looks at both VM layerinformation
(available memory) and disk layer information (contiguity).
Combiningcostanalysiswith predictionis anothersourceof
layerviolations.

By the time the normalmodeexecutionpathreacheghe file
systemlayer, importantsystemstatemay have changedn a
way thatinvalidatesthe prefetchingplan. Therearethreecon-
ditions unde which the file systemlayer will chose not to
prefetchplannal pagesfor normal objects: the faulted page
hasbecomevalid, thefaultedpageis nolongeron disk, or the
plannedpagesareno longercontiguous

Thefile systenmayermustde-allocatanemoryfor virtual pages
it decidesnot to fetch. Thisis anadditionalsourceof context
passingand layer violations, sincethe file systemlayer must
accessheVM pagemap.

2.2.2 Prefetching for sequatial acces (path2)
For VM objectswith sequentiabehaior, predictionsimply
saysthatfutureaccessewill directlyfollow thecurrentaccess.

In sequentiamodeprefetching planningallows predictionin-
formationto dominatecostanalysis- predictedpages arepre-
fetchedevenif they arenot contiguais on disk. Someof the
prefetchingis doneasynchionously

This aggressie sequetial prefetchingis handed by redirect-
ing controlflow throughffs_ readinsteadof ffs getpages This
pathtriggersyetanotheprefetchingnechanisnspecificto the
file systenreadservicé, whichasynchroouslyprefetchesic-

2We have implementedthis asa separée aspet, notincludedhere



cordingto asequentiahccesgpattern.

The path-speific customizatiorrequiredin this caseinvolves
thefinal destinatiorof thereadfrom diskto beassociateavith
the pagesallocatedto theVM object. A page-alignedransfer
from thefile buffer cacheto the VM allocatedpagess notpart
of a typical file systemreadoperation. This ‘page flipping’
avoidsanexpensve copy operatiorandis associatednly with
this particularexecutionpath.

2.3 The original implementation

In the original implementationcodefor prefetchingfor map-
pedfiles is scatteed over approximately265 lines, grouped
into 10 contiguaisblocks,in 5 functionsfrom threelayers.In

otherwords,it is poorly modularized.

Dynamiccontet passingnakesthe codetangledasparame-
tersfrom high level functionsare passediown throughlower
ones. Layering violations further tanglesthe codein places
whereone sggmen of codeusesboth VM and FS layer ab-
stractions.

Theneteffectis thatit is extremelydifficult to understandhe
structureand behaior of prefetchingin the original imple-

mentation.Evenjustidentifying all theprefetchingcodetakes
a significantamountof work. Understandinchow the code
worksis difficult becausét is poorlylocalized,andits relation
to the executionflow of the main codeis hardto follow. In

fact,in our study of the original implementatiora significant
amountof work wasrequiredbeforewe wereableto concep-
tually separatmormalmodeprefetchingrom sequentiamode
prefetching®

Basedon our analysis,it appeas that the natural modular
ity of prefetchingmodesis that of a single execution path,
ratherthan of the layersin the system. But theseexecution
pathscrosscutthe layers,asshovn in Figure1. This cross-
cutting property of the prefetchingmodesappearsto be the
reasonthey aredifficult to modularizeusingtraditionaltech-
nigques,and is the basisof our decisionto explore whether
aspect-orientegprogramning canimprove the moduarity of
this code.

3. ASPECTCIMPLEMENT ATION

The aspect-orientedmplementatiorof prefetchingpresented
hereusesAspectC— a simple AOP extensionto C. Theseex-
tensionssupportmodularimplementatiorof crosscuttingcon-
cernsby allowing fragmentsof codethatwould otherwisebe
spreadacrossseveral functionsto be co-locatedandto share
context.

Ourimplementatiorshouldbe consideredisa refactoringus-
ing AspectC[4]. Overall, only a small portion of our imple-
mentationof prefetchingrelieson the AspectCextensiors, the
restis ordinary C codefrom the original implementation.

30our inspiraion to explore an AOP approat to prefetdingis largely
dueto observing an experiencedsystemsprogrammeiin our lab de-
vote severd daysto tracking down all the sourcesof pageallocation
andde-allocatonin the code.

AspectGs asimplesubsebf Aspect]8]. Aspectcode known
asadvice,interactswith primary functionality at function call

boundaies and canrun before,after or arourd the call. The
centralelementsof the languaye are a meansfor designat-
ing particularfunctioncalls,for accessingparametersf those
calls,andfor attachingadviceto thosecalls. Key to structuring
thecrosscuttingmplementatiorof prefetchings the ability to

capturedynamic executioncontet with the control flow, or

cflow, languageextension.

In this experiment,our primary goal wasto evaluatewhether
AOP hadthe potentialto improve themoduarity of OSkernel
code. To do this asquickly aspossible we initially deferred
building an AspectCcompilet Instead we wrote codein As-

pectCand hand-canpiled it to native C. Sincetheseresults
have provento be quite promisingwe arenow working on an
AspectCcompilerthatwill enableusto take thework farther

Theremaindeof this sectionpresent®ur AspectCimplemen-
tation of normal and sequentiamode prefetching. AspectC
itself is presentedn anas-needethasis’

3.1 Normal prefetiching in AspectC
Figure2illustratesthestructureof prefetchingor objectswith
normal accesspatterns. The corresponthg aspect-oriented
implementationis shavn in Figure 3. The first two decla-
rationshave to do with making valuesfrom higherlevels of
the pagefault handling path available to prefetchingcodein
lower-levels. Thenext four declarationgorrespondlirectly to
thesmallcirclesin Figure2.

The first declaration in Figure3 allows advicein the aspect
to accesghe pagemapin which prefetchingpagesmustbe
allocated.This mapis thefirst agumentto vm fault. Reading
the declaration,it declaresa pointcut namedvm fault_cflow,
with oneparametemrmap A pointcutidentifiesa collectionof
functioncallsandargumentdo thosecalls. Thesecondine of
this declaratiorprovidesthe details. This pointcutrefersto all
function callswithin the controlflow of callsto vm.fault, and
picks out vm.fault's first algument. The*.." in this parameter
list meanghatalthoughtherearemoreparametern this list,
they arenot picked out by this pointcut.

The seconddeclaration is anothe pointcut,this time named
ffs_getpages cflow, which allows advicein theaspecto access
the parametetist of ffs getpagesfor de-allocationof planned
pages.

The third declaration definesbefore advice that examines
the objects declaredbehaiour, planswhat virtual pagesto
prefetch,and allocatesphysical pagesaccordindy. In plain
English, the headersaysto executethe body of this advice
beforecallsto vnodepager_getpages andto give thebodyac-
cessto the mapparameteof the surrourding call to vm fault.

Readingthe headerin moredetail, thefirst line saysthatthis
advicewill run befoe function calls designatedollowing the

4For a more detailed undersandingof AspectCconsult[8, 9]. As-
pectCcanbe undestoodasa subsebf Aspectdin which C functions
areandogousto static methodsn Java, all aspetsaresinglebns,there
areonly methodcall join points, andthere is no introduction.
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in italics representthe structur e of the prefetching aspect.

aspect normal _mapped_file_prefetching {

pointcut vmfault_cflow vmmap_t map ):
cflowm calls( int vmfault( map, .. )));

poi ntcut ffs_getpages_cflow( vmobject_t object, vmpage_t* pagelist, int* length, int faulted_page ):
cflow calls( int ffs_getpages( object, pagelist, length, faulted_page )));

/* plan the prefetching and allocate the pages */

before( vm nmap_t map, vmobject_t object, vmpage_t* pagelist, int* length, int faulted_page ):
cal I s( int vnode_pager_get pages( object, pagelist, length, faulted_page )) &&
vm faul t_cflow( map )

if ( object->decl ared_behavi our == NORVAL ) {
vm nmap_| ock( map );
pl an_and_al | oc_nor mal _pref et ch_pages( object, pagelist, length, faulted_page );
vm map_unl ock( map );
}
}

/* three cases in which prefetching mght be cancelled for nornal objects */
after( vmobject_t object, vmpage_t* pagelist, int* length, int faulted_page, int valid):

call's( valid check_valid(..) ) &&
ffs_getpages_cfl ow( object, pagelist, length, faulted_page )

if (valid)
deal | oc_al | _prefetch_pages( object, pagelist, length, faulted_page );
}
after( vmobject_t object, vmpage_t* pagelist, int* length, int faulted_page, int error, int* regblkno ):
calls( error ufs_bmap( struct vnode*, reqblkno, ..) ) &&
ffs_getpages_cfl ow( object, pagelist, length, faulted_page )
{
if (error || (*regblkno == -1) )
deal | oc_al | _prefetch_pages( object, pagelist, length, faulted_page );
}

after( vmobject_t object, vmpage_t* pagelist, int* length, int faulted_page, struct trans_args* t_args ):
calls( int calc_range( t_args )) &&
ffs_getpages_cfl ow( object, pagelist, length, faulted_page )

deal | oc_nonconti g_prefetch_pages( object, pagelist, length, faulted_page, t_args );

Figure 3: AspectCcodefor prefetching pagesfor objectsof normal behaviour.



‘', andlistsfive parameteravailablein thebody of theadvice.
Thesecoml line specifiecallsto thefunctionvnodepager_get-
pages, andpicks up the four agumentsto thatfunction. The
third line usesthepreviously declaredhointcutvm fault_cflow,

to provide thevaluefor mapthatis associateavith theparticu-
lar fault currentlybeingserviced(i.e.,from afew framesback
onthestack).

The body is ordinary C code. The helperfunction plan.and-
_alloc_normal prefetd_pagesfurtherdeterminesow mary and
which pagego allocate depemling ontheavailability of mem-
ory andlayoutof the pageson disk.

The next thr ee declarations implementthe threeconditions
underwhich the FFSlayercanchoosenotto prefetch.In each
casetheimplementatiorof thedecisionnotto prefetchresults
in de-allocation.

The first after advice de-allocatesll pagesto be prefetched
if the faultedpageis now valid. This executesafter calls to

chedkvalid, which occurwhenthe normal pagefault pathis

checkingto seewhetherthe pagehasbecone valid. When
chedcvalid returnsnon-zeo, it is telling the normal paging
codethat the pageis now presentin memory In this case,
prefetchingadvicecancelsall the prefetching.

The secondafter advice de-allocatesll prefetchingpagesf

the faultedpageis not found on disk. This may happe for
one of two reasons- either an error hasoccurredin which
caseerror is non-zerq or the fault will insteadbe satisfied
by a zero-filled page,in which casethe parameteregblkno
from ufsbmapis -1. It is importantto note that the use of

ffs_getpages cflownot only makesparametersvailableto ad-
vice thatexecutesaftercallsto ufs bmap but alsoensursthat
thisadviceonly executeswithin thiscontrolflow. Thatis, calls
to ufsbmapin otherpathsdo not executethis advice.

The third after advice de-allocatessomeor all prefetching
pagesf the contiguity of the pageson disk haschangdsince
beingchecled by plan.and alloc_normad_prefetd pagesin the
VM-layer. The helperfunctiontakesall the parametersrom
ffs_getpagescflowandcalc.range, andde-allocatesry pages
thatwere originally requestedut not within the actualrange
thatwill befetched.

3.2 Sequential prefetching in AspectC
Figure4 illustrateshestructureof prefetchingor objectswith
sequentiabccespatternsThecorrespadingimplementation
is shawvn in Figure5. The carefulreaderwill noticea small
amountof codeduplicationwith the previous aspect.In par
ticular, the vmfault_cflow pointcutis in both aspects.This is
deliberatefor clarity. AspectCincludesfeatureshatwould al-
low usto eliminatethis duplication, andtherebyclearlyreflect
the commonfunctiondity of the two aspects.Specifically a
sharedaspectanbe usedto definecomma elements.

Similar to normal mode prefetching,the two pointcutsuse
cflow to malke valuesfrom higherlevelsof the pagefault han-
dling pathavailableto prefetchingcodein lower-levels. Note
that this before advice operatesndepemently of the before
advicein theaspecfor normalmodeprefetchingeventhough

they bothadvisethe samefunction.

This aspectusesaround adviceto divert the executionpathto
ffs_readwhenaccesss sequetial, or to proceedwith ffs_get-
pagesotherwise.Around advicediffersfrom beforeandafter
advicein thatit hascontrol over whetheror not the advised
functioncall proceedssplanned

Looking closelyatthe parameters$o the call to ffs readin this
advice,the constah MAXBSIZEis usedto dictatethe size of
the synchronousreadrequest. This indicatesthat the amount
of datato besynchromuslyfetchedwill bethe maximumbuffer
size, regardlessof the layout on disk. Consequetly, unlike
normal mode prefetching predictionin this casedominates
costanalysis.

The afteradviceexecutesunderthe control flow of the point-

cuts ffsread.cflow and vm fault cflow. That s, it executes
only when control flow hasbeendivertedalong this special
path.

This after adviceis responsite for ensuringthat additional
costsarenotincurredwhentransferringhedatafrom thebuffer
cacheto the allocatedVM pages. Sincethis is a specialcase
page-alignedransfer copying canbe avoidedby simply reas-
signingor ‘flipping’ allocatedvM pageswith the appropriate
file buffer cachepages

4. ANALYSIS

This sectionanalyzesthe AspectCimplementationin terms
of the benefitstraditionally associatedvith modularprogram-
ming [19, 24]. Whereappropriatewe alsocomparethe new
andoriginalimplementations.

4.1 Pluggablefunctionality

In the AspectCimplementationthe codefor eachprefetching
modeis textually localizedin a single aspect. This enables
plug andplay prefetchingmodes.We canplaceeachaspecin
a singlefile, andusestandardmalefile techniquedo include
or excludespecificcombirationsof prefetchingmodes.

We have verified this by compiling andrunning the kernd in
four configuratiors: no prefetchinghormalmodeprefetching
only, sequentiamode prefetchingonly, andboth prefetching
modes.(Not surprisingly thingsran muchmoreslowly with-
out prefetching.)

With the simpleimplementatiorof AspectCwe arecurrently
using,our ability to do prefetchingaspec{un)pluggng is lim-
ited to compile-timeselection. Even so, this is significantly
more plug and play control over sucha deeply crosscutting
concernthan has previously beenpossiblein operatingsys-
tems. As suggestedn [6], it alsoappearghis control could
be sufficient to supportcertainprodwct-line architecturesbut
morework is requiredto confirmthis.

In the non-aspecimplementationthe work requiredto put
eachprefetchingmodeon a switch would be extensive — 10
clustersof prefetchingcode from 5 files would have to be
editedto useusecompilerdirectives (#ifdef).
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ffs_get pages

aspect sequential _mapped_file_prefetching {

pointcut vmfault_cflow vmmap_t map ):
cflowm calls( int vmfault( map, .. )));

pointcut ffs_read_cflow struct vnode* vp, struct uio* io_info, int size, struct buff** bpp ):
cflow calls( int ffs_read( vp, io_info, size, bpp)));

/* plan the prefetching and allocate the pages */

before( vm nmap_t map, vmobject_t object, vmpage_t* pagelist, int* length, int faulted_page ):
cal I s( int vnode_pager_get pages( object, pagelist, length, faulted_page )) &&
vm faul t_cflow map )

if ( object->decl ared_behavi our == SEQUENTI AL ) {
vm nmap_| ock( map );
pl an_and_al | oc_sequenti al _pref et ch_pages( object, pagelist, length, faulted_page );
vm map_unl ock( map );
}
}

/* divert to ffs_read */
around( vm object_t object, vmpage_t* pagelist, int* length, int faulted_page ):
calls( int ffs_getpages( object, pagelist, length, faulted_page ))

if ( object->behaviour == SEQUENTIAL ) {
struct vnode* vp = object->handl e;
struct uio* io_info = io_prep( pagelist[faulted_page]->pindex, MAXBSIZE, curproc );
int error = ffs_read( vp, io_info, MAXBSIZE, curproc->p_ucred );
return cleanup_after_read( error, object, pagelist, length, faulted_page );
} else
proceed;

}

/* page flip buffer pages */

after( struct uio* io_info, int size, struct buf** bpp ):
calls( int block_read(..) )
vm fault _cflow(..)
ffs_read_cflow struct vnode*, io_info, size, bpp)

BE

flip_buffer_pages_to_allocated_vm pages( (char *)bpp->b_data, size, io_info);
}
}

Figure5: AspectCcodefor prefetching on behalf of sequentally accessd memory mappedfiles.




4.2 Independent development
Theinterfacebetweerthe prefetchingaspectss clear We can
easilytell whatfunctionsin themainpagefault handlingcode
the prefetchingaspectknows about, and what argumentsto
thosefunctionsit sees.

Whenworking with theaspecttheinterfaceis appaentfrom a
quick readingof thecode Whenworking with themaincode,
simple editor extensiors, suchasdiscussedn [10], canflag
functionsthat are the targetsof advicewith links backto the
aspect.

The interfaceis also relatively abstract,representingan ab-
stractionof theinternalstructureof pagefault handlingrather
thantrue detailsof the pagefault handing code. The inter-
faceis similar in natureto thosepresentedy object-oriented
frameworks[7].

Becauseheinterfaceis clearandabstractit is possibleto de-
velop the main code and eachof the aspectsquite indepen-
dently Of course,as with ary abstractinterface, thereare
somekindsof changeshatwill requirechangirg theinterface,
andall of thecodethatdepemisonit.

In theoriginalimplementationthecodefor thesewo prefetch-
ing modesis so scatterecandtangledthroughthe main page
fault handlingcodethatthe questionof doingindepen@ntde-
velopmen hardly even makes senseto ask. In the bestcase
scenariahe developerwould know from prior experierce ex-

actly which functionscontainedhis codeandbe ableto start
there. But even so thereare roughly 265 lines of prefetch-
ing codedistributedover 5 functionsthatcontaina total 1950
lines. (125 out of 825linesin the VM layer, 120/250in the
FFSlayer, andthe 20/875in the disk layer)

4.3 Comprehensibility
Decompaingpagefaulthanding into themainpagefaulthan-
dling functionalityandprefetchingaspectallows usto reason
aboutthe differentpartsandtheir respectie interactionsepa-
rately.

Thebehaior of pagefaulthanding with severaldifferentpre-
fetchingmodess still complex. Buttheability to reasorabou
it asa combinationof differentmodues materiallyincreases
comprehasibility relative to the original implementation.

4.3.1 Aspetinteractionwith rest of code
Theinteractionbetweemrefetchingandrestof codeis declar
ative. Advice declarationsand pointcutstell us whenadvice
runs, what valuesit sees,andwhat effect it can have on the
executionof therestof thecode.

For example,we know thatthe first after advicein Figure 3,
runsaftercheckvalid, ignoresthe parametersjepemisonthe
returnvaluebut cannotchanget, andhasaccesso argumens
to the surroundng call to ffs getpages. We also know that
thebeforeadvicefrom thetwo aspect®perateandepemently,
eventhoughthey advisethe samefunction.

Making the interactiondeclaratve meansthat we canreason

aboutit atanabstractevel. Understading thatvm fault.cflow
malkesthefirst algumentto vm.fault availableto otheradvice
within the aspecis easierthanunderstading traditionalcode
that passeslynamiccontet down throughlayersof function
calls.

Declaratve aspectinteractionalso gives us guaratieesabout
valueflow andexecutionthatarenot availablein the original
code,i.e. it is easyto find every pieceof codethathasaccess
to themap,whereasn thetraditionalcontet passingapproat
thatis harderto be sureof.

4.3.2 Aspetinternal structue
Becausesachprefetchingmodeis localized,it is easierto un-
derstandts internalstructure.Within the aspectandit helper
functions,we canseeinteractionssuchastheplanningandal-
locationof prefetchecpagesandthe subseqgentcheckirg and
de-allocatiorof thosepages.

This localizationmakesit easierto reasonaboutand chang
theaspecsinternalbehaior. In theoriginal code thisis more
complex. For example,in orderto seethe coordinationbe-
tweenallocationandde-allocatiorfor normalmodeprefetch-
ing, we would have to tracethe executionpaththrough5 files,
2 levels of function tableshandledby macros,and4 changs
in variablenames.

5. FUTURE WORK AND DISCUSSION

Ourwork targetstheunderstandig andmodularizatiorof path-
specificcustomizationsOtherexamplesof this kind of cross-
cuttingwe planto explorein kernelcodeinvolve pagereplace-
mentandschedling strateies.

Pagereplacemenis the procesf evicting pageghatarecur-
rentlyresidenin memoryin orderto make roomfor nen pages.
A pagereplacemenstrat@y is invoked ary time the system
is low on availablememory In the generalcase the criteria
for pageeviction is basedon a least-recentlyusedpolicy. Of
coursethisis exactly thewrongpolicy to applyin the caseof
sequentiabccessyherethe mostrecentlyusedpageis actu-
ally the bestcandidatefor eviction.

As with prefetching high-level context importantfor pagere-
placementcan be explicitly setusing madvise This allows
eviction to usethe patternof accessas part of the selection
criteriafor removal. Low-level context associatedvith writ-

ing pagesout to disk hinge on the ability to clusterwritesin

away thatwill supportcontiguity for subsegentreads.Simi-

lar to prefetching layer violationsoccurbecawsethe decision
of which pagesto evict aretypically madeat a low level but
requireinteractingwith higherlevel abstractions.

Schedulinginvolves sharingthe processobetweenall active
processesA schedulingpolicy triesto ensurehatall currently
executingprocessemake progres. Time slicing, priority lev-
els, and pointsin the executionwherea processs naturally
blocked waiting for disk I/0, areall usedto determinewhich
processwill getthe processonext.

Thepath-specificustomizatios we areexploring with regard
to schedling arerelatedto high-level processstateand low-



level blocking I/0 requestsLayerviolationsin this casestem
from the needto reconcilecross-layeinformationsuchasac-
cesspatterns,processpriority, and disk requestsn orderto
male goodschedulingdecisions.

5.1 Openissues

Essentialopen questiors regarding path-specificcustomiza-
tion, AspectCandaspect-orientegrogrammingn geneal in-

cludeissuesof efficiencgy, scalability anddeveloprmenttools.

In termsof efficiengy, improving modularityof OSkernelcode
is nothelpfulif it adverselyimpactsperformanceSpecifically

we needto know what overhead AspectCaddsto codein

termsrelative to atangledmplementationWe arenow imple-

mentingan AspectCcompilerasa simplepre-processo Ex-

periencewith AspectJaswell asour own handcompiling of

thecodeindicatesthatthis kind of implementatiorcanevolve

to producethe performane characteristicsve need.

Anotherissue,currentlyunderinvestigationin the AOP com-
munity in general,is scalability With respectto our work,

a possiblecriticism is that as we introducemore aspectsto

thekernel,we introducemoreinterfacesmoreinteractionand
morecompleity. Withoutprincipledapplication thepossibil-
ity of degradingcompreheanibility exists. Although we need
moreexperienceto commentconcretelyon heuristicsfor cre-
atingandmanagimy sophisticated multi-aspectstructureswe
are optimistic that our future work will provide insightinto

this issue. Sinceour techniquemakes codefor two prefetch-
ing modesmore comprefensible,it would be surprisingif it

madecodefor a large numbe of aspectsn the kernelmore
complex. But this is somethingwe will have to explore, in

particularwith respectto understanihg interactionbetween
aspects.

Tools are anothe areaunderinvestigationby several groups
in the AOP community Theimpactaspect-orientegrogram-
ming will have on the development processthe supportre-
quiredto facilitateits use,andthe metricsusedto determine
degreesof crosscuttingscatteringandtanglingareall issues
thatrequireattention.Oncewe have moreexperiencewith the
useof AspectCin kernd code we expectto develop additionad
tool suppat, includingdehuggng suppat, following thesame
basicpathasAspectJ.

6. RELATED WORK

Work on modularizingpath-specificustomizatiortoucheson
work from systemsseparatiorof concernsandprogramming
languag communities.

6.1 Operating systemstructure

The advarntagesof a layeredarchitecturéhasbeenrecognized
askey sincethe THE multiprogrammingsystem2] in thelate

60s. End-to-endarguments[22, 21] provide a setof princi-

plesfor determininghe placemenbf functionswithin layered
designs. Theseprinciplesadwcatean organizationwherea

function or servicebelongsin a layer only if it canbe com-

pletelyimplementedn thatlayerandis neededy all clients.

An aspect-orientedppro&h to structurein an operatingsys-
temis compatiblewith, andincrementallyapplicableto, alay-

eredarchitecture Separatingheimplementatiorof thesecus-

tomizationsfrom the primaryfunctionality maybettersupport
end-to-endargumentsby allowing principled vertical aspects
to capturecustomizationsn alayeredsystem.

TheSynthetixproject[20] usesspecializatiorio optimizecom-
monly usedpathsin the system. Specializationusesincre-

mentalpartial evaluation, largely consistingof constan fold-

ing andmacroexpansia, to generatenultiple path-optimized
implementationdor the sameinterface. OtherrelatedSyn-

thetix projectsusespecializatiorfor survivability, end-to-en

quality, andadaptabity .

Customizatiorof a specificexecutionpathis centralto both
our applicationof aspect-orienteghrogrammingand special-
ization. Ourapproacladwcategheseparatiornf path-speific

customizatiorby the programmetin the original sourcecode
to betterachieve comprehensibility Specializatioraimsto au-
tomaticallyspecializethe original sourcecode.

An issueof greatimportancewithin operatingsystemss the
untanglingor streamliningof dataflow in orderto improve
performance.Scout[15] is an operatingsystemdesignel to
optimizecommurcationby specifyingafastdatapathto move
priority data(suchasvideo streams}throughthe systemwith
aslittl e overheal aspossible.

Althoughthe natureof this optimizationin Scoutmaylendit-
selfto someform of path-speific customizationour intuition
is thatmechamsmsto supportdataflow will bedifferentfrom
thosewe have usedfor control flow. The role AspectCcan
playin dataflow is anareaof crosscuttingve planto explore.

6.2 Separationof concemns

Our work stemsdirectly from the approachto separatiorof

concerngSOC)suppated by the langua@ extensionsdevel-

opedby the AspectJproject[8]. Specifically we arecurrently
applying this linguistic supprt to one kind of crosscutting
concern:path-specificustomization.

Separatiorof concens requiressomecriteriafor deconposi-
tion. Parnassuggesteddeconpositionshouldbegin with a list

of eitherdifficult designdecisionsor designdecisionghatare
likely to chang, and thosedecisionsshould be hiddeninto

modulesfirst [19]. Stevenset al. later suggestedhat func-

tional binding, or cohesiorbaseduponthe executionof a sin-
gle task,prodwceslesscomple interactionbetweenmodules
relative to wealer bindingssuchastemporalexecutionor the
referencingof comman data[24].

In our work we are adwocatinga modularity where primary
functionality canbe implementedy a traditionalmeansand
thecrosscuttingpath-specificustomizationgreimplemented
asaspects.We believe this separatiorachieves the qualities
associateavith good modularity betterthanthe scatterecand
tangledimplementatioroperatingsystemsarecurrentlyfaced
with.

A numberof generalappro@hesto separatiorof concerrs in
complex systemshave emeged in the last few years. Work
on subject-orientegprogramming[17] and hyperspaes [16]



is aimedat compasing hierarchiesof concerrs andfocuseson
multiple dimensionf concerns Compositiorfilters [1] sep-
arateobjectsinto internalpartsandinterfacesto which filters
canbeapplied.

Althoughall of theseapproa@hesinvolve explicit separatiorat
the sourcecodelevel in orderto increasecomprehasibility,
our work hingesdirectly on the ability to specifydynamicex-
ecutioncontext in orderto modularizecrosscuttingconcerns.

6.3 Programming languagesupport

Several programminglanguags provide accessto dynamic
contet. Perl[27] andTcl [18] allow accessgo thecall stackat
run-time. Explicit suppat for accessn the form of dynamic
scopingis provided by languags suchas Lisp which allow
variablenamesto be boundaccordingto the stateof the call
stack.

Accessto dynamiccontet for path-speific customizatiorre-
quiresspecificlinguistic supportfor principled call stackac-
cess.PerlandTcl donothave ageneramechanisnior access-
ing specificparameterén a principledway. Dynamicscoping
may be importantto suppat, but at this stagein development
it is not part of AspectC.Furtherexperimenationis required
to know theprosandconsof suppating thisfeaturein systems
code.

6.4 Other work

Implicit context [26] targetsthe removal of extraneousem-
beddedknowledge (EEK) to improve separatiorof concerns
andsupportsoftwareevolution andreuse.This approactpro-
videsreflective accesdo the call history of the system. An-
otherresearchproject, Implicit parameter¢13], allows a set
of intervening functionsto be excluded from the parameter
passingbetweertwo endpants. A new parametecanthusbe
passedlirectly from a senderto a recever without charging
the sourcecodefor functionsthatexecutebetweerthem.

Our currentexperien@ with path-speific customizationhas
more modestneed with regardto dynamiccontet thanthe
completecall history provided by implicit contet. The per
formanceconsideration®f the kernelmay precludeattempts
to maintain quite this much history, but it may be useful to
write aspectghatgathersomesubsewf call history informa-
tion beyond whatwe are currentlyusing. Implicit parameters
have someof the pawer of usingcflow to passdynamic con-
text. The differenceis thatthe sourcemustbe written to ex-
plicitly usethe implicit parametemechaism. This doesnot
suppat separatiorconcerrs to the degreewe canachiese with
AspectC.

7. CONCLUSION

Operatingsystemsave aproblemwith moduarity. Partof the
problemis that generallow-level servicesare commorly tai-
loredto differenthigh-level contets within which it they are
invoked We referto this tailoring aspath-specificustomiza-
tion, and identify dynamic contet information and layering
violationsasthe propertieghatmale it hardto modularize.

In this paper we shav preliminaryresultsof how an aspect-

orientedrefactoringof two path-specificustomizationgsso-
ciatedwith prefetchingfor mappedfiles improves modular
ity. Our resultsshav that the AspectCimplementationpre-
sentecheresupportaunpluggability, indepenéntdevelopment
andcomprehasibility betterthanthetangledimplementation.

Ourwork to datehasfocussedn evaluatingthe potentialfor
AspectCto improve the moduarity of OS kernel code. We
arecurrentlyworking to implementAspectCand planto use
it to explore otherkinds of crosscuttingconcernscommonto
operatingsystemimplementations.
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