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Abstract

This paperdescribeghe architectuie and performance
of the JX opemting systemJXis bothan opemating system
completelywritten in Java and a runtime systenfor Java
applications.

Ourworkdemonstatesthatit is possibleto build a com-
plete opefating systemin Java, achieve a good perfor-
mance and still benefitirom the modernsoftwae-tetinol-
ogy of this object-orientedtype-safdanguage. e explain
howanopemting systentanbestructuedthatis nolonger
build on MMU potection lut on type safety

JXis basedon a smallmicrokernelwhich is responsible
for systeminitialization, CPU context switching, and low-
level protection-domainmanagement. The Java code is
organizedin componentswhich are loadedinto domains,
verified, and translatedto native code Domainscan be
completely isolated dm eab other

TheJX architecture allows a wide range of systenton-
figurations, from fast and monolithic to very flexible, but
slower configuations.

We compae the performanceof JX with Linux by using
two non-trivial operating systencomponentsa file system
and an NFS server Furthermoe we discussthe perfor-
manceimpactof several alternativesystenconfiguations.
In a monolithic configuation JX achievesbetweenabout
40%and 100%Linux performancen thefile systenbend-
mark and about 80% in the NFS banark.

1 Intr oduction

The world of software production has dramatically
changedduring the last decadedrom pureassemblepro-
grammingto proceduralprogrammingto object-oriented
programming Eachstepraisedthe level of abstractiorand
increasegrogrammeiproductiity. Operatingsystemspn
theotherhand,remainedargely unafectedby this process.
Althoughtherehave beenattemptgo build object-oriented
or object-basedperatingsystems(Spring [27], Choices
[10], Clouds[17]) and mary operatingsystemsinternally
useobject-orientedonceptssuchasvnodeq31], thereis a
growing divergencebetweenapplicationprogrammingand
operatingsystemprogramming.To closethis semantigap

betweenthe applicationsandthe OSinterfacea large mar-

ket of middlevaresystemshasemegedoverthelastyears.

While thesesystemshide the ancientnatureof operating

systemsthey introducemary layersof indirectionwith sev-

eral performance problems.

While previous object-orientedperatingsystemsddem-
onstratedhatit is possibleandbeneficialto useobject-ori-
entation,they also madeit apparentthat it is a problem
whenimplementationtechnology(object orientation)and
protection mechanism(addressspaces)mismatch. There
are usually fine-grained “language objects” and large-
grained‘protectedobjects”.A well-known projectthattried
to solve this mismatchby providing object-basegrotection
in hardwarewasthe Intel iIAPX/432 processof37]. While
this projectis usuallycitedasafailure of object-basetiard-
wareprotectionananalysig14] shavedthatwith aslightly
more maturehardwareandcompilertechnologytheiAPX/
432 would have achiged a good performance.

We believe thatan operatingsystembasedn a dynam-
ically compiled,object-orientedntermediatecode,suchas
the Java bytecode,can outperform traditional systems,
becausef themary compileroptimizationg(i) thatareonly
possibleat a late time (e.g.,inlining virtual calls) and (ii)
that can be appliedonly whenthe systemervironmentis
exactly knawn (e.g., cache optimizations [12]).

Using Java asthe foundationof an operatingsystemis
attractve, becausef its widespreadiseandfeaturessuch
asinterfacesencapsulationf state andautomatianemory
managementhatraisethe level of abstractiorandhelpto
build more rolust softvare in less time.

To the bestof our knowledgeJX is thefirst Java operat-
ing system that haall of the follaving properties:

» Theamountof C andassemblecodeis minimal to sim-
plify the system and makit more rohist.

* Operatingsystemcodeandapplicationcodeis separated
in protectiondomainswith strongisolation betweenthe
domains.

 Thecodeis structurednto componentsyhichcanbecol-
locatedin asingleprotectiondomainor dislocatedn sep-
aratedomainswithouttouchingthecomponentode.This



reusabilityacrossconfigurationsenablesto adaptthe
systenfor its intendeduse whichmaybe,for example,
an embedded system, desktoprkstation, or sewer.

 Performancaés in the 50% rangeof monolithic UNIX
performancefor computational-intenge OS opera-
tions. The differencebecomesven smallerwhen1/O
from a real deice is irvolved.

Besideglescribinghe JX systemthecontritution of
this paperconsistsof the first performancecomparison
betweera JavaOSandatraditionalUNIX OSusingreal
OSoperationsWe analyzeawo costs{i) thecostof using
atype-safdanguagelike Java,asanOSimplementation
language and (ii) the cost oftensibility.

The paperis structuredasfollows: In Section2 we
describethe architectureof the JX systemandillustrate
thecostof severalfeaturesisingmicrobenchmarksSec-
tion 3 describeswo applicationscenariosandtheir per-
formance:a file systemand an NFS sener. Section4
describeguning and configurationoptionsto refinethe
systemandmeasuresheir effect on the performanceof
thefile system Section5 concludesandgivesdirections
for future research.

2 JX System Architecture

The majority of the JX systemis written in Java. A
smallmicrokernel,written in C andassemblercontains
thefunctionalitythatcannotbeprovidedatthe Javalevel
(systeminitialization afterbootup, saving andrestoring
CPU state, low-level protection-domainmanagement,
and monitoring).

Figure 1 shows the overall structureof JX. The Java
codeis organizedin componentgSec.2.4) which are
loadedinto domains(Sec.2.1), verified (Sec.2.6), and
translatedo native code(Sec.2.6).Domainsencapsulate
objectsandthreadsCommunicatiorbetweerdomaings
handled by using portals (Sec. 2.2).
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Figure 1: Structure of the JX system

The microkernel runs without ary protection and
thereforemustbetrusted.Furthermoreafew Java com-
ponentsmustalsobe trusted:the codeverifier, the code
translator and some hardware-dependentomponents
(Sec.2.7). Theseelementsarethe minimal trustedcom-
puting basg19] of our architecture.

2.1 Domains

The unit of protectionand resourcemanagemenis
calledadomain All domainsgxceptDomainZerogcon-
tain 100% Jea code.

DomainZeo containsall the native code of the JX
microkernel.lt is the only domainthatcannot betermi-
nated.Thereare two ways how domainsinteractwith
DomainZero.First, explicitly by invoking servicesthat
areprovided by DomainZero.Oneof theseservicess a
simple name service, which can be used by other
domainsto export their servicesby name. Secondly
implicitly by requestingsupportfrom the Java runtime
system;for example, to allocatean object or checka
downcast.

Every domainhasits own heapwith its own garbage
collector (GC). The collectorsrun independentlyand
they canusedifferentGCalgorithms Currently domains
can choosefrom two GC implementations:an exact,
copying, non-generational GC or a compacting GC.

Every domainhasits own threadsA threaddoesnot
migratebetweendomainsduring intedomaincommu-
nication. Memory for the thread control blocks and
stacks is allocated from the domaimhemory area.

Domains are allowed to sharecode - classesand
interfaces- with otherdomains But eachdomainhasits
own setof staticfields,which, for example,allows each
domain to hee its avn System.out stream.

2.2 Portals

Portalsare the fundamentalinter-domaincommuni-
cationmechanismThe portal mechanisnworks similar
to Java’sRMI [43], makingit easyfor aJazaprogrammer
to useit. A portal canbe thoughtof asa proxy for an
object that residesin anotherdomainand is accessed
using remote procedure call (RPC).

An entity thatmaybeaccesseffom anotherdomain
is calledservice A serviceconsistsof a normalobject,
which mustimplementa portal interface,an associated
servicethread andaninitial portal.A serviceis accessed
via aportal, whichis aremote(proxy) referencePortals
arecapabilitied18] thatcanbecopiedbetweerdomains.
The serviceholds a referencecounter which is incre-
mentedeachtime, theportalis duplicated A domainthat
wantsto offer a serviceto otherdomainscanregisterthe
services portal at a name senw



When a threadinvokes a method at a portal, the
threadis blocked andexecutionis continuedin the ser-
vice thread All parameteraredeepcopiedto thetarget
domain.If aparameters itself aportal,aduplicateof the
portal is created in the @&t domain.

Copying parameterposesseveral problemslt leads
to duplicationof data,which is especiallyproblematic
whena largetransitive closureis copied.To avoid thata
domain is flooded with parameterobjects, a percall
guotafor parametedatais usedin JX. Anotherproblem
is that the object identity is lost during copying.
Although parametercopying canbe avoidedin a single
addresspacesystemandevenfor RPCbetweeraddress
spacedy using sharedcommunicationbuffers [7], we
believe thatthe advantageof copying outweighits dis-
adwantages.The essentialadwvantageof copying is a
nearlycompletesolationof thetwo communicatingpro-
tectiondomains.The only time wheretwo domainscan
interferewith eachotheris duringportalinvocation.This
makesit easyto controlthe securityof the systemandto
restrictinformationflow. Anotheradvantageof thecopy-
ing semanticss, thatit canbe extendedto a distributed
system without much ffrt.

In practice,copying posedno severe performance
problems,becauseonly small dataobjectsare usedas
parametersObjectswith a large transitve closurein
mostcase@resenerobjectsandareaccessedsingpor-
tals. Usingthemasdataobjectsoftenis notintendedoy
the programmer

As an optimizationthe systemcheckswhetherthe
targetdomainof a portal call is identicalto the current
domain and executesthe call as a function invocation
without thread switch and parameter gop

When a portal is passedas a parametelin a portal
call, it is passedvy-referenceAs a corvenienceto the
programmethe systemalsoallows anobjectthatimple-
mentsa portalinterfaceto bepassedik e aportal.Firstit
is checled,whetherthis objectalreadyis associateavith
aservice.n this casethe existing portalis passedOth-
erwise,a serviceis launchedy creatingthe appropriate
datastructuresand startinga new servicethread.This
mechanisnallows the programmeto completelyignore
theissueof whetherthe call is crossingadomainborder
or not. When the call remainsinside the domainthe
objectis passecisa normalobjectreferenceWhenthe
call leavesthe domain,the objectautomaticallyis pro-

System IPC
(cycles)
L4Ka (PlIl, 450MHz) [32] 818
Fiasco/L4 (Pl 450 MHz) [42] 2610
J-Kernel (LRMI on MS-VM, PPro 200MHZP8] 440
Alta/KaffeOS (PIl 300 MHz) [5] 27270
JX (PIlIl 500MHz) 650

Table 1: IPC latency (ound-trip, no parameters)

obtainsa portal, it is checled whetherthe correctinter-
face is present.

Eachtime anew portalto aserviceis createdarefer-
encecounterin theservicecontrolblockis incremented.
It is decrementedhenaportalis collectedasgarbageor
when the portal’s domainterminates When the count
reachezerotheserviceis deactvatedandall associated
resources, such as the service thread, are released.

Table 1 shaws the cost of a portal invocation and
comparest with othersystemsThis tablecontainsvery
different systemswith very different IPC mechanisms
andsemanticsThe J-KernellPC, for example,doesnot
even include a thread switch.

Fast portals. Several portals which are exported by

DomainZeroare fast portals A fast portal invocation
looks like a normal portal invocationbut is executedin

the caller context (the callerthread)by usinga function
call - or evenby inlining the code(seealsoSec.4.2.2).
This is generallyfasterthana normalportal call, andin

somecasesdt is even necessaryFor example,Domain-
Zeroprovidesa portalwith which the currentthreadcan
yield theprocessait would make nosensdo implement
this methodusing the normal portal invocationmecha-
nism.

2.3 Memory objects

An operatingsystemneedsan abstractionto repre-
sentlargeamountof memory Javaprovidesbytearrays
for this purposeHowever, arrayshave severalshortcom-
ings,thatmake themnearlyunsuitablefor our purposes.
They arenot accessedsingmethodsandthusthe setof
allowed operationss fixed.lt is, for example,not possi-
ble to restrictaccesgo a memoryregion to a read-only
interface. Furthermore arraysdo not allow revocation
andsubrangesreation- two operationghatareessential

moted to a service and a portal to this service is passedo pass laye memory chunks without cpipg.

Whena portal is passedo the domainin which its
serviceresidesareferenceo theserviceobjectis passed
instead of the portal.

Whentwo domainsvantto communicatevia portals
they mustsharesometypes.Theseareat leastthe portal
interface and the parametertypes. When a domain

To overcome these shortcomingswe developed
anothembstractiorio representmemoryrangesmemory
objects Memory objects are accessedlike normal
objectsvia methodinvocationsBut suchinvocationsare
treatedspeciallyby the translator:they arereplacedby
the machineinstructionsfor the memory accessThis
makes memory access asf as array access.



Memoryobjectscanbe passedetweerdomaindike
portals. The memorythat is representedy a memory
objectis notcopiedwhenthememoryobjectis passedo
anotherdomain. This way, memoryobjectsimplement
shared memory

Accessto a memoryrangecan be revoked. For this
purposeall memoryportalsthatrepresenthesamerange
of memorycontaina referenceo the samecentraldata
structurein DomainZero Amongotherinformationthis
data structure contains a valid flag. The revocation
methodinvalidatesthe original memoryobjectby clear-
ing the valid flag andreturnsa new onethatrepresents
thesamerangeof memory Memoryis notcopiedduring
revocationbut all memoryportalsthat previously repre-
sented this memory becomeatid.

Whena memoryobjectis passedo anotherdomain,
areferencecounterwhichis maintainedor every mem-
ory range,is incrementedWhen a memory object -
which, in fact,is a portal or proxy for therealmemaory-
is garbagecollected, the referencecounteris decre-
mented.This happenslsofor all memoryobjectsof a
domain that is terminated.To correct the reference
countsthe heapmust be scannedfor memory objects
before it is released.

ReadOnlyMemory. ReadOnlyMemory is equialentto
Memory but it lacks all the methodsthat modify the
memory A ReadOnlyMemory object can not be con-
verted to aviemory object.

DeviceMemory. DeviceMemory is differentfrom Mem-

ory in thatit is notbacledby mainmemory:lt is usually
usedto accessheregistersof adevice orto accessnem-
ory thatis locatedonadeviceandmappednto theCPU’s
addressspace.The translatorknows aboutthis special
useand doesnot reorderaccesses$o a DeviceMemory.

Whena DeviceMemory is garbagecollectedthe memory
is not released.

2.4 Components

All Java codethatis loadedinto a domainis orga-
nizedin componentsA componentontainstheclasses,
interfaces, and additional information; for example,
aboutdependencieom othercomponent®r aboutthe
required schedulingervironment (preemptve, nonpre-
emptive).

Reusability. An overall objective of object orientation
andobject-orientedperatingsystemsds codereuse.JX
hasall thereusabilitybenefitshatcomewith objectori-
entation But thereis anadditionalproblemin anoperat-
ing system:the protectionboundary To call a module
acrossa protectionboundaryin mostoperatingsystems
differentfrom callingamoduleinsidetheown protection
domain.Becausehisdifferencds abig hindranceonthe

way to reusability this problemhasalreadybeeninvesti-
gated in the microdrnel contgt [22].

Ourgoalwasareuseof componentin differentcon-
figurations without code modifications. Although the
portal mechanismwas designedwith this goal the pro-
grammemustkeepseveral pointsin mind whenusinga
portal. Dependingon whether the called service is
locatedinsidethedomainor in anotherdomainthereare
a few differencesin behaior. Inside a domainnormal
objectsare passedy referenceWhena domainborder
is crossedparameterarepassedy copy. To write code
thatworksin bothsettingghe programmemustnotrely
oneitherof thesesemanticsfFor example,aprogrammer
relies on the referencesemanticsvhen modifying the
parametepbjectto returninformationto the caller; and
theprogrammereliesonthecopy semanticsvhenmod-
ifying the parameteiobjectassumingthis modification
does not déct the caller

In practice,theseproblemscanberelievedto a cer-
tain extentby theautomatigpromotionof portal-capable
objectsto servicesasdescribedn Section2.2.By declar-
ing all objectsthatareentry pointsinto a componengts
portals a referencesemanticsis guaranteedor these
objects.

DependenciesComponentsnay dependon othercom-
ponentsWe saythat componenB hasanimplementa-
tion dependencen component, if the methodimple-
mentationof B useclassesr interfacesfrom A. Com-
ponentB hasaninterfacedependencen componentA
if the methodsignaturesof B useclassesor interfaces
from A orif aclass/interdceof B is asubclass/subinter-
faceof a class/intericeof A, or if a classof B imple-
mentsan interfacefrom A, or if a non-privatefield of a
class of B has as its type a class/irategffrom A.

Componentdependenciesust be non-gsclic. This
requirementmakes it more difficult to split existing
applicationsinto components(Although they can be
usedasonecomponent!)A cyclic dependenghetween
componentsisuallyis asignof baddesignandshouldbe
removed anyway. Whena cyclic dependengis present,
it mustbebrokenby changingheimplementatiorof one
componento useaninterfacefrom anunrelateccompo-
nentwhile the otherclassimplementghisinterface.The
componentghenboth dependon the unrelatedcompo-
nentbut noton eachother Thedependengcheckis per-
formed by the egrifier and translator

We usedSuns JRE1.3.1_02for Linux to obtainthe
transitve closureof thedepends-ornelationstartingwith
java.lang.Object. The implementationdependeng con-
sistsof 625classestheinterfacedependengconsistof
25 classesThis means that eachcomponenthat uses
the Objectclass(i.e., every componentdependson at
least25 classedrom the JDK. We think, that even 25



classesare a too broadfoundationfor OS components
and define a compatibility relation that allows to
exchange the components.

Compatibility . Thewholesystenis build outof compo-

nents.It is necessaryo be ableto improve and extend

one componentwithout changingall componentghat

dependon this componentOnly a componenB thatis

compatibleto componentA canbe substitutedor A. A

componenB is binary compatibleto acomponend, if

« for eachclass/intericeC, of A thereis a correspond-
ing class/intedice G in component B

* class/interdce Cg is binary compatibleto classCp
accordingo thedefinitiongivenin the“JavaLanguage
Specification” [26] Chapter 13.

When a hinary compatible componentis also a
semanticsupersebf the original componentjt canbe
substitutedor the original componentvithout affecting
the functionality of the system.

JDK. TheJDK is implementedasa normalcomponent.
Different implementationsand versionscan be used.
Someclasse®f the IDK mustaccessnformationthatis
only availablein theruntimesystem.The classClass is
anexample.This informationis obtainedby usingapor-
tal to DomainZero.In otherwords, wherea traditional
JDK implementatiorwould useanative method JX uses
a normalmethodthatinvokesa serviceof DomainZero
via a portal. All of our currentcomponentsisea JDK
implementatiorthatis a subsebf afull JDK and,there-

to analyzethe worst-casebehaior of the resultingsys-
tem, because of the use of a caching data structure.

2.5 Memory management

Protectionis basedon the use of a type-safelan-
guage.Thusan MMU is not necessaryThe whole sys-
tem, including all applications,runs in one physical
addresspace This makesthe systemideally suitedfor
smalldevicesthatlackanMMU. Butit alsoleadsto sev-
eral problems.In a traditional systemfragmentationis
notanissuefor the userlevel memoryallocator because
allocated,but unusedmemory is pagedto disk. In JX
unusedmemoryis wastedmain memory So we facea
similar problemas kernelmemoryallocatorsin UNIX,
where kernel memory usually also is not pagedand
therefordimited. In UNIX a kernelmemoryallocatoris
usedfor vnodesprocstructuresandothersmallobjects.
In contrastto this the JX kernel doesnot createmary
small objects.It allocatesmemoryfor a domains heap
andthe small objectslive in the heap.The heapis man-
agedby agarbagecollector In otherwords,theJX mem-
ory managemenhastwo levels, a global management,
which mustcopewith large objectsandavoid fragmen-
tation, and a domain-localgarbage-collectednemory
Theglobalmemoryis managedisinga bitmapallocator
[46]. This allocatorwaseasyto implement,it automati-
cally joinsfreeareasandit hasaverylow memoryfoot-
print: Using 1024-byte blocks and managing about
128MBytes or 116977 blocks, the overheadis only

fore, can also be used in a domain that loads a full JDK14622 bytesor 15 blocks or 0.01 percent.However, it

Interface invocation. Non-gyclic dependencieandthe
compilation of whole componentopensup a way to
compile very efficient interface invocations. Usually,
interfaceinvocationsareaproblembecausé is notpos-
sibleto useafixedindex into a methodtableto find the
interfacemethod Whendifferentclassesmplementthe
interface themethodcanbeatdifferentpositionsin their
methodtables. There exists somework to reducethe
overheadin a systemthat doesnot imposeour restric-
tions[1]. In ourtranslatome useanapproachhatis sim-
ilar to selectorcoloring [20]. It makesinterfaceinvoca-
tionsasfastasmethodinvocationsatthe costof (consid-
erably) lager method tables.

Thesizeof thex86 machinecodein the completeJX
systemis 1,010,752bytes, which was translatedfrom
230,421bytesof bytecode The methodtablesconsume
630,388bytes. Thesenumbersshav that it would be
worthwhile to use a compressiontechniquefor the
methodtablesor acompletelydifferentinterfaceinvoca-
tion mechanismOne shouldkeepin mind, thata tech-
nigue as describedin [1] has an average-caseerfor-
mancenearto avirtual invocation but it maybedifficult

shouldnotbetoocomplicatedo useadifferentallocator

To give up the MMU meansthat several of their
responsibilities (besides protection) must be imple-
mentedin software.One exampleis the stackoverflow
detection,anotherone the null pointer detection.Stack
overflow detectionis implementedn JX by insertinga
stacksizecheckatthebeginningof eachmethod.Thisis
feasible,becausehe requiredsize of a stackframe s
known beforethemethods executed Thesizecheckhas
aresene,in casethe Java methodmusttrapto aruntime
function in DomainZero,such as chedkcast The null
pointercheckcurrentlyis implementedusingthe detug
systemof the Pentiumprocessarlt canbe programmed
to raiseanexceptionwhendataor codeataddresgzerois
accesseddnarchitectureshatdonotprovide suchafea-
ture, the compilerinsertsa null-pointer checkbeforea
reference is used.

A domain hastwo memory areas:an areawhere
objectsmay be movedandanareawherethey arefixed.
In the future,a singleareamay sufice, but thenall data
structureghat are usedby a domainmustbe movable.
Currently the fixed area containsthe code and class
information,the threadcontrol blocksandstacks Mov-



ing theseobjectsrequiresan extensionof the systemall
pointersto theseobjectsmustbe known to the GC and
updated;for example,when moving a stack,the frame
pointers must be adjusted.

2.6 Verifier and Translator

The verifier is an importantpart of JX. All codeis
verified beforeit is translatedto native code and exe-
cuted. The verifier first performsa standardbytecode
verification [48]. It thenverifiesan upperlimit for the
executiontimesof theinterrupthandlersandthe sched-
uler methods (Sec. 2.8) [2].

Thetranslatoiis responsibldor translatingoytecode
to machinecode, which in our current systemis x86
code. Machine code can either be allocated in the
domains fixedmemoryor in DomainZeros fixedmem-
ory. Installingit in DomainZeraoallows to sharethe code
between domains.

2.7 Device Drivers

An investication of the Linux kernelhasshavn that
most bugs are found in device drivers [13]. Because
device driverswill profit mostfrom beingwritten in a
type-safelanguageall JX device driversarewritten in
Java. They useDeviceMemory to accessheregistersof a
device andthe memorythatis availableon a device; for
example,aframebuffer. On somearchitectureshereare
specialinstructionsto accesghe I/0O bus; for example,
thein andout processoiinstructionsof the x86. These
instructionsare available via a fast portal of Domain-
Zero. As other fast portals, theseinvocationscan be
inlined by the translator

DMA. Mostdriversfor high-throughputleviceswill use
busmasteDMA to transferdata. Thesedrivers, or at
leastthe partthataccessethe DMA hardware,mustbe
trusted.

Interrupts. Usinga portal of DomainZerodevice driv-
erscanregisteran objectthat containsa handlelnterrupt
method An interruptis handledby invoking the han-
dleinterrupt methodof the previously installedinterrupt
handlerobject. The methodis executedin a dedicated
threadwhile interruptson the interruptedCPU are dis-
abled.Thiswouldbecalledafirst-levelinterrupthandler
in acorventionaloperatingsystem:To guarante¢hatthe
handlercan not block the systemforever, the verifier
checksall classeshat implementthe InterruptHandler
interface.lt guaranteeshat the handleinterrupt method
doesnot exceeda certaintime limit. To avoid undecid-
able problems,only a simple codestructureis allowed
(linear code, loops with constantbound and no write
accesgo theloop variableinsidethe loop). A handleln-
terrupt methodusuallyacknavledgestheinterruptatthe

device and unblocksa threadthat handlesthe interrupt
asynchronously

We do not allow device driversto disableinterrupts
outside the interrupt handler Drivers usually disable
interruptsasa cheapway to avoid raceconditionswith
theinterrupthandler Codethatrunswith interruptsdis-
abledin a UNIX kernelis not allowed to block, asthis
would resultin a deadlock.Using locks alsois not an
option, becausethe interrupt handler - running with
interrupts disabled - should not block. We use the
abstractiorof anAtomicVariable to solve theseproblems.
An AtomicVariable containsa value,thatcanbechanged
andaccessedsingset andget methodsFurthermoreit
providesa methodto atomicallycompareits valuewith
a parameterandblock if the valuesare equal. Another
methodatomicallysetsthe valueandunblocksa thread.
To guaranteeatomicity the implementationof Atomic-
Variable currently disablesinterruptson a uniprocessor
and usesspinlockson a multiprocessarUsing Atomic-
Variables we implementedfor example,a producer/con-
sumer list for the neterk protocol stack.

2.8 Scheduling

Thereis acommonexperiencehattheschedulehas
alargeimpactonthesystems performanceOntheother

hand, no single scheduler is perfect for all applications.

Insteadof providing a configurationinterfaceto the
schedulemwe follow our methodologyof allowing auser
to completelyreplaceanimplementationin this casethe
schedulerEachdomainmayalsoprovide its own sched-
uler, optimized for its particular requirements.

Theschedulecanbeusedin severalconfigurations:
* First, thereis a scheduletthatis build into the kernel.

This scheduleiis only usedfor performanceanalysis,
becausd is writtenin C andcannotbereplacedatrun
time.

» Thekernelcanbe compiledwithout thebuilt-in sched-
uler. Thenall schedulingdecisiondeadto theinvoca-
tion of a scheduleimplementatiorwhich is writtenin
Java.In this configuratiorthereis one(Java) scheduler
that schedules all threads of all domains.

« The most commonconfiguration,however, is a two-
level schedulingTheglobalscheduledoesnot sched-
ule threads, as in the previous configuration, but
domainsInsteadof activatinganapplicationthread,it
activates the schedulerthread of a domain. This
domain-locakchedulers responsibldor selectingthe
next applicationthreadto run. The global scheduler
knows all domain-locakchedulersinda domain-local
schedulerhas a portal to the global schedulerOn a
multiprocessotthereis one global schedulemper pro-



cessoandthedomaingposses referenceo theglobal
schedulersf theprocessorsnwhichthey areallowed
to run.

Theglobalschedulemustbetrustedby all domains.
The global schedulerdoesnot needto trust a domain-
localschedulerThismeansthattheglobalschedulecan
not assume that an invocation of the local scheduler
returns after a certain time.

To preventonedomainmonopolizingthe processar
the computationcanbeinterruptedby atimer interrupt.
Thetimer interruptleadsto the invocationof the global
schedulerThis scheduleffirst informs the schedulerof
the interrupted domain about the pre-emption. It
switchesto the domainschedulethreadandinvokesthe
schedules methodpreempted(). During the execution
of this methodthe interrupts are disabled.An upper
boundfor theexecutiontime of thismethochasbeernver-
ified duringtheverificationphaseWhenthemethodpre-
empted() returns the systemswitchesbackto thethread
of the global scheduler The global schedulerthen
decideswhich domainto run next activatesthe domain-
local schedulerusing the methodactivated(). For each
CPUthatcanbeusedby adomainthelocal scheduleof
thedomainhasa CPU portal.It activatesthe next runna-
ble threadby calling the methodswitchTo() at the CPU
portal. The switchTo() methodcan only be called by a
threadthatrunsonthe CPUwhichis representethy the
CPU portal. The global scheduledoesnot needto wait
for the methodactivated() to finish. Thus,anuppertime
bound for method activated() is not necessaryThis
methodmakestheschedulinglecisionandit canbearbi-
trarily complex.

If alocalscheduleneedsmallertime-sliceshanthe
globalschedulerthelocal schedulemustbeinterrupted
without being pre-emptedFor this purpose,the local
schedulerhas a method interrupted() which is called
before the time-sliceis fully consumed.This method
operates similar to the methactivated().

Becauseour scheduleris implementedoutsidethe
microkernelandthereareoperationsof the microkernel
that affect schedulingfor example,threadhandof dur-
ing a portal invocation,we facea similar situationasa
userlevel threadimplementationon a UNIX-lik e sys-
tem. A well-known solution are scheduleractivations
[3], which notify the userlevel scheduleraboutevents
insidethekernel,suchasl/O operationsJX usesa simi-
lar approach,althoughthere are very few scheduling
related operationsinside the kernel. Schedulingis
affected when a portal methodis invoked. First, the
schedulerof the calling domainis informed, that one
thread performsa portal call. The schedulercan now
delaytheportalcall, if thereis ary otherrunnablethread
in this domain.But it canaswell handof the processor
tothetargetdomain.Thescheduleof theservicedomain

is notified of theincomingportalcall andcaneitheracti-
vatetheservicethreador let anothethreadof thedomain
run. Not being forced to schedulethe service thread
immediatelyis essentiafor theimplementatiorof anon-
preemptve domain-local scheduler

This extracommunications notfor free. Thetime of
a portal call increasegrom 650 cycles(seeTable 1) to
920-960cyclesif eitherthe calling domainor the called
domainis informed.If bothinvolved domainschedulers
are informed about the portal call the requiredtime
increases to 118Q@/cles.

2.9 Locking and condition variables

Kernel-level locking. Thereareveryfew datastructures
that must be protectedby locks inside DomainZero.
Someof themareaccessethy only onedomainandcan
be locked by a domain-specifidock. Others,for exam-
ple,thedomainmanagemendatastructurespeedaglo-
ballock. Becausahe accesgo this datais very short,an
implementatiorthat disablesinterruptson a uniproces-
sor and uses spinlocks on a multiprocessor fcgft.

Domain-level locking. Domains are responsible for

synchronizingaccessto objectshy their own threads.
Becausethere are no objectssharedbetweendomains
thereis noneedfor inter-domainlocking of objects.Java

providestwo facilitiesfor threadsynchronizationmutex

locks and conditionvariables.Whentranslatinga com-

ponentto native code,an accesdo sucha constructis

redirectedo ausersuppliedsynchronizatiorctlass.How

this classis implementedcanbe decidedby the user It

canprovide nolockingatall or it canimplementmutexes
and condition variables by communicatingwith the

(domain-local)schedulerEvery objectcanbe usedasa

monitor(mutex lock), but veryfew actuallyare.To avoid

allocatinga monitor datastructurefor every object,tra-

ditional JVMs either use a hashtableto go from the

object referenceto the monitor or use an additional
pointerin theobjectheaderThehashtableariantis slow

and is rarely usedin todays JVMs. The additional
pointerrequiresthat the objectlayout mustbe changed
andtheobjectheadebeaccessibl¢o thelocking system.
Becausethe usercan provide an own implementation,
thesetwo implementationsor a completelyapplication-
specific one, can be used.

Inter-domain locking. Memory objects allow sharing
of databetweendomains.JX providesno specialinter-

domainlockingmechanismd//hentwo domainsvantto

synchronizethey canusea portal call. We did not need
sucha featureyet, becausehe codethatpassesnemory
betweerdomaingdoesit by explicitly revokingaccesso

the memory



3 Application Scenarios:Comparing JX to
a Traditional Operating System

iozone

FileSy

JX containsafile systencom-
ponentthatis a port of the Linux
ext2 file systemto Java[45]. Fig-
ure 2 shaowvs the configuration,
where file system and buffer
cacheare cleanly separatednto
different components.The gray
areasdenoteprotectiondomains
andthe white boxescomponents.
The file systemusesthe Buffer-
Cache interface to accessdisk
blocks. To readand write blocks
to a disk the buffer cacheimple-
mentationusesa referenceto a DE
device that implements the
BlocklO interface.Thefile system
and buffer cachecomponentsio
not use locking. They require a

[~ Bioguo |

Figure 2:10Zone
configuration

non-preemptie scheduler to be installed in the domain.

To evaluate the performanceof JX we usedtwo
benchmarksthe I0Zone benchmarl{44] to assesdile
systemperformanceindahomebrevedratebenchmark
to assesshe performancef the network stackandNFS
sener. Theratebenchmarksendggetattr requestgo the
NFS sener asfastaspossibleandmeasureshe achie/-
ablerequestate.As JXis apureJasasystemwe cannot
usethe original I0Zoneprogram whichis writtenin C.
Thus we ported IOZone to Java. The JX resultswere
obtainedusing our Java versionand the Linux results
were obtained using the original I0Zone.

Thehardwareconsistof thefollowing components:
» Thesystem-undetest:PIll 500MHzwith 256 MBytes

RAM anda 100MBit/s 3C905BEthernetcardrunning
Suse Linux 7.3 withérnel 2.4.0 or JX.
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* Theclientfor theNFSbenchmarkaPIll 1GHzwith a
100MBit/s 3C905BEthernetcardrunningSuselinux
7.3.

« A 100MBit/s hub that connects thedwsystems.

Figure 3 shaws the resultsof running the I0Zone
reread benchmark on Linux.

Our Java port of the 10Zone containsthe write,
rewrite, read,andrereadoartsof theoriginalbenchmark.
In thefollowing discussiorwe only usetherereadpartof
the benchmarkThe readbenchmarkmeasureshetime
to readafile by readingfixed-lengthrecords.Thereread
benchmarkmeasureghe time for a secondread pass.
Whenthe file is smallerthanthe buffer cacheall data
comesfrom the cache.Oncea disk accesss involved,
disk andPCl bus datatransfertimesdominatethe result
andno conclusionsaboutthe performanceof JX canbe
dravn. To avoid theseeffects we only usethe reread
benchmarkwith a maximumfile size of 512 KBytes,
which meanghatthe file completelyfits into the buffer
cache.The JX numbersare the mean of 50 runs of
I0Zone. The standarddeviation was lessthan 3%. For
time measurementsn JX we usedthe Pentiumtimes-
tamp counterwhich has a resolutionof 2 ns on our
system.

Figure 2 shaws the configurationof the JX system
whenthelOZonebenchmarks executedFigure4 showvs
theresultsof thebenchmarkFigure5 comparesIX per-
formanceto the Linux performanceMost combinations
of file sizeandrecordsizegive a performancebetween
20% and50% of the Linux performanceLinux is espe-
cially goodatreadingafile usingasmallrecordsize.The
performancef this JX configurations ratherinsensitve
to therecordsize.We will explain how we improvedthe
performance of JX in the resection.

Another benchmarkis the rate benchmark,which
measureghe achiezable NFS requestrate by sending
getattr requestgo the NFS sener. Figure 6 shavs the
domainstructureof the NFS sener: all componentare
placedin onedomain,which is a typical configuration
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Figure 5: JX vs. Linux: multi-domain configuration

for adedicatedNFSsener. Figure8 shavs theresultsof
running the rate benchmarkwith a Linux NFS sener
(both kernel and userlevel NFS) and with a JX NFS
sener. Therearedropsin the JX requestratethatoccur
very periodically To seewhatis goingonin theJX NFS
sener, we collectedthreadswitch informationand cre-
atedathreadactiity diagram.Figure7 shows this dia-
gram.We seeaninitialization phasewhichis completed
six secondsfter startup.Shortly after startupa periodic
thread(ID 2.12)starts,which is the interrupthandlerof
the real-timeclock. But the importantactiity startsat
about 17 seconds.The CPU is switched between
“IRQThread11”,"Etherpaclet-Queue”;'NFSProc”,and
“Idle” thread.Thisis the actvity duringtheratebench-
mark. Packetsarereceved and put into a queueby the
first-level interrupt handler of the network interface
“IRQThreadl1l1” (ID 2.14). This unblocksthe “Ether-
paclet-Queue”(ID 2.19), which processeshe paclet
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Figure 8: JX NFS performance (rate benchmark

and finally puts it into a UDP paclet queue. This
unblocksthe “NFSProc” (ID 2.27) thread,which pro-
cessesheNFSpacletandaccessethefile systemThis
is donein the samethread,becauséhe NFS component
andthe file systemare collocated.Thena reply is sent
andall threadshlock, which wakesup the“Idle” thread
(ID 0.1). The sharpdropsin the requestrate of the JX
NFSsenerin Figure8 correspondo the GC thread(ID
2.1) thatrunsfor about100 millisecondswithout being
interruptedlt runsthatlong becausaeitherthe garbage
collector nor the NFS sener are optimized. Especially
the RPClayer createsnary objectsduring RPC paclet
processingTheGCis notinterruptedpecausé disables
interruptsasasafetyprecautiorin thecurrentimplemen-
tation. The pausescould be avoided by usinganincre-
mentalGC [6], which allows the GC threadto run con-
currently with threads that modify the heap.

{
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Figure 7: Thread activity during the rate benchmark



4 Optimizations

JX provides a wide rangeof flexible configuration
options. Dependingon the intendeduse of the system
severalfeaturecanbedisabledo enhanceerformance.

Figures9 throughl4 shav theresultsof runningthe
Java 10Zone benchmarkon JX with variousconfigura-
tion options.Theseresultsarediscussedh furtherdetail
belon. The legendfor the figuresindicatesthe specific
configuratioroptionsusedin eachcase Thedefaultcon-
figurationusedin Figure3 wasMNNSCR,which means
that the configurationoptionsusedwere multi-domain,
no inlining, no inlined memory access safety checks
enabled,memory revocation check by disablinginter-
rupts,andaJavaround-robinschedulerAt theendof this
sectionwewill selecthefastestonfiguratiorandrepeat
the comparison to Linux.

Themodificationsdescribedn this sectionsarepure
configurations. Not a single line of code is modified.

4.1 Domain structure

How the systemis structuredinto domainsdeter-
minescommunicatioroverheadsandthusaffectsperfor-
mance.For maximal performancegcomponentshould
beplacedin thesamedomain.This removesportalcom-
municationoverhead Figure 9 shavs the improvement
of placingall componentinto asingledomain.Theper-
formanceimprovementis especiallyvisible whenusing
small record sizes, becausethen mary invocations
betweerthelOZonecomponenandthefile systemcom-
ponenttake place.The largerimprovementin the 4KB
file size/ 4KB recordsize canbe explainedby the fact
thattheoverheadf aportalcallis relatively constanand
the 4KB testis very fast,becausdt completelyoperates
in theL1 cache Sotheportal call time makesup a con-
siderablepartof the completetime. The contraryis true
for largefile sizes:the absolutehroughputis lower due
to processocachemissesandthe savedtime of the por-
tal call is only a small fraction of the completetime.
Within onefile sizetheeffectalsobecomesmallerwith
increasingrecord sizes. This can be explained by the
decreasing number of performed portal calls.

4.2 Translator configuration

The translatorperformsseveral optimizations.This
sectioninvestigatesthe performancampactof eachof
these optimizations. The optimizations are inlining,
inlining of fastportals,andeliminationof safetychecks.

4.2.1 Inlining

Oneof themostimportantoptimizationsn anobject-
orientedsystemis inlining. We currentlyinline only non-
virtual methods(final, static, or private). We plan to

inline alsovirtual methodsthat are not overridden,but
this would requirea recompilationwhen,at a latertime,
a classthat overrides the methodis loadedinto the
domain. Figure 10 shes the eflect of inlining.

4.2.2 Inlining of fast portals

A fastportalinterface(seeSec.2.2)thatis known to
the translatorcan also be inlined. To be able to inline
thesemethodsthat are written in C or assembleithe
translatormustknow their semanticsSincewe did not
wantto wire thesesemantictoo deepinto thetranslator
wedevelopedapluginarchitectureA translatopluginis
responsibldor translatingheinvocationsof themethods
of a specificfastportal interface.It caneithergenerate
speciakodeor fall backto theinvocationof theDomain-
Zero method.

We did expecta considerablgerformancémprove-
mentbut as can be seenin Figure 11 the differenceis
very small. We assumethat theseareinstructioncache
effects: when a memory accesss inlined the codeis
largerthanthe codethatis generatedor a function call.
This is dueto rangechecksand revocationchecksthat
must be emitted in front of each memory access.

4.2.3 Safety checks

Safetychecks,suchasstacksize checkandbounds
checkgfor arraysandmemaoryobjectscanbe omittedon
aperdomainbasis.Translatingadomainwithoutchecks
is equivalentto the traditional OS approachof hoping
that the kernel containsno bugs. The systemis now as
unsafeasa kernelthatis written in C. Figure12 shows
that switchingoff safetycheckscangive a performance
improvement of about 10 percent.

4.3 Memory revocation

Portalsandmemoryobjectsarethe only objectsthat
can be sharedbetweendomains.They are capabilities
andanimportantfunctionality of capabilitiesis revoca-
tion. Portalrevocationis implementedy checkingaflag
beforethe portalmethodis invoked. This is aninexpen-
sive operationcomparedo the whole portalinvocation.
Revocationof memoryobjectsis more critical because
the operationof memoryobjects- readingandwriting
the memory- are very fastand frequentlyusedopera-
tions. The situationis even moreinvolved, becausehe
checkof therevocationflagandthememoryacceshave
to be performedasan atomicoperation.JX canbe con-
figuredto usedifferentimplementation®f this revoca-
tion check:

* NoCheck No checkat all, which meangevocationis
not supported.
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* CLI : Savestheinterrupt-enabléag anddisablesnter-
ruptsbeforethe memoryaccesandrestoreghe inter-
rupt-enable flag afteravds.

* SPIN: In additionto disablinginterruptsa spinlockis
usedto make theoperatioratomiconamultiprocessar

* ATOMIC : The JX kernel containsa mechanismto
avoid locking atall onauniprocessoiTheatomiccode
is placedin a dedicatednemoryarea.Whenthe low-
level partof the interruptsystemdetectshataninter-
ruptoccurrednsidethisrangetheinterruptedhreadis
adwancedo theendof theatomicprocedureThistech-
niqueis fastin the commoncasebut incursthe over-
headof an additionalrange check of the instruction
pointerin the interrupthandler It increasesnterrupt
lateny whenthe interruptoccurredinside the atomic
procedure,becausethe proceduremust first be fin-
ished.But the mostsevere downsideof this technique
is, thatit inhibitsinlining of memoryaccessesSimilar
techniques are described in [9], [36], [35], [41].

Figurel3ashavsthechangen performancevhenno
revocationchecksare performed.This configurationis
slightly slower than a configurationthat usedthe CLI
methodfor revocationcheck We canonly explainthisby
code cache #dcts.

Usingspinlocksaddsan additionaloverheadFigure
13b).Despitesomeimprovementsn aformerversionof
JX usingatomiccodecouldnotimprovethelOZoneper-
formance of the measured system (Figure 13c).

4.4 Cost of the open scheduling frameark

Schedulingin JX can be accomplishedwith user
definedschedulerqsee Sec.2.8). The communication
betweerthe globalscheduleandthedomainschedulers
is basedon interfaces. Each domain schedulermust
implementa certaininterfaceif it wantsto be informed
aboutspecialevents.If ascheduledoesnot needall the
provided information, it doesnot implementthe corre-
spondinginterface. This reducesthe numberof events
that must be delivered during a portal call from the
microkernel to the Ja scheduler

In the configurationgpresentedip to now we useda
simpleround-robinscheduleRR) in eachdomain.The
domainscheduleis informedaboutevery event,regard-
less whetherbeing interestedin it or not. Figure 14a
shavsthebenefitof usingaschedulewhichimplements
only the interfacesneededor the round-robinstrateyy
(RRinvisible portals)andis notinformedwhenathread
switch occurred due to a portal call.

As alreadymentionedthereis a schedulebuilt into
themicrokernel. This scheduleis implementedn C and
cannotbe exchangedat runtime. Thereforethis type of
schedulings mainly usedduringdevelopmentbr perfor-
manceanalysis.The advantageof this scheduleiis that

thereareno callsto the Java level necessaryFigure14b
shavsthatthereis norelevantperformancalifferencen
I0Zoneperformancdetweerthecorescheduleandthe
Java scheduler with iisible portals.

4.5 Summary: Fastest safe conguration

After we explainedall the optimizationswe cannow
again comparethe performanceof JX with the Linux
performanceThe mostimportantoptimizationsarethe
useof a singledomain,inlining, andthe useof the core
schedulepr the Jaraschedulewith invisible portals.We
configuredthe JX systemto make revocation checks
usingCLlI, useasingledomain,usethekernelscheduler
enablednlining, anddisablednlining of memorymeth-
ods.With this configurationwe achieved a performance
betweenabout 40% and 100% of Linux performance
(Figure 15). By disabling safety checkswe were even
able to achieve between50% and 120% of Linux
performance.
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5 Related work

Thereareseveralareaf relatedwork. Thefirst two
areasare concernedvith generalprincipalsof structur-
ing an operatingsystem: extensibility and reusability
acrosssystemconfigurations.The other areasare lan-
guage-basedperatingsystemsandespeciallyJavaoper-
ating systems.

Extensibility. With respecto extensibility JX is similar
to L4 [33], Pebblg25], andthe Exokernel[24] in thatit
triesto reducethefixed,staticpartof thekernel.lt is dif-
ferent from systemslike SPIN [8] and VINO [40],
becaus¢hesesystem®nly allow agradualmodification
of the systemservice,using spindles(SPIN) or grafts
(VINO). JX allows its completereplacementThis is
necessarin somecase®ndin mostcasewill giveabet-
ter performancepecauseamore suitablealgorithmscan



be usedinside the service.A systemservicewith an
extensioninterfacewill only work aslong asthe exten-
sionsfit into a certainpatternthatwaservisionedby the
designerof the interface.A moreradical changeof the
service is not possible.

An important differencebetweenJX and previous
extensiblesystemsds, thatin JX the translatoris part of
the operatingsystem.This allows several optimizations
as described in the paper

Modularity and pr otection. Orthogonality = between
modularityandprotectionwasbroughtforwardby Lipto
[22]. The OSF[15] attacledthe specificproblemof col-
locatingthe OSF/1UNIX sener, which wasrun on top
of the Mach microkernel, with the microkernel. They
wereableto achieve a performancenly 8% slower than
a monolithic UNIX. The special case of code reuse
betweenthe kernel and user environmentwas investi-
gatedin the Rialto system[21]. Rialto usestwo inter-
facesavery efficientonefor collocatedcomponentgfor
examplethe mhuf [34] interface)andanotheronewhen
aprotectionboundarymustbe crossedthenormalread/
write interface). We think that this hindersreusability
and complicatesthe implementationof components,
especiallyas there exist techniquesto build “unified”
interfacesin MMU-basedsystemq23], and, using our
memory objects, also in language-based systems.
Thereis a considerableamountof work in single
addresspaceoperatingsystemssuchasOpal[11] and
Mungi [29]. Most of thesesystemausehardwareprotec-
tion, dependon themechanismshatareprovided by the
hardware, and must structurethe systemaccordingly
which males their problems much @ifent from ours.

Language-based OSUsingasafelanguagesaprotec-
tion mechanismis anold idea. A famousearly system
wasthe Pilot [38], which useda languageandbytecode
instructionsetcalledMesa[30], aninstructionsetfor a
stackmachine.Pilot was not designedas a multi-user
operatingsystem.More recentoperatingsystemsthat
usesafelanguagesre SPIN [8], which usesModula3,
and Oberon[47], which usesthe Oberonlanguagea
descendant of Modula2.

Java OS.The first Jara operatingsystemwas JasaOS
from Sun[39]. We do not know ary publishedperfor-
mancedatafor JavaOS, but becausedt usedan inter-
preter we assumehatit wasratherslow. Furthermoreit
did only provide a singleprotectiondomain.This makes
sense pecauselavraOSwas plannedto be a thin-client
OS.However, besidesIX, JavaOSis theonly systenthat
triedto implementhecompleteOSfunctionalityin Java.
JKernel[28], the MVM [16], andKaffeOS[4] aresys-
temsthat allow isolatedapplicationsto run in a single
JVM. Thesesystemsareno operatingsystemsput con-

tain severalinterestingdeas.JKernelis a pureJava pro-
gramandusesthe namespaceshatarecreatedy using
differentclassloaders,asa meansof isolation.JKernel
concentratesn the several aspectdiow to implementa
capabilitymechanisnin pureJava. It reliesonthe JVM
andOSfor resourcenanagemeniheMVM is anexten-
sion of Sun’s HotSpotJVM that allows running mary
Java applicationsin oneJVM andgive the applications
the illusion of having a JVM of their own. It allows to
sharebytecodeandJIT-compiledcodebetweerapplica-
tions,thusreducingstartuptime. Thereareno meandor
resourceontrolandnofastcommunicatioomechanisms
for applicationsnsideoneMVM. KaffeOSis anexten-
sionof the Kaffe JVM. KaffeOSusesa processabstrac-
tion thatis similarto UNIX, with kernel-modecodeand
usermode code,whereasJX is more structuredlike a
multi-sener microkernel system. Communication
betweenprocessesn KaffeOSis doneusing a shared
heap Our goalwasto avoid sharingbetweerdomainsas
muchaspossibleandwe, therefore,useRPCfor inter-
domaincommunicationFurthermoreKaffeOSis based
ontheKaffe JVM, which limits the overall performance
and the amountof performanceoptimizationsthat are
possible in a customdlid translator lile ours.

These three systemsdo not have the robustness
adwantagesf a 100% Java OS, becausehey rely on a
traditional OS which is written in a low-level language,
usually C.

6 Conclusion and future work

We describedhe JX operatingsystemandits perfor-
mance While beingableto reacha performancef about
50%to 100%of Linux in a file systembenchmarkn a
monolithic configuration,the systemcan be usedin a
more flexible configurationwith a slight performance
degradation.

To deliver our promiseof outperformingtraditional,
UNIX-based operating systems,we have to further
improvethetranslatorTheregisterallocationis still very
simple,whichis especiallyunsatisctoryonaprocessor
with few registers, lile the x86.

We planto refinethe memoryobjects.Several addi-
tional memory semanticsare possible. Examplesare
copy-on-write memory a memoryobjectthatrepresents
non-continuouschunks of memory as one memory
object,or a memoryobjectthat doesnot allow revoca-
tion. All thesesemanticanbeimplementedvery effi-
ciently usingcompilerplugins.The currentimplementa-
tion doesnotuseanMMU becausét doesnotneedone.
MMU supportcanbe addedto the systemto expandthe
addressspaceor implementa copy-on-write memory
How this complicateghe architectureandits implemen-
tation remains to bee seen.



7 Acknowledgements [20]

We wish to thankthe anorymousreviewersandour
shepherdasorNiehfor themary commentghathelped 21
to improve the paper FranzHauck and Frank Bellosa
readan earlierversionof the paperandsuggesteanary
improvements.

(22]

(23]
8 References 24
[1] B.Alpern,A. CocchiS.J.Fink,D. P Grove,andD. Lieber Efficientimplemen-
tationof JvalnterfacesinvokeinterbiceConsideretiarmlessin OOPSLAOT, [25]
Oct. 2001.

[2] M. Alt. EinBytecode-®fifier zur\krifikationvonBetriebssysteroknponenten
DiplomarbeitavailableasDA-14-2001-10Univ. of. ErlangenPept.of Comp. [26]
Science, Lehrstuhl 4, July 2001. [27]

[3] T.Anderson, B. Bershad, E. Lazska, and H. Ley. Scheduler Actations:

Effective Kernel Support for the Uskevel Management ofdPallelism. In [28]
ACM Trans. on Computer Systems, 10¢b) 53-79, Feldi992.

[4] G.Back, WC. Hsieh, and J. Lepreau. Processes ife®&. Isolation,

Resource Management, and Sharingva.JaProc. of 4th Symposium on [29]
Opeating Systems Design & Implementatioat. 2000.

[5] G.Back, PTullmann, L. StollerW. C. Hsieh, and J. Lepreaechniques for
theDesigrof JaraOperatingSystemsan 2000USENIXAnnualTecnical Con- [30]
ference June 2000.

[6] H.G.Baler List processing in real time on a serial compute€ommunica- [31]
tions of the &M, 21(4) pp. 280-294, ApL978.

[71 B.N.Bershad, TE. Anderson, E. D. Lamska, and H. M. Ley. Lightweight [32]
remoteprocedureall. In Operting SystemBReview, 23(5) pp.102-113Pec. [33]
1989. [34]

[8] B.Bershad, S. S8age, PRardyak, E. G. SireD. Becler, M. Fiuczynski, C.
Chambers, and S. Eggers. Extensibiiafety and performance in the SPIN [35]
operating system. IRroc. of the 15th Symposium on Gieg System Princi-
ples pp. 267-284, Dec. 1995.

[9] B.N.Bershad, D. D. Redell, and J. R. EllestiMutual Exclusion for Unipro- 36]
cessors. Ififth International Confeence on Ashitectual Support for Ro-
gramming_anguaiesandOperting SystemgASPLOS-\/pp.223-233Sep.

1992. [37]

[10] R.CampbellN. Islam,D. Raila,andP. Madary. Designingandimplementing [38]
Choices An Object-Oriente®ystenin C++. In CommunicationsftheACM,

36(9) pp. 117-126, Sep. 1993.

[11] J.S.ChaseH. M. Levy, M. J.Feelg, andE. D. Lazonska.SharingandProtec-
tionin aSingleAddressSpacéperatingSystem.n ACM Trans.onComputer [39]
Systems, 12(&p. 271-307, No 1994.

[12] T. M. Chilimbi. Cache-Conscious Data Struceg - Design and Implementa- [40]
tion. Ph.D. thesis, Urersity of WWisconsin-Madison, 1999.

[13] A.ChouJ.-FYangB. Chelf,S.Hallem,andD. Engler An EmpiricalStudyof
Operating System Errors. ymposium on Opting System Principles 01' [41]
2001.

[14] R.PColwell, E. F Gehringerand E. D. Jensen. Performandeats of archi-
tecturacomplexity in theintel432. In ACM Trans.onComputeSystem(3), [42]
pp. 296-339, Aug. 1988.

[15] M. CondictD. Bolinger E.McManusD. Mitchell, andS.Lewontin.Microker- [43]
nel modularity with inigrated lernel performancelechnical Report, OSF [44]
Research Institute, Cambridge, MA, Af894. [45]

[16] G. Czajlowski and L. Daynes. Multitasking without Compromise: iAUél
Machine Ewlution. InProc. of the OOPSLAsp. 125-138, Oct. 2001.

[17] P Dasgupta, R. J. LeBlanc, M. Ahamad, and U. Ramachandran. The Clouds[46]
distributedoperatingsystem.In IEEE Computer24(11) pp.34-44 Nov. 1991.

[18] J.B. Dennis and E. Caxf Horn. Programming Semantics for Multipro-
grammed Computations. @ommunications of theOM, 9(3) pp. 143-155, [47]
Mar. 1966.

[19] Department of Defens&usted computer systeweduation criteria (Oange [48]
Book) DOD 5200.28-STD, Dec. 1985.

R.Dixon, T. McKee P. SchweizeiandM. VaughanA FastMethodDispatcher
for CompiledLanguagesvith Multiple Inheritanceln Proc.oftheConfeence
on Object-Oriented Pgramming Systems, Langes, and Applicationgp.
211-214, 1989.

R.DravesandS. Cutshall UnifyingtheUserandKernelEnvironmentsTechni-
cal Report MSR-TR-97-10, Microsoft Research, . NIg©7.

P.Druschell-. L. PetersorandN. C. HutchinsonBeyondmicro-kerneldesign:
Decouplingnodularityandprotectiorin Lipto. In Proc.of Twelfthinternational
Confeence on Distribited Computing Systerpp. 512-520, 1992.

P Druschel and L. Peterson.f& A highbandwidth cross-domain transfer
facility. In 14thACM SymponOpeatingSystenRrinciples pp.189-2021993.
D. Engler . Kaashoek, and JToole.Exolernel:AnOperatingSystemArchi-
tectureforApplication-LeelResourceManagemenfirdc. of the 15th Sympo-
sium on Opeating System Principlepp. 251-266, Dec. 1995.

E. GabberC. Small, J. Bruno, J. Brustoloni, and A. Silberschatz. The Pebble
Component-BasdgdperatindSystemin USENIX1999AnnualTednicalCon-
ference pp. 267-282, June 1999.

J.Gosling,B. Joy, andG. SteeleTheJavalLanguae Specitation Aug. 1996.
G. HamiltonandP, Kougioris. TheSpringNucleusaMicro-kerneffor objects.
In Proc. of Usenix Summer Coreace pp. 147-159, June 1994.

C. Hawblitzel, C.-C. Chang, G. Czawski, D. Hu, and Tv. Eicken. Imple-
menting Multiple Protection Domains invdalnProc. of the USENIX Annual
Tedhnical Confeence pp. 259-270, June 1998.

G. HeiserK. Elphinstone, J.&¢hteloo, S. Russell, and J. Liegitkhe Mungi
single-address-space operating systerSoftwae: Practice and Experience
28(9) pp. 901-928, Aug. 1998.

R.K. JohnssoandJ.D. Wick. An overvien of theMesgprocessaarchitecture.
In ACM Sigplan Notices, 7(4p. 20-29, Apr1982.

S.R.Kleiman.VnodesAn Architecturefor Multiple File SystenTypesin Sun
Unix. InUSENIX Association: Summer Cogsfeze Poceedings1986.

L4Ka Hazelnut ealuation, http:/l4ka.gyprojects/hazelnutfal.asp.

J. Liedtle. Towards Real u-Kmels. ICACM, 39(9) 1996.

M. K. McKusick K. Bostic,andM. J.Karels. TheDesignandimplementation
of the 4.4BSD Opating SystemAddison-Véslg/, May 1996.

M. Michael and M. Scott. Nonblocking Algorithms and Preemption-Safe
LockingonMultiprogrammedharedviemoryMultiprocessorsin Journalof
Parallel and Distriuted Computings4(2) pp. 162-182, 1998.

D. Mosbeger, P Druschel, and L. L. Peterson. Implementing Atomic
Sequences on Uniprocessors Using Rolfodw InSoftwae---Practice and
Experience26(1) pp. 1-23, Jan. 1996.

E.1. Organick.A Programmes\ewofthelntel432SysterivicGrav-Hill, 1983.
D. D. Redell, YK. Dalal, T R. Horslg, H. C. LauerW. C. Lynch, PR.
McJonesH. G. Murray, andS. C. Purcell Pilot: An operatingsystenfor aper-
sonakomputerIn CommunicationsftheACM, 23(2) pp.81-92 ACM Press,
New York, NY, USA, Feb1980.

T. Saulpaugh and C. Mirhimside the &vaOS Opeiting SystemAddison
Wesley Longman, 1999.

M. I. SeltzerY. Endo, C. Small, and K. A. Smith. DealingMDisaster: Sur-
viving Misbehaed Kernel Extensions. [Bnd Symposium on Opiing Sys-
tems Design and Implementatia896.

O. Shiers, James VWlark, and Roland McGrath. Atomic heap transactions
and ine-grain interrupts. IACM Sigplan International Confence on Func-
tional Programming (ICFP99)'Sep. 1999.

Status page of the Fiasco project at thmical Uniersity of Dresden, http://
os.inf.tu-dresden.detbco/status.html.

Sun Microsystemdava Remote Methodvocation Spedifation 1997.
Webpage of the IOZoniekystem benchmark, http:/Awezone.og/.

A. WeisselEin ofenes Dateisystem mi¢$iplattensteuerung fuer metaXaOS
Studienarbeit,\ailable as SA-14-2000-02, Unbf. Erlangen, Dept. of Comp.
Science, Lehrstuhl 4, Fe2000.

P.R. Wilson, M. S. Johnstone, M. Negind D. Boles. Dynamic storage allo-
cation: A surey and critical reiew. In. InProc. of International \&tkshop on
Memory MangementSep. 1995.

N. Wirth andJ.GutknechtProjectObepn: TheDesignofanOpertingSystem
and CompilerAddison-Viésley, 1992.

F. Yellin. Low level securityin Java.In Proc.ofthe4thWorld WideWebConfer-
ence pp. 369-379, OReily995.!



