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Operatingsystemstructureis important– it leadsto un-
derstandable,maintainable,‘pluggable’code.But despite
ourbestefforts,somesystemelementshavebeendifficult
to structure.We proposea new analysisof this problem,
andanew technologythatcanstructuretheseelements.

Primaryfunctionalityin systemcodehasawell defined
structureaslayeredabstractions.Otherkey elementsnat-
urally defy thesestructuralboundaries– we saythat they
crosscut the layeredstructure. For example,prefetching
for mappedfilesinvolvescoordinatedactivity at threelev-
els: predictingthe patternof accessandallocatingpages
in the VM layer, determiningthe contiguity of blocksin
the disk layer, and reconciling the costsof retrieval in
thefile systemlayer. Becauseof its inherentcrosscutting
structure,the implementationof prefetchingis scattered
throughtheprimaryfunctionalityin eachof thelayersin-
volved(Figure1a).

In FreeBSDv3.3, prefetchingfor mappedfiles is ap-
proximately 265 lines of code, groupedinto 10 differ-
entclusters,scatteredover5 functionsfrom VM andFFS
alone. Dynamiccontext, suchasflaggingVM-basedre-
quests,is passedasparametersfrom high level functions
down throughlower ones. Portionsof prefetchingcode
violatelayeringby accessinghigh level abstractionsfrom
lower level functions,suchas freeing andpage-flipping
VM pagesfrom within FFS.In thisform, thereis nostruc-
tureto theimplementationof prefetching– it is hardto un-
derstand,hardto maintain,andcertainlyhardto unplug.

Aspect-orientedprogramming(AOP) [3, 2] useslin-
guistic mechanismsto support the separationof cross-
cuttingelements,or aspects of the system,from primary
functionality. Aspectsdeclarecodeto executebefore, af-
ter or wrappedaround existing primary function calls,
within theexecutionflow of otherfunctioncalls,andwith
accessto specific parametersof thosecalls. AOP im-
provesthe comprehensibilityof crosscuttingelementsin
two ways: it allows small fragmentsof codethat would
otherwisebespreadacrossfunctionsfrom disparateparts
of the systemto be localized; and it makes the local-
ized code more coherent,becauseinteractionwith pri-
maryfunctionalityis declaredexplicitly andwithin shared
context.

Wehavedevelopedaproof-of-conceptAOPimplemen-
tationof prefetchingin FreeBSD[1]. In our implementa-
tion, we have beenableto modularizeprefetching. The
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Figure1: Prefetchingandprimaryfunctionality.

internalstructureof the prefetchingcodeandits interac-
tion with the overall VM andFFSactivity areexplicitly
definedasa sequenceof activities that occurat well de-
fined points along a page-fault path, rather than being
broken into layers (Figure 1b). The AOP implementa-
tion is designedto allow usto seepreciselyhow low-level
prefetchingcodeactsin serviceof high-level prefetching
code.Primarypagefaulthandlingfunctionalityno longer
includesprefetchingcode,nor doesit explicitly invoke
prefetchingfunctionality.

In the AOP implementation,oneaspectcaptureshow
prefetchingplaysoutoverpage-faulthandlingfor sequen-
tially accessedmappedfiles: first thepagemapis locked
andpagesarepre-allocatedaccordingto aprediction,then
theseandpossiblyotherpagesaresynchronouslybrought
into the file buffer cacheandpage-flippedwhereappro-
priate,andfinally further pagesmay be asynchronously
prefetchedinto the cache. We can clearly seehow this
differsfrom theprefetchingaspectfor thenon-sequential
case,wherepagesmay be de-allocatedif it is not cost-
effective to retrieve them,the file buffer cacheis not in-
volved, and further asynchronousprefetchingis not ap-
plied. Structuredthis way, prefetchinggainscontext, is
moretractableto work with, andis evenunpluggable.

We believe that other key elementsof operatingsys-
temsare crosscuttingand that their unstructuredimple-
mentationis excessively complex. We arecurrentlyde-
velopingAspectC,andplanto useit to furtherexplorethe
structureof elementssuchaspagingin layeredsystemar-
chitectures,consistency in client-serverarchitectures,and
schedulingin event-basedarchitectures.
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