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Abstract

This paperintroducesUBC (“Unified Buffer Cache”),a
designfor unifying the filesystemandvirtual memory
cachesof file data,therebyproviding increasedsystem
performance. In this paperwe discussboth the tradi-
tional BSD cachinginterfacesandnew UBC interfaces,
concentratingon thedesigndecisionsthatweremadeas
thedesignprogressed.We alsodiscussthedesignsused
by otheroperatingsystemsto solve the sameproblems
thatUBC solves,with emphasison the practicalimpli-
cationsof the differencesbetweenthesedesigns.This
project is still in progress,andoncecompletedwill be
partof a futurereleaseof NetBSD.

1 Intr oduction

Modern operatingsystemsallow filesystemdatato be
accessedusingtwo mechanisms:memorymapping,and
I/O systemcalls suchasread() andwrite(). In
traditionalUNIX-lik e operatingsystems,memorymap-
ping requestsare handledby the virtual memorysub-
systemwhile I/O calls arehandledby the I/O subsys-
tem.Traditionallythesetwo subsystemsweredeveloped
separatelyandwerenot tightly integrated.For example,
in theNetBSDoperatingsystem[1], theVM subsystem
(“UVM”[2 ]) andI/O subsystemeachhavetheirowndata
cachingmechanismsthatoperatesemi-independentlyof
eachother. This lack of integrationleadsto inefficient
overall systemperformanceanda lack of flexibility . To
achieve good performanceit is important for the vir-
tualmemoryandI/O subsystemsto behighly integrated.
This integrationis thefunctionof UBC.

2 Background

In orderto understandtheimprovementsmadein UBC,
it is importantto first understandhow thingswork with-
out UBC. First,someterms:

� “buffer cache”:

A pool of memoryallocatedduringsystemstartup
whichis dedicatedto cachingfilesystemdataandis
managedby special-purposeroutines.

Thememoryis organizedinto “buffers,” which are
variable-sizedchunksof file datathataremappedto
kernelvirtual addressesaslong asthey retaintheir
identity.

� “pagecache”:

The portion of availablesystemmemorywhich is
usedfor cachedfile dataandis managedby theVM
system.

Theamountof memoryusedby thepagecachecan
varyfrom nearly0%to nearly100%of thephysical
memorythatisn’t lockedinto someotheruse.

� “vnode”:

Thekernelabstractionwhich representsa file.

Most manipulationof vnodesandtheir associated
dataareperformedvia “VOPs” (short for “vnode
operations”).

Themajorinterfacesfor accessingfile dataare:

� read() andwrite():

Theread() systemcall readsdatafrom disk into
the kernel’s cacheif necessary, then copiesdata
from the kernel’s cachedcopy to the application’s
addressspace. Thewrite() systemcall moves
datatheoppositedirection,copying from theappli-
cation’s addressspaceinto the kernel’s cacheand
eventuallywriting thedatafrom thecacheto disk.
Theseinterfacescanbe implementedusingeither
thebuffer cacheor thepagecacheto storethedata
in thekernel.



� mmap():

Themmap() systemcall givesthe applicationdi-
rect memory-mappedaccessto the kernel’s page
cachedata. File datais readinto the pagecache
lazily asprocessesattemptto accessthemappings
createdwith mmap() andgeneratepagefaults.

In NetBSDwithout UBC, read() andwrite() are
implementedusingthebuffer cache.Theread() sys-
temcall readsfile dataintoabuffercachebufferandthen
copiesit to the application. Themmap() systemcall,
however, hasto usethepagecacheto storeits datasince
thebuffer cachememoryis notmanagedby theVM sys-
tem andthusnot cannotbe mappedinto an application
addressspace.Thereforethefile datain thebuffer cache
is copied into pagecachepages,which are then used
to satisfypagefaultson the applicationmappings.To
write modified datain pagecachepagesback to disk,
the new versionis copiedbackto the buffer cacheand
from thereis written to disk. Figure1 shows theflow of
databetweenthe disk andthe applicationwith a tradi-
tionalbuffer cache.

This double-cachingof datais a majorsourceof ineffi-
ciency. Having two copiesof file datameansthat twice
asmuchmemoryis used,which reducestheamountof
memory available for applications. Copying the data
back and forth betweenthe buffer cacheand the page
cachewastesCPU cycles,clobbersCPU cachesandis
generallybad for performance.Having two copiesof
the dataalsoallows the possibility that the two copies
will becomeinconsistent,which canleadto application
problemswhicharedifficult to debug.

Theuseof thebuffer cachefor largeamountsof datais
generallybad,sincethestaticsizingof thebuffer cache
meansthatthebuffer cacheis ofteneithertoo small(re-
sultingin excessivecachemisses),or toolarge(resulting
in too little memoryleft for otheruses).

Thebuffer cachealsohasthelimitation thatcacheddata
mustalwaysbemappedinto kernelvirtual space,which
putsan additionalartificial limit on the amountof data
which canbecachedsincemodernhardwarecaneasily
havemoreRAM thankernelvirtual addressspace.

To solve theseproblems,many operatingsystemshave
changedtheir usageof the pagecacheand the buffer
cache. Eachsystemhasits own variation, so we will
describeUBC first andthensomeotherpopularoperat-
ing systems.
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Figure1: NetBSDbeforeUBC.

3 Sowhat is UBC anyway?

UBC is anew subsystemwhichsolvestheproblemswith
the two-cachemodel. In the UBC model,we storefile
datain thepagecachefor bothread()/write() and
mmap() accesses.File data is read directly into the
pagecachewithout going throughthe buffer cacheby
creatingtwo new VOPswhich returnpagecachepages
with the desireddata,calling into the device driver to
readthe datafrom disk if necessary. Sincepagecache
pagesaren’t alwaysmapped,we createda new mecha-
nism for providing temporarymappingsof pagecache
pages,which is usedby read() andwrite() while
copying the file datato the application’s addressspace.
Figure2 shows thechangeddataflow with UBC.

UBC introducesthesenew interfaces:

� VOP GETPAGES(), VOP PUTPAGES()

Thesenew VOPsare provided by the filesystems
to allow theVM systemto requestrangesof pages
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Figure2: NetBSDwith UBC.

to be readinto memoryfrom disk or written from
memorybackto disk. VOP GETPAGES()mustal-
locatepagesfrom theVM systemfor datawhich is
not alreadycachedandtheninitiate device I/O op-
erationsto readall the disk blockswhich contain
thedatafor thosepages.VOP PUTPAGES()must
initiatedeviceI/Osto write dirty pagesbackto disk.

� ubc alloc(), ubc release()

Thesefunctionsallocateandfree temporarymap-
pingsof pagecachefile data. Thesearethe page
cacheequivalents of the buffer cache functions
getblk() and brelse()[3]. These tempo-
rary mappingsarenot wired, but they are cached
to speedrepeatedaccessto the samefile. The
selection of which virtual addressesto use for
thesetemporarymappingsis important on hard-
ware which has a virtually-addressedCPU data
cache,so the addressesarecarefully chosento be
correctly alignedwith the preferredaddressesfor
userfile mappings,sothatbothkindsof mappings
canbepresentatthesametimewithoutcreatingco-
herency problemsin theCPUcache.It is still pos-
sible for applicationsto createunalignedfile map-
pings,but if the applicationlets theoperatingsys-
temchoosethemappingaddressthenall mappings
will alwaysbealigned.

� ubc pager

This is a UVM pagerwhich handlespagefaultson

themappingscreatedbyubc alloc(). (A UVM
pageris anabstractionwhich embodiesknowledge
of page-fault resolutionand other VM dataman-
agement.SeetheUVM paper[2] for moreinforma-
tion on pagers.)Sinceits only purposeis to han-
dle thosepagefaults,theonly actionperformedby
ubc pager is to call thenew VOP GETPAGES()
operationto get pagesas neededto resolve the
faults.

In additionto thesenew interfaces,severalchangeswere
madeto theexistingUVM designto fix problemswhich
wereglossedover in theoriginaldesign.

Previously in UVM, vnodes anduvm objects were
not interchangeable,andin fact several fields weredu-
plicatedandmaintainedseparatelyin each. Thesedu-
plicatefieldswerecombined.At this time there’s still a
bit of extra initialization the first time a struct vn-
ode is usedasastruct uvm object, but thatwill
beremovedeventually.

Previously UVM only supported32-bit offsets into
uvm objects, which meantthat datacould only be
storedin the pagecachefor the first 4 GB of a file.
This wasn’t muchof a problembeforesincethe num-
berof programswhich wantedto accessfile offsetspast
4 GB viammap() wassmall,but now thatread() and
write() alsousethe pagecacheinterfacesto access
data,we hadto support64-bit uvm object offsetsin
orderto continueto allow any accessto file offsetspast
4 GB.

4 What do other operating systemsdo?

Theproblemsaddressedby UBC have beenaroundfor
a long time, ever sincememory-mappedaccessto files
wasfirst introducedin thelate1980’s. Most UNIX-lik e
operatingsystemshave addressedthis issueoneway or
another, but thereare considerabledifferencesin how
they go aboutit.

The first operatingsystemto addresstheseproblems
was SunOS[4, 5], and UBC is largely modeledafter
this design. The main differencesin the designof the
SunOScacheandUBC result from the differencesbe-
tweentheSunOSVM systemandUVM. SinceUVM’ s
pagerabstractionandSunOS’s segment-driver abstrac-
tion aresimilar, this didn’t changethe designmuchat
all.

Whenwork on UBC first beganover two yearsago,the



otherdesignthatwe examinedwasthatof FreeBSD[6],
which had also alreadydealt with this problem. The
modelin FreeBSDwasto keepthesamebuffer cachein-
terfacesto accessfile data,but tousepagecachepagesas
thememoryfor abuffer’sdataratherthanmemoryfrom
aseparatepool. Theresultis thatthesamephysicalpage
is accessedto retrieveagivenrangeof thefile regardless
of whethertheaccessis madevia thebuffer cacheinter-
faceor thepagecacheinterface.This hadtheadvantage
that filesystemsdid not needto be changedin orderto
take benefitfrom thechanges.However, theglue to do
the translationbetweenthe interfaceswasjust ascom-
plicatedas the glue in the SunOSdesignand failed to
addresscertaindeadlockproblems(suchasan applica-
tion callingwrite() with a buffer which wasa mem-
ory mappingof the samefile being written to), so we
chosetheSunOSapproachover this one.

The approachtaken by Linux[7] (as of kernel version
2.3.44,thelatestversionat thetime this paperwaswrit-
ten) is actuallyfairly similar to the SunOSdesignalso.
File datais storedonly in the pagecache. Temporary
mappingsof pagecachepagesto supportread() and
write() usually aren’t neededsince Linux usually
mapsall of physicalmemoryinto thekernel’svirtual ad-
dressspaceall thetime. Oneinterestingtwist thatLinux
addsis that the device block numberswherea pageis
storedon disk arecachedwith thepagein theform of a
list of buffer head structures.Whenamodifiedpage
is to bewrittenbackto disk, theI/O requestscanbesent
to thedevice driver right away, without needingto read
any indirect blocksto determinewherethe page’s data
shouldbewritten.

The last of the operatingsystemswe examined,HP-
UX, takesa completelydifferentstanceon the issueof
how to cachefilesystemdata.HP-UX continuesto store
file data in both the buffer cacheand the pagecache,
thoughit doesavoid theextra of copying of datathat is
presentin pre-UBCNetBSDby readingdatafrom disk
directly into the pagecache.The reasoningbehindthis
is apparentlythatmostfiles areonly accessedby either
read()/write() ormmap(), butnotboth,soaslong
as both mechanismsperform well individually, there’s
no needto redesignHP-UX just to fix thecoherency is-
sue. Thereis someattemptmadeto avoid incoherency
betweenthetwo caches,but locking constraintsprevent
this from beingcompletelyeffective.

There are other operatingsystemswhich have imple-
mentedaunifiedcache(eg. Compaq’sTru64UNIX and
IBM’ s AIX), but we wereunableto find informationon
thedesignof theseoperatingsystemsfor comparison.

5 Performance

SinceUBC is unfortunatelynot yet finished,a detailed
performanceanalysiswouldbepremature.However, we
have madesomesimplecomparisonsjust to seewhere
westand.Thehardwareusedfor this testwasa333MHz
PentiumII with 64MB of RAM anda 12GB IDE disk.
The operationsperformedwere a seriesof “dd” com-
mandsdesignedto exposethe behaviour of sequential
readsandwrites. We createa 1GB file (which is much
larger thanthephysicalmemoryavailablefor caching),
then overwrite this file to seethe speedat which the
datamodificationscausedby thewrite() areflushed
to disk without theoverheadof allocatingblocksto the
file. Thenwe readbackthe entirefile to get an ideaof
how fastthe filesystemcanget datafrom the disk. Fi-
nally, we readthe first 50MB of the file (which should
fit entirely in physicalmemory)several timesto deter-
minethespeedof accessto cacheddata.SeeTable1 for
theresultsof thesetests.

The greatdisparity in the resultsof the first four tests
on the threenon-UBCoperatingsystemsis dueto dif-
ferencesin performanceof their IDE diskdrivers.All of
theoperatingsystemstestedexceptNetBSDwith UBC
dosequentialbufferedreadsfrom alargefile at thesame
speedasreadsfrom theraw device,soall we canreally
sayfrom this is thattheothercachingdesignsdon’t add
any noticableoverhead.For reads,the UBC systemis
not yet runningat devicespeed,sothere’sstill roomfor
improvement.Furtheranalysisis requiredto determine
thecauseof theslowdown.

UBC obviouslyneedsmuchimprovementin theareaof
write performance.This is partlydueto UVM notbeing
veryefficientaboutflushingmodifiedpageswhenmem-
ory is low andpartly becausethe filesystemcodecur-
rently doesn’t trigger any asynchronouswrites to disk
during a big sequenceof writes, so the writes to disk
areall startedby theinefficientUVM code.We’vebeen
concentratingon readperformanceso far, so this poor
write performanceis not surprising.

The interestingpart of this testseriesis the setof tests
where we read the same50MB file five times. This
clearlyshowsthebenefitof theincreasedmemoryavail-
ablefor cachingin theUBC systemoverNetBSDwith-
out UBC. In NetBSD1.4.2,all five readsoccuredat the
speedof the device, whereasin all the other systems
the readswere completedat memoryspeedafter sev-
eralruns.Wehavenoexplanationfor why FreeBSDand
Linux didn’t completethesecond50MB readatmemory
speed,or why Linux didn’t completeeventhethird read



Experiment Run Time (seconds)
Input Output Size NetBSD NetBSD FreeBSD Linux

1.4.2 with UBC 3.4 2.2.12-20smp
raw device /dev/null 1GB 72.8 72.7 279.3 254.6
/dev/zero new file 1GB 83.8 193.0 194.3 163.9
/dev/zero overwritefile 1GB 79.4 186.6 192.2 167.3

non-residentfile /dev/null 1GB 72.7 86.7 279.3 254.5
non-residentfile /dev/null 50MB 3.6 4.3 13.7 12.8

residentfile /dev/null 50MB 3.6 0.8 4.1 11.5
repeatabove /dev/null 50MB 3.6 0.8 0.7 4.5
repeatabove /dev/null 50MB 3.6 0.8 0.7 0.8
repeatabove /dev/null 50MB 3.6 0.8 0.7 0.8

Table1: UBC performancecomparison.

at memoryspeed.

6 Conclusion

In thispaperwe introducedUBC, a improveddesignfor
filesystemandvirtual memorycachingin NetBSD.This
designincludesmany improvementsover the previous
designusedin NetBSDby:

� Eliminatingdoublecachingof file datain thekernel
(andthepossibilityof cacheincoherency thatgoes
with it) whenthesamefile is accessedvia different
interfaces.

� Allowing moreflexibility in how physicalmemory
is used,whichcangreatlyimproveperformancefor
applicationswhosedatafits in physicalmemory.

7 Availability

This work will be part of a future releaseof NetBSD
once it is completed. Until then, the sourcecode is
available in the “chs-ubc2” branchin the NetBSD
CVS tree, accessible via anonymous CVS. See
http://www.netbsd.org/Sites/net.html
for details.

This beinga work-in-progress,thereis naturallymuch
morework to do! Plannedwork includes:

� Integrationof UBC into the NetBSDdevelopment
sourcetree and performanceimprovement. The
pagedaemonneedsto beenhancedto dealwith the

muchlargeramountof page-cachedatawhich will
bedirty.

� Elimination of the datacopying in read() and
write() via UVM pageloanoutwhenpossible.
This could be done without UBC too, but with
UBC it will bezero-copy insteadof one-copy (from
buffer cacheto pagecache).

� Elimination of the needto mappagesto do I/O to
themby addinga pagelist to struct buf and
addinggluein bus dma to mappagestemporarily
for hardwarethatactuallyneedsthat.

� Addingsupportfor “XIP” (eXecuteIn Place).This
will allow zero-copy accessto filesystemimages
storedin flashromsor othermemory-mappedstor-
agedevices.

� Adding support for cachecoherency in layered
filesystems.(ThecurrentUBC designdoesnot ad-
dresscachingin layeredfilesystems.)
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