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Abstract. This paperdescribeghe overall design,partial implementatiorand

brief performancevaluationof a systemin which Linux andits applicationgun

besidegeal-timeapplicationsThe separatiorof the real-timeandtime-sharing
subsystems notrestrictedo theuseof the CPUbut enforcedaswell for otherre-

sourcespamelymainmemoryandcachesThis paperdetailsthechangesieeded
for the original Linux to decoupleit from real-timeprocesseandanalyzeghe

performancef theresultingsystem.

1 Intr oduction

Duringrecentyearsamajorchangeoccurredn theuseof computeisystemghatcanbe
characterizethy the coexistenceof real-timeandnon-real-timgtime-sharingppplica-
tions on the samecomputer This coexistenceis causeddy the useof new mediasuch
asaudioandvideothathave real-timerequirementsSofar, mostof thesesystemsleal
with thatcoexistenceby throwing enormousmountf resourcesttheseapplications.
Othersystemsfor examplethosebasedn QNX [9], dealwith thesituationby running
non-real-timeapplicationsas low-priority processe®n real-time operatingsystems.
Anotherclassof systemsfor instanceRT-Linux [18], extend time-sharingoperating
systemsy meando run high priority processebesideghenon-real-timeapplications.
Both approacheslo handlethe real-timerequirementswith regardto the CPU asa
neededesourceput neglectotherresourcesuchascachesanddisk bandwidth.

That situationis paralleledby the obsenation that recentadvancesin computer
architectureachiezed enormougerformancegainsfor the averagecasebut addedun-
certaintieswith regardto theworst-casg@erformancewhichis amajorconcernn real-
time systemsA primeexamplearecacheshatspeedip applicationswith goodlocality
behaviour. If locality cannotbe presered (e. g., dueto context switches) thesegains
cannotbe maintainedeasily Hence worst-casenalysisfor systemawith cacheoften
leadsto unacceptablhigh worst-caseerformance.

Both the coexistenceof real-timeandtime-sharingapplicationsandthe properties
of currentcomputerarchitecturesvith regardto worst-caseperformanceretaken as
challengedyy the DresdenReal-timeOperatingSystemproject(DROPS).The archi-
tectureof DROPSIs basednresourcananagershataredesignedo separateeal-time
andtime-sharingprocessewith regardto all resourceshatmatter
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Fig. 1. Structureof the DresderReal-Time OperatingSystem(DROPS)

The mainchallengehereis to organizethe coexistencein an efficient way, at least
efficient enoughto beatthe “resourcethrowing” approachTo facilitate this, DROPS
is basedon the L4 microkernel (u-kernel) [10], with the time-sharingand real-time
subsystemsunningin usermodeasseparat@perating-systermersonalitiesThetime-
sharingsubsystenis comprisedof a Linux systemusingthe L*Linux sener, a port of
the Linux kernelto the L4 p-kernel[7]. The real-timesubsystentonsistsof a setof
senerswhich supportapplicationswith quality-of-serviceequirements.

Thesewo subsystemaseacommonmanagemenayerfor systenresourcesvan-
agersfor SCSIbussesand ATM networking bandwidthand a file systemhave being
designedchndarebeingimplemented2, 14]. However, in this paperwe presentesults
for themanagemernf CPUandcaches.

In the restof the paper we first describethe overall structureof DROPSandthe
resourcenanagementhenwe discusselatedwork, especiallythe RT-Linux operating
systemfrom which DROPSborrovedsomeideas.In Sectiord we discusghechanges
neededo applyto L*Linux, animplementatiorof Linux runningasa userproceson
the L4 p-kernel[10]. At the end,we presentsomeperformanceesultsand compare
themto RT-Linux.

2 DROPS

The DROPSprojectfocuseson p-kernel-basedeal-timesystemsfor instancefor con-
tinuous mediapresentationOur vision is that real-time componentsan get all the
systemresourcegndprocessingpower they need,andtherestcanthenbe spentfor a
time-sharingsubsystentunningon the samemachine.This is enforcedby a system-
wide resourcemanagementor all resourcesnot just for CPU time slicesand main
memory but alsofor cachesandl/O bussegFigurel).

L4 is aleanp-kernelfeaturingfastmessage-basesynchronousnter-procesom-
munication(IPC), a simple-to-useexternal pagingmechanismand a securitymecha-
nism basedon securedomains.The kernelimplementsonly a minimal setof abstrac-



tionsuponwhich operatingsystemsanbe built flexibly [10]. Thereareversionsof L4
for variousx86 andfor the AlphaandMIPS CPUs[11], butin this papemve solelyrefer
to systemdrasedn L4 for x86 (Pentium)processors.

In anearlierpaper[7] we describethe time-sharingsubsystenof DROPSwe im-
plementedoy portingthe Linux kernelto the L4 p-kernel,creatingan L*Linux sener
runningcompletelyin usermode(includingdevice driversandinterrupthandlerspsan
applicationprogram By usingLinux asthe baseoperatingsystemwe have accesso a
vastlibrary of developmentools,creatinga powerful developmenplatform.L*Linux is
binarycompatiblewith Linux for the x86 architectur€PCs),allowing ary off-the-shelf
Linux systemdistribution andsoftwareto be usedwithoutrecompiling.

An importantdesigncriterion when designingL*Linux wasthatthe Linux kernel
shouldbemodifiedonly minimally in orderto allow easyintegrationof new Linux ker-
nel versionsinto L*Linux andto save developmentime. We didn’t intendto optimize
L*Linux to theunderlyingL4 architectureén theway the BSD singlesenershave been
optimizedfor the Machp-kernel[6, 8]. The simplestpossibledesignmatchingthis cri-
terionis of coursea single-serer designwherethe Linux sener anduserapplications
run in separatéaskscommunicatingusingthe L4 p-kernel’s IPC mechanismDetails
canbefoundin [7].

Work is currentlyundervayto build real-timecomponentsuchasareal-timeSCSI
driver, afile systemanda network protocolsuitesupportingapplicationswith quality-
of-servicerequirements.

In orderto avoid real-timeservicedisruptionsby the time-sharingsubsystemye
hadto make somechangeso the LLinux sener so thatinsteadof “taking over” the
whole machine,it canrun undera resourcemanagethandlingall systemresources.
Beforewe describehesechangesn detailin Sectiord, we'll cover RT-Linux andother
relatedwork in the next section.

3 RelatedWork

Real-timeoperatingsystemganbeclassifiednto threecatejories:Thefirst oneis com-
prisedof systemswhich startedastime-sharingoperatingsystemsandwereretrofitted
laterfor real-timeneedsExamplesareReal-Time Unix andmary recentsystemsvhich
implementthe POSIX1.b standardOftensuchreal-timeextensionsanonly beadded
atconsiderablexpenseandreal-timeguaranteethatcanbemadeby suchsystemsare
often constrainedo CPU schedule®nly. The secondclassof real-timesystemscon-
sistsof thosesystemghat have beenspecificallydesignedo supportreal-time.There
aremary successfutommerciakystemsn this class for instancevVxWorks[16], and
QNX [9]. However, dueto their specializechaturetheseoperatingsystemsoften sup-
port only a subsetf the Unix API sothat mary popularapplicationsarent available
for them.

We believe that DROPSbelongsto a third class:Runan only minimally modified
time-sharindgernelasanapplicationontop of areal-timekernel. Thisis acleandesign
becausd cleanlyseparatethereal-timeandtime-sharingcomponentsit requiredess
expenditurethan making a time-sharingkernelfully preemptibleandit immediately
openghehugelibrary of existing developmentandapplicationsoftware.



New Mexico Tech’s Real-Time Linux (RT-Linux) [18] is similar to DROPSIn that
the time-sharingsubsystenmrunsas an applicationon top of a small real-timeexecu-
tive. Both systemausea Linux kernelwith minimal modificationsasthe time-sharing
operatingsystem.

In RT-Linux, the Linux kernelandall real-timetasksrun alongwith the real-time
executive in kernelmode.The real-timeexecutive is responsibldor CPU scheduling
andalso containssupportfor IPC betweentasksusing FIFOs.In orderto be ableto
schedulereal-timetaskswith high precision—e&en thoughLinux hasa habit of dis-
abling interruptsfor synchronizationandin the presenceof interrupt-drven device
driversin the Linux kernel—,RT-Linux hasbeenmodifiedto enableanddisable*soft”
interrupts.All “hard” (machine)interruptsare caughtby the real-timeexecutve and
only passedn to Linux if it is responsibldor handlingthe interruptandhasenabled
thecorrespondingoftinterrupt;hardinterruptscannotbe disabledby Linux.

DROPS’L%Linux alsousessoftinterruptsto avoid disruptingthe real-timesubsys-
tem; this is describedn moredetailin Section4.2. L*Linux differsfrom RT-Linux in
that Linux runscompletelyin userspaceasa taskon the L4 p-kernel. The real-time
subsystentonsistof severalseparaté 4 tasksalsorunningin usermode.

In comparisonPROPShastheadwantageof fault separatiorfbecausall tasksrun
in separataddresspacesat the costof a highercontet-switchingoverheadFurther
more,DROPSnot only guaranteeseal-timetasksall the CPUtime they needbut can
alsomanageseveral systemresourcesncluding main memory 2nd-level cacheparti-
tions, networking bandwidth,andin thefuture SCSlbusbandwidth DROPSoffersthe
additionalfeaturethata real-timetaskcanalsobea Linux processHowever, L*Linux
currently doesnot supportsymmetricmultiprocessing SMP), which RT-Linux does.
We expectto add SMP supportwhenupgradingL*Linux to Linux 2.2 (whoseconcur
reng/ modelfor interruptsbetterfits L*Linux’ multi-threadeddesignthanthe current
baseversion,2.0).

In the next sectionwe’ll examinein detailthe changesnadeto the L*Linux sener
sothatit cannotdisruptthereal-timesubsystenon the samemachine.

4 Taming Linux

Becausef ourgoalof makingonly minimal changeso theLinux kernel,we designed
L*Linux like yetanothemport of Linux to anew architectureOnly architecture-specific
partsof the kernelweremodified,andthe portto the L4 p-kernelis muchlike a port
to for instancethe Motorola 68k architectureTherefore the resultingL*Linux system
is basicallyjust like ary otherLinux system,andassuchit behaeslike ary typical
monolithickernel:It takesover thewhole machine controllingeverything.

To fit nicely within the DROPSframework, however, L*Linux hadto be “tamed”
suchthat system-wideglobal resourcemanagementvould becomepossible We have
identified the following issueswhich needto be resoled to make L*Linux a well-
behaiing memberof the DROPSsystem:The L*Linux kernel:

— hasfull controloverall resourcegontrolledby thelL4 p-kernel:tasknumberstask
priorities,mainmemoryandthe I/O addresspacejnterruptrequestines,andthe
interruptdisable/enablerivilege



— disablesandenablesardwareinterruptrequestsat will
— drivesall devices
— doesnt supportpartitioningthe cache(explainedbelow)

In the following subsectionswe’ll addresseachof theseissuesdiscussingtheir
handlingin the DROPSsystemandthe modificationsrequiredto L*Linux.

4.1 Controlling SystemResources

The“L“Linux controlsall systemresourcesissuehasbeenaddressetby introducing
aninstancebetween_ “Linux andL4 from which the resourcesnustbe requesteax-
plicitly, asupervisotaskcalled“Rmgr” (resourcenanager)Thistaskis startedasL4’s
first usertaskandmagically“owns” all L4 p-kernelresourcegnumeratedn the pre-
vious subsectionSystenresourceganbe givento otherusertaskson requesusinga
speciallPC protocol.Rmgrcanbe configuredfexibly (but currentlyonly atboottime)
usingascriptlanguage.

Using Rmgrit is possibleto constrainthe L*Linux sener in the systemresources
it canallocate.The allocationsare staticin naturé, so the modificationsrequiredto
L*Linux canbe restrictedto the boot codewhereall systemresourcesonfiguredas
“availablefor L*Linux” arerequestedrom Rmgr.

Rmagr also supportsstarting L4 taskswhich are not also Linux programs—this
wasnt possiblepreviously with L*Linux. This way, drivers or other real-time com-
ponentsndependentrom L*Linux canbe startedat boottime or later.

4.2 Interrupt RequestEnabling and Disabling

TheLinux kernelusegheC interfacesc1i () andsti () for enteringrespectiely leav-
ing critical codesections.In the x86 version,theseinterfacesare translatednto the
cli andsti assemblystatementsvhich disablerespectrely enablethe propagatiorof
hardwareinterruptrequestso the CPU.Thisimplementatiorhadbeenadoptedinmod-
ified in the L*Linux port.

However, in DROPS:It is unacceptabléo disableinterruptsfor longerperiodsfor
synchronizatiorpurposesinterruptsshould remain enabledvirtually at any time in
orderto preventinterferencewith L4’s schedulerhich depend®n preciseimerinter
rupts.Theonly legal useof thecli andsti assemblystatementshouldbeto protect
codesectiondirectly dealingwith the PC’s programmableénterruptcontroller (PIC),
thatis, in interrupthandlers.

We thereforemodified the implementatiorof the c1i () andsti() C interfaces
to work without disablinginterruptswhile still ensuringtheir semanticqto protect
a critical section).Our new implementatiorusesa lock which is acquiredin c1i ().
Whencli() detectsthatthe lock is alreadyheld, the currentcontext is enqueuedn

1n fact, for main memoryallocationsit is desirablefor the real-time subsystento request
morememoryfrom L*Linux whenit is shorton memory This would be easyto implement
in L*Linux usingthe Rmgr protocolandusing Linux’ get_free_page() interface,but this
hasnt beendoneyet. So,mainmemoryallocationcurrentlyis static,too.
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Fig. 2. L*Linux canuseexternaldriversat ary level. In this example,we usetwo stubdrivers:
oneatthefile systemlevel andoneontheblock device level.

thelock’s wait queueandputto sleep Whenleaving thecritical sectionsti () checks
whetherthereis a context waiting in the queueandif so, wakesit up. In L*Linux,
all contextswhich needto be synchronized—thkernel's mainthread thehigh-priority
low-levelinterrupthandlerg“top halves”) andthelow-priority interrupthandlerg“bot-
tom halves”)—runin separatd-4 kernelthreadsfor which L4 handlesall the context
switching.L4 IPC primitivesareusedfor puttingthreadgo sleepandwakingthemup.

This way, interruptscanbe deliveredevenif L*Linux hasenteredh critical section.
However, the threadexecutingthe interrupthandlerhonorsthe c11i () lock andadds
itselfto thelock’swait queusf it is currentlyheld,andsothesynchronizatiosemantics
arepresered.

Ideally, L*Linux would not be allowedto executethe c1i andsti assemblystate-
mentsat all (this is a task attribute underL4 which canbe grantedor deniedusing
Rmgr). However, because *Linux containsdevice driverswith interrupthandlersit
mustbe ableto programthe PIC anddisableinterruptswhile doing so. Currentlywe
feel this isn’t muchof a risk. Shouldwe ever becomecorvincedthat L*Linux must
notdisableinterruptsat all, we eithermustexternalizeall device driverswith interrupt
handlersinto separatesener tasks(we alreadyhave donethis for someof them—see
sectiord.3) or we mustexternalizeP1C programming.

Theveryfew placeswvheretheuseof thecli () Cinterfacereallymeans!’'m going
to programthe PIC, pleasedo disableinterrupts;, were easilyidentifiedand changed
notto usethenew c1i () implementation.

4.3 DeviceDrivers

Theoriginal L*Linux controlsall devicesusingthe unmodifiedLinux-for-x86 drivers.
However, for resourcesharedbetweerthe real-timeandthe time-sharingsubsystems
it is unacceptabléo usea driver in the time-sharingsubsystenbecausesucha driver
cannotgive quality-of-serviceguaranteefor thereal-timesubsystem.

Thereforewe are creatingdriversfor the real-time subsystenwhich supportre-
sourceplanningand preallocation We currently have drivers (portedfrom Linux re-



page 0 1 2 3 4 5 6 7

4 N _'®m
s
N

Fig. 3. Cachepartitioningusingmainmemorycoloring.For aphysicallyindexed2nd-lesel cache,
themainmemorypagesaremappedo differentcacheportions By controllingthe colorsof main
memoryonetaskmay allocate the cachecanbe partitionedbetweerthe tasks.

physical memory
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spectvely developedin-houseYor SCSlcontrollersandEtherneandATM networking
cards[5, 13,15], andwork is undervay to make SCSlbus andnetworking bandwidth
resourcescheduledby a system-widegesourcananagemenile arealsodevelopinga
real-timefile systemusingthesedrivers.

Thesedriversandthe real-timefile systemshouldeventuallybe usedby L*Linux,
too. The stratgy hereis to replaceits native driverswith stubsthatcommunicatevith
therealdriversvia L4 IPC. Suchstubscanbe pluggedin at ary level (Figure?2). For
instancewe currentlyhave two stubsin theworks: OneusesanexternalATM protocol
sener (which usesa low-level ATM driver in a separatdask). The secondusesan
external SCSlblock device driver (with embeddedow-level drivers)which maintains
two differentrequestjueuedor requestgrom real-timeandnon-real-timeasks.

4.4 Main Memory Managementand CachePartitioning

We have implementedh virtual memorymanagemergener (called“VM sener”) for

L4 which allows separatinghe 2nd-level memorycacheworking setsof real-timeand
time-sharingasksinto separatgartitionssothattime-sharingapplicationannotdis-

ruptthecacheworking setsof real-timeapplicationsThis allows theworst-casexecu-
tion timesof real-timeprogramgo be boundto a significantlylower level. The cache
partitioningis accomplishedby coloringthemainmemorypagesandcontrollingwhich

colorsof pagexanbeallocatedy a giventaskset(Figure3) [12,17].

The main obstaclein adoptingLinux to runningunderthis memorymanagement
policy wasthatLinux requireso berunin avirtual addresspacemappingthe physical
memory one-to-onethis is an importantassumptiorof mary Linux device drivers.
Therefore *Linux usesnemorymanagemertricks (usingL4’s memorymanagement
primitives and information provided by the VM sener) to mapall physicalmemory
pagest acquiredrom the VM sener one-to-onethusleaving holesin its own address
space.

However, Linux assumeshatits kernelcode,dataandbsssggmentsaswell asan
initialization memoryregion (from which Linux subsystemsangrabmemorychunks
at systeminitialization time) aremappedcontiguouslyinto its virtual addresspace—
an assumptiorthat clasheswith the requirementhat all pagesbe mappedin one-to-
onefrom the physicalspace Fortunately we didn’t find any driver which mistalesits



initialization memoryasphysicalmemory;andso this contiguousmemoryregion can
be composeaf non-contiguouphysicalmemorypages.

5 PerformanceMeasurements

The original L*Linux aspresentedn [7] is about2% to 4% slower thanthe original
monolithicLinux kernelfor application-l&el benchmark®n the samehardware?.

In this sectionwe’ll answetthefollowing questions:

— How doestamingthe L*Linux senerasdescribedn sectionst.1and4.2 affectits
performance?

— How doesrestrictingL*Linux to a cachepartitioncomprisecf half of thesystems
2nd-level memorycache(128KB of 256KB) asdescribedn section4.4 affectits
performance?

— How doestamingL*Linux affect the responsienesf real-timetasksrunningon
thesamesystem?

— How cancachepartitioningimprovetheperformanceandpredictabilityof real-time
tasks?

The last questionhasalreadybeenaddressedh detail by Liedtke and colleagues
[12], andthereforewe skip the discussiorherefor brevity andjust presenthe result:
In one of the experimentsa 64 x 64 matrix multiplication, the slovdown inducedby
introducinga cache-intensie secondaryvorkloadcouldbereducedy 74% whenpar
titioning the 2nd-level cache.

Thefirst threequestionsaarediscussedn the following subsectionsyhich areare
organizedasfollows:

We usetwo differentbenchmarkingackagesor the performancevaluationof the
Linux systemsFirst, we will presenta seriesof microbenchmarkneasurementsxe-
cutedusinghbench:0Sn Section5.1. Then,Section5.2 shavs theresultsfor running
amacrobenchmarkhe AIM MultiuserBenchmarkSuiteVII.

Finally, Section5.3 evaluateghereal-timeresponsienes®f of our system.

Whereapplicablethe performancef L*Linux is comparedvith monolithic Linux
andwith RT-Linux. All measurementsereconductedn asinglemachine?

2 Actually, [7] reportsa slowdown of 5%—10%; however, in the meantimewe've found and
fixeda bug adwerselyaffecting L*Linux’ performancepleaseseetheslidesaccompaying [7]
for moredetails.

3 We useda 133MHz PentiumPC basedon an ASUS P55TP4Nmotherboardising Intel’s
430FXchipset,equippedvith a256KB pipeline-lurstsecond-leel cacheand64MB of 60ns
FastPageMode RAM. We usedversion2 of theL4 p-kernel.L*Linux is basedon Linux ver-
sion 2.0.21,RT-Linux on version2.0.29;accordingto the ‘Linux kernelchangesummaries’
[4], only performance-neutrdiug fixeswere addedto 2.0.29,mostly in device drivers. We
consideothversionscomparable.
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Fig. 4. hbench: OS results,normalizedto native Linux. Theseare presentedas slovdowns: A
shorterbaris a betterresult. [l at] is a lateny measuremenfpw~1] theinverseof a bandwidth
one.Thenumbersn thewhite boxesshav the absolutevaluesfor native Linux in microseconds
(for latenciesindin MB/s (for bandwidths)respectrely. Hardwareis a 133MHz Pentium.

5.1 Micr obenchmarks

For acloselook atthe exactperformanceenaltiesnvolvedwe usethe hbench:O3ni-
crobenchmarlsuite. It measuredasicoperationdike systemcalls, context switches,
memoryaccessegndpipeoperationsThisbenchmarkhasbeendevelopedo compare
differenthardwarefrom the operatingsystems perspectie andthereforealsoincludes
avarietyof OS-independertenchmarksan particularmeasuringhehardwarememory
systemandthe disk [3]. Sincewe alwaysusethe samehardwarefor our experiments,
we only presenselectedperating-systerdependenparts. The hardware-relatednea-
surementindeedreportedthe sameresultson all systems.

Figure4 shaws a chartof slowdownsfor variousoperationgor monolithic Linux,
RT-Linux, L*Linux, andtameL*Linux (without cachepartitioning). The exactbench-
markresultshave beenskippedherefor brevity andcanbefoundin the online version
of thepaper*

Discussion. As canbeseerfrom Figure4, while somedifferencesrelostin thenoise,
minor penaltiefor somemicrobenchmarkareintroducedwvhenaddingsoft interrupts
in Linux (with RT-Linux) respectrely L*Linux (with thetamedversion). Thesearedue
to theincreaseatontext switchingoverheadhatoccurswhena hardinterrupthappens
while soft interruptsare disabled.Also, the soft versionsof c1i() andsti() need
significantlymorecyclesthantheir hardcounterpartsvthenmorethanonecontext tries
to entera critical section.

Thegenerallylargernumberfor the L*Linux versionscomefrom thehighernumber
of user/lernel-boundargrossingsn the p-kernelbasedLinux variant.(Pleasesee[7]
for abreakdaevn of the penaltiesnvolvedwith onesystemcall.)

4 http://os.inf.tu-dresden.de/pubs/#pub-part98
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Fig.5. AIM Multiuser BenchmarkSuiteVIl.  Left: Jobscompletedoer minute dependingon
AIM loadunits. Right: Averagethroughput(normalizedto monolithic Linux) and maximum
throughpubf thevariousLinux kernels.

5.2 Application Benchmarks

For anoverall systemperformanceaestwe usethe commercialAIM Multiuser Bench-
markSuiteVIl. It used.oadMix Modelingto testhow well multiusersystemsperform
underdifferentapplicationloads[1]. (The AIM benchmarkresultspresentedn this
paperarenotcertifiedby AIM Technology)

Figure5 shaws the achieved throughput(jobs per minute)dependingon simulated
load for monolithic Linux, RT-Linux, the original L*Linux, tameL*Linux, andtame
L*Linux runningwith a partitionedcache(128KB of 256KB). The AIM benchmark
successiely increaseghe load until the maximumthroughputof the systemis deter
mined.Fromtheseresultsthe averageperformanceelative to monolithicLinux andthe
maximumthroughpuicanbe computeddisplayedonright sidein Figureb).

Discussion. For macrobenchmarksheintroductionof soft interruptsdoesnt seemto
have mucheffect. The averageslovdown of L*Linux comparedo monolithicLinux is
3.8% while for atameL*Linux senerit is 3.9%. Similarly, the slovdown of RT-Linux
againstmonolithicLinux is 0.2%.

Again, the generaperformancgenaltyof the L*Linux versioncomparedo Linux
andRT-Linux (about3.8%) is mainly dueto thehighernumberof user/lernel-boundary
crossingsOneotherfactorwhich contributesto the performancdossis the large per
centageof mainmemorythe L4 p-kernelreseresat boottime for its own internaluse
(14MB of 64MB); when comparingL*Linux to a monolithic Linux kernelrunning
with a similar handicapthe performanceenaltydecreaseto below 2 %. We expectto
lower L4’s highmemoryfootprintin its next releasewith a betterkernelmemoryman-
agemenschemeandwith theadwentof a memorymanagemenrotocolwhich allows
L4 to dynamicallygrow its kernelmemoryonly whenneeded.

The versionof L*Linux running with a partitionedcachesuffers an even larger
performancealegradation.The slowvdown is acceptabl€0%—6.5%) for loadssmaller
than30, but afterthatpoint the penaltyincreaseso 28%—-32%. Theadditionalpenalty
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Fig. 8. Periodicityof areal-timetaskrunningbesideshetamedversionof L4Linux

Thesediagramsshaw thelateny of subsequerdctivationsof two tasksalternatelytrig-
geredby a 100-psinterrupthandler The x-axis shavs the numberof the currentactiva-
tion, andthey-axisshawvs the elapsedime sincethe previous activation.
Pleasenotethatthey-axishasbeenscaleddifferentlyin thethreediagrams.

originatesnot only from the limited part of the 2nd-level cacheit canusebut also
from two otherfactors:First, andmostimportantly dueto the way the cacheis parti-
tioned,L*Linux notonly runswith only half the cachebut alsowith only half the main
memory—only25MB (the main memorymustalsobe partitioned[12]); thatis why
themachinestartsthrashingat a muchlowerload. Secondpbecausa fragmentednain
memoryis beingused,L*Linux cannot ary longer make useof the PentiumCPU’s
4-MB memorypageq(it hasnt mappeda contiguous4-MB chunkof main memory),
resultingin moreTLB faultsbecaus&*Linux now shareshe TLB for 4-KB pageswith
its applications.

5.3 Real-Time Responsieness

Thereal-timeresponsienes$iasbeentestecby measuringhe periodicity of two high-
priority usertaskswhich are alternatelytriggeredby a third usertask using a 100-



Ws timer interruptroutine asits activation source.The two periodictasksrecordthe
PentiumCPU's cycle counterevery time they areactivated.Thetwo cycle counterogs
arecoalescedhaterto asinglelonglog wherethedifferenceof two adjacenelementss
thetime betweertwo taskactvations.

This test hasbeenconductedin three systemervironments:first running stand-
aloneon L4, thenrunning besidesthe original L*Linux sener, andfinally besidesa
tameL*Linux sener (without cachepartitioning). During the last two measurements
the L*Linux sererwasstresseavith a high systemload:a‘dd’ on a disk device anda
‘find’ runningin parallel.Theresultsareplottedin Figures6, 7 and8.

Discussion. Figure6 shaws thatthe periodicity that canbe accomplishedvith the L4
p-kernelis quite high. However, therearesomesmallsystemati@rrors:thereis asmall
deviation of aboutl to 7 us which happenssystematicallyevery 1.8ms, L4's timer
interruptintenval. Thesedeviationsstemfrom L4 notyet beingfully preemptible.

Figure7 shavsthatwhenthetestprogramrunsbesidesa non-tamel.*Linux sener,
a 100ps periodicity cannotbe guaranteedA lot of interruptsare simply lost because
Linux disableshardwareinterruptpropagatiorfor too long.

Figure8 shavsthatusingatamelL*Linux sener, the 100usperiodicitycanbeguar
anteedust fine, but the deviation is larger (up to 24ps). At onepointthe graphshovs
that aninterruptis beinglost. Obviously underhigh load the L4 p-kernelsometimes
still disablesinterruptslongerthanit should—clearlythereis room for improvement
here.

Theseesultsaresimilarto thosepresentedor RT-Linux in [18]. Theauthorgeport
amaximumvariationof 15usfor ataskwith a 100-psperiodunderRT-Linux.

6 Conclusion

In our experience,building a multi-personalityp-kernel-basedystemwith a time-
sharingand a real-timesubsystenrunning on the samemachineis relatively easyto
accomplishThe performancef the time-sharingpartisn’t hamperedignificantlyby
the constructionwe have chosenAlso, we don’t seea reasonto give up on memory
protectionbetweerreal-timetasks.

Our experimentsshav that the L4 p-kernelis not yet fully capableof real-time
schedulingbecausat is not fully preemptible We expectthis to be fixedin the near
future.
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