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Abstract

This paperdescribesa middleware that enablesits tar-
get application to dynamicallyincorporate heterogeneous
nodesof a cluster. It distributestheobjectsof theapplica-
tion acrossthenodeswith theobjectiveto evenlydistribute
systemload. As such, it eliminatesthe needfor a system
administrator to control theplacementof data.Wedescribe
thearchitectureof themiddlewarethat facilitatesobjectmi-
grationandits decisionmakingcomponents.Oneaspectof
this architecture is a negotiation protocol to facilitate mi-
gration of objectsfrom one nodeto another. Finally, we
describean implementationof this middleware usingJava
andSun’sJini framework.

1 Introduction

Theincreasingubiquitousavailability of highbandwidth
and powerful processingis allowing network-remoteob-
jectsto replace,or augment,HTML-basedwebpagesasthe
Web’s centralcurrency[12, 7, 17]. Thekey benefitof such
objectsis their ability to carrybothdataandthesemantics
of the data,which they exposevia their public interfaces.
In this environment,remotemethodcalls facilitateobject
interactionon thenetwork.

In orderfor anobjectto serviceanincomingmethodcall,
it must(a)beexecutingin theaddressspaceof a processor,
and(b) arrangefor the network softwarelayer runningon
theobject’shostto directarriving methodcall requeststo a
communicationport reserved for the object. In this paper,
we termtheseactiveobjects[2, 3]1

As a motivating example, consideran airline that ex-
poseseachflight asanobjecton thenetwork. A Flight ob-

1Notethatthedefinitionof “active object” in themobileagentcommu-
nity is often that of an objectwhich movesfrom onelocationto another
and,oncethere,obtainsa threadof control to executeautomatically. The
definitionusedin this paperis onefound in thedistributedcomputinglit-
erature.

ject encapsulatesall datarelatedto the flight, suchas the
departureanddestinationcitiesandtimes,thecurrentnum-
ber of availableseats,aswell asthe flight’s currentstatus
(sittingatanairportor in flight). Remoteobjectsobtainthis
informationvia public, remotelyavailablemethodcalls.

When a new Flight object is created,it registersitself
with object registrieson the network. Theseregistriesal-
low clientsto locateFlights,basedon somequerycriteria,
suchasthedepartureanddestinationcities. An objectrep-
resentingaflight reservationsystemmight locateall Flights
betweentwo cities, andpresentthis list orderedby depar-
turetimes.

Whenaclient locatesasuitableFlight, it accessesanob-
ject registry for a stubrepresentingthatFlight on a remote
network node. The client usesthe stubto invoke methods
on the remoteFlight object. Thus,stubsactasproxiesfor
theFlights.Thereis onecopy of thisproxy for eachremote
clientnodereferencinga specificFlight object.

The distributednatureof this applicationenhancesper-
formance. To illustrate, assumethat 90% of the system
workloadconsistsof querieswith 10% performingupdate
transactions.If a centralizedtransactionprocessingsystem
isconnectedviaa40megabitpersecond(Mbps)connection
to theInternet,andeachquery/transactionexchanges1,000
bits with this server, its network connectioncansupportat
most42,000transactionspersecond.

A clusteredenvironment enablesobjects representing
differentflights to dynamicallymigratebetweennodesof
a cluster. While all updatetransactionsimpactinga flight
objectmustberedirectedto thecentralizedtransactionpro-
cessingsystem,a nodecanprocessqueriesreferencingits
objectswithout contactingthe centralizedserver. Assume
thateachnodeis connectedvia a 1 Mbpsconnectionto the
Internet.Eachnodemayperform945operations(105trans-
actionsand 840 queries– eachtransactionnow requires
2,000bits: 1,000bits from the client to a distributednode
plusanother1,000bitsfrom thisnodeto thetransactionpro-
cessingsystemat thecentralizedserver). With thecentral-
izedserverperforming42,000transactionspersecond,this
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Figure 1. Middleware architecture overview

environmentcansupporta workloadof 378,000operations
persecondbeforethenetwork bandwidthof thecentralized
server becomesfully utilized. We would need400 nodes
andanevendistributionof theworkloadacrossthesenodes
to attainthis objective. Our solutionfacilitatestransparent
objectmigrationin supportof approximatinganevenwork-
loadacrossthenodes.

The next sectionof this paperintroducesa framework
that facilitatesobject migration acrossa clusterof nodes.
Section3 describesa migration protocolnodesmight use
migratingobjects.Section4 presentsanimplementationof
a middlewareusingJini andactivatableJava RMI objects.
Finally, Section5 discussesfutureresearchdirections.

2 A middleware solution

The primary motivation for a middleware-baseddesign
is easeof use:Theonly requirementis thatthemiddleware
softwarepackagebe installedon any commodityPC. We
assumethe presenceof heterogeneoushardware and net-
work capabilitiesin the cluster, where: (a) nodesmight
differ in their CPU processingspeedor available mem-
ory, and(b) thenetwork connectionsbetweennodesmight
supporta varietyof latency andbandwidthcharacteristics.
Thus,it is designedfor what we believe is a fairly typical
do-it-yourselfclusterenvironmentassembledform existing
equipment[11]. In addition,we do not assumethepresence
of a centralcontrollerfor thecluster:Nodesdiscover each
other’spresenceandremoval in a distributedmanner.

In addition,our designstrivesto accommodatehetero-
geneityof the active objects. Objectsin the systemdif-
fer in the amountof datathey contain,the numberof re-
mote methodinvocationsthey can serviceduring a given

timeperiod,thefrequency of incomingmethodinvocations,
the amountof datathey passacrossthe network for each
methodinvocation,andespecially, the typesandnumbers
of local referencesanobjectmayhold to otherobjects.We
addressthis challengein two ways: First, by allowing the
middlewareon eachnodeto accommodatepluggableload
balancingandmigrationalgorithms,and,second,by having
themiddlewarebuild aprofile for eachobject,or agraphof
objects.

2.1 Components of the toolkit

The four logical componentsof our middlewarecorre-
spondto thefollowing functionality:

� Monitor the stateof the local andremotenodes,and
build profilesof objectsaswell asnodes,

� Decidewhich objectsto migrateandat what point in
timebasedon thenodeandobjectprofiles,

� Facilitateregistrationandderegistrationof objectson
a node,

� Coordinatesharingof nodeandobjectprofiles,aswell
asobjectmigration,betweennodes.

Theoverallmiddlewarearchitectureis illustratedin Fig-
ure1. Themaincomponentsarethefollowing:
ActivationSystem: An interfacespecifyingan object acti-
vation system. Our presentdesignutilizes object activa-
tion to managecomputationalresourceswithin a node[20].
Rarelyaccessedobjectsbecomeinactive, freeingmemory
andotherfinite resources.Whenaremotemethodcall is di-
rectedto an inactive object,anobjectactivator instantiates
the object so that it can processthe remotemethodinvo-
cation. Thereis oneactivation system,per node,which is
configuredto runasa daemonservice.
RegistrationManager: Objectsinterestedin object activa-
tion must register with a node’s activation system. This
componentfacilitatesregistrationandunregistrationof ob-
jectswith the activation system. Thereis oneregistration
managerperactivationsystem(pernode).
NodeMon: It collectsdataaboutresourcesonthelocalnode,
suchasits CPUutilization,availablememoryor bandwidth.
All collectedinformationis configurable.Theremaybeone
or moresuchobjectspernode.
NodeEvent: An eventobjectthat transmitspiecesof infor-
mation collectedby NodeMon objects. EachNodeMon
producessucheventsat a frequency that is specifiedto an
implementationof NodeMon. NodeEventsaremulticast
on theclusterby NodeMon objects.
GroupMon: Within eachactivationsystem,objectsarepar-
titioned into groups.Objectsbelongingto the samegroup
shareruntimecharacteristics,suchassecuritypermissions,
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library load paths,etc. Eachgroup hasone GroupMon
object that collects information about the group, suchas
thenumberof objectsregisteredwith the group,whenob-
jectsregisteror unregisterwith a group,andwhenobjects
becomeactive or inactive in the group. GroupMon also
collectsinformationaboutthe usageof eachobject in the
group,suchasthe numberof methodcalls directedto the
object,thenumberof remotereferencesotherobjectskeep
to the objectvia stubs,or the amountof datasentin each
methodcall.
GroupEvent: An event object producedby GroupMon.
Whenaneventof significanceoccursin a group,Group-
Mon mayfire suchanevent,encapsulatingin it information
abouttheevent.GroupEventsaremulticastonthecluster
by GroupMon objects.
ClusterStateMonitor: Eachnodehasone instanceof this
object.It is aconsumerof NodeEvent andGroupEvent
objects,andcollectstheirinformationtobuild profilesabout
nodes,groups,andobjectsnot only on the nodeitself, but
onotherclusternodesaswell.
DecisionManager: It usesinformationcollectedby Clus-
terStateMonitor aboutthe local andremotenodesto
determineif any objectsrunning on the local nodemight
benefitfrom migrationinto anothernode. This decisionis
dictatedby algorithmswhich arepluggableinto this mod-
ule. Oncea decisionis madeand a possiblenodeis se-
lected,informationaboutthemigrationcandidateis relayed
to NodeManager.
NodeManager: Thereis oneinstanceon eachclusternode.
It negotiatesmigrationof objectswith nodemanagersre-
sidingon othernodes.If the local nodewishesto migrate
anobjectto anothernode,its NodeManager contactsthe

remotenode’s nodemanager, andarrangeswith it the ob-
ject’s transfer. As well, thelocalnodemightberequestedto
acceptan object,in which caseNodeManager usesDe-
cisionManager to decidewhetherthe proposedobject
shouldbeaccepted,giventheloadcharacteristicsof thelo-
cal nodeandthe profile of the remoteobject. NodeMan-
ager delegatesobjectregistrationandunregistrationwith
theactivationsystemto theRegistrationManager.
PerformanceProfile: It encapsulatesinformation aboutan
active object’s performancecharacteristics,such as the
numberandamountof remotemethodcalls directedto it
in agiventimeperiod,theaverageof datapassedin method
calls,or theamountof CPUresourcestheobjectis likely to
consume.Eachof thesepiecesof informationis contained
in aPerformanceItem; PerformanceProfile is a
collectionof suchitems.

Sincenodesmight have a diversesetof capabilitiesin a
heterogeneouscluster, andobjectsmight have a broadset
of profiles, migration decisionsare basedon rules which
areactivatedon a nodeasthe stateof the clusterchanges.
DecisionManager on eachnodebehavesasan expert
system:asNode- andGroupEvents arrive,Cluster-
StateMonitor continuouslyassertstheseasnew “f acts”
into DecisionManager’s memoryspace(blackboard),
resultingin rule activationsthatmatcha givensystemstate
andobjectprofile.

Therearetwo typesof “rules”, or decisionmakingalgo-
rithms.Onemigratesobjectsawayfromthisnode,while the
otheracceptsmigratingobjectsfrom othernodes.Both use
the samesetof availablesystemstateandobjectprofiles.
Basedon this information, somealgorithmsmight deter-
mine thata givenobjectwould provide betterperformance
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on anothernodein the cluster. Sucha decisionis termed
candidateselection.

Whenacandidateis selected,DecisionManager no-
tifies the local object migration coordinator, NodeMan-
ager, of this fact, informing it of the object to be mi-
gratedaway from the local node, the remotenodesthat
arebestsuitedfor runningthe object,basedon their state
known to DecisionManager, aswell as the candidate
object’s performanceprofile. The latter is relayedin the
form of aPerformanceProfile object,whichincludes
the piecesof informationthat promptedDecisionMan-
ager to selecttheobjectasamigrationcandidate.
ClusterStateMonitor, one running on each

node, collects NodeEvents and GroupEvents.
NodeEvents arrive from both the local nodeand from
remotenodes,whereasGroupEvents arrive from both
remote and local activation groups. These events are
producedby node monitor and group monitor objects,
NodeMon andGroupMon. Eachnodehasone or more
node monitor objects, and each activation group has
exactly one group monitor object. Information collected
by ClusterStateMonitor is stored persistently to
surviverestartsof thenode’soperatingsystem.Sincegroup
and node events are time-stamped,the cluster monitor
can store this information in a way that best facilitates
comparisonbetweennodesandgroupsat a given point in
time, and this information also facilitatesanalysisof the
cluster’sbehavior over time.

An implementationof NodeMon determinesthesortsof
datathat it is capableof collecting. Eachoperatingsys-
temoffersdifferentmechanismsfor thispurpose.OnUnix,
the /proc virtual file systemprovides an efficient mecha-
nism to monitor systemstate. Procprovidesaccessto in-
formationfrom insidethe kernel,suchasCPU utilization,
processes,file systemandnetworking statistics. This is a
relatively unintrusivemonitoringmechanism,becausewith
most Unix implementationsreadingthe /proc systemin-
volvesonly memoryaccess.OnWindowsNT, theWindows
ManagementandInstrumentationAPI (WMI) exposessys-
tem information via a COM object[8]. Thus, NodeMon
objectson Windows would invoke methodson this object.
In addition,NodeMons canbe implementedto collect in-
formation from any third-party tool that facilitatessystem
monitoring[1, 5].

The frequency at which a NodeMon object fires
NodeEvents is also specific to an implementationof
NodeMon. In general,eventgenerationshouldcorrespond
to thefrequency of changein themonitoredresource’sstate.
Frugality with NodeEvents is importantso asnot to un-
duly loadthesystemandthenetwork with eventgeneration
anddelivery.

We believe that IP multicastis a goodway for a node
to deliver NodeEvents andGroupEvents to the other

nodesin the cluster. An alternative implementationwould
be to have each node register interest in other nodes’
NodeEvents or GroupEvents; NodeMon objects,for
instance,would thennotify event listenersof suchevents.
For our purposeswe believe multicastto bemoreefficient.
Anotheralternativewould beto havea centralrepository, a
persistentsharedmemory, accessibleto all nodes,andthen
all NodeEvents andGroupEvents would bedeposited
there. Our system,however, avoids relianceon centrally
availableresources.

2.2 An object activation system

Our specificationof an object activation systemoffers
four piecesof functionality: (1) Activate objectsand re-
ceivenotificationswhenobjectsbecomeinactive; (2) Facil-
itate easyregistrationandunregistrationof activatableob-
jects; (3) Allow the interceptingof methodcalls from re-
moteobjectstubs;and(4) Provide informationaboutacti-
vationgroups.

Thesecapabilitiesare further decomposedinto inter-
faces.Providing groupinformationis specifiedin theAc-
tivationSystemInfo interface,while the Activa-
tionSystemUtil interfaceoffers a handy registration
mechanism,andallows theinterceptingof methodcallsar-
riving to a registeredobject during object migration (see
Section3).
GroupMon objectsregister with ActivationSys-

temInfo to listen for GroupEvents. Activa-
tionSystemInfo producesGroupEventswhenanew
groupregisterswith theactivationsystem,anew objectreg-
isterswith agroup,agroupbecomesactiveor inactive,oran
objectbecomesactive or inactive. GroupMon maydecide
to aggregatethis informationat thenodebeforesendingout
a GroupEvent to reducenetwork traffic (eventbox cart-
ing).

3 A consensus protocol for object migration

Sinceweassumenocentralcontrollingentityamongthe
nodes,object migration requiresagreementbetweenany
two cluster nodesabout the transferof an object. This
agreementis facilitatedby aprotocolconsistingof 3 phases.
Thisprotocolis outlinedin Figure2.

� Discovery: Locatethenew node’sNodeManager on
thenetwork andobtaina referenceto it;

� Negotiation: Agreeon the transferof the objectwith
theremotenode;

� Transfer: Perform the object’s transfer to the new
node.
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When the local DecisionManager selectsa migra-
tion candidate,that node’s NodeManager receivesa mi-
grationrequest(MigrationRequest): It containsa list
of potentialnodesto migratetheobjectto, alongwith a ref-
erenceto theobject,aswell astheobject’sPerforman-
ceProfile. Thelist of potentialtargetnodesis compiled
from the informationClusterStateMonitor collects
over time from nodeandgroupeventsarriving from every
availablenode:Basedon the object’s performanceprofile,
andthestateof theothernodes,DecisionManager se-
lectsthenodesbestsuitedfor theparticularobject. Dueto
space-limitations,we do not discussheredecisionmaking
heuristics.

Themigrationprotocolrequiresthemutualconsensusof
two nodesto transferandtake on an object. Thus,it must
accountfor situationswhen this sort of agreementis not
reachedwithin a reasonableamountof time. WhenDeci-
sionManager placesthe migration requestin a receiv-
ing queueprovidedbyNodeManager, it placesa leaseon
the request. If NodeManager is not able to migratethe
objectbeforethe leaseon the requestexpires, the migra-
tion requestwill beannulledin NodeManager’sincoming
queue.

Themostcommonreasonfor a failureto migrateanob-
ject is that othernodesarenot willing to acceptit. In this
case,DecisionManager is freeto placeanotherrequest
for thesameobject’smigrationin thequeue.Thisoperation
is idempotent:If an old requestis still in the queue,plac-
ing anotherrequestfor the sameobject’s migrationhasno
effect.

Theimportanceof theleaseonamigrationrequestis that
it accountsfor thedynamicnatureof thecluster. This is im-
portant,becausesometimewill passbetweenthemigration
requestandwhenthe objectis in a statewhenit canactu-
ally be migrated.During this time, the targetnode’s state,
suchas its load, might change,which might imply that it
no longeris the ideal candidatefor the object,causingthe
targetnodeto no longeraccepttheobjectwhenthemigra-
tion is attempted.If all thepotentialtargetnodesrejectthe
object,NodeManager on the object’s original host will
causethe migrationrequestto expire. At that point, De-
cisionManager might selecta differentsetof possible
targetnodesfor theobject’smigration.Thismechanismen-
suresthatpendingmigrationsrequeststhatno longermake
senseundernew conditionsof the clusterare not carried
out.

3.1 Discovery

Oncea NodeManager finds a pendingrequestin its
queue,it attemptsto contactits peerNodeManager onthe
first potentiallysuitablenode(specifiedaspart of the mi-
grationrequest;seeabove). This is accomplishedthrough

objectregistries.NodeManager is aremoteobject:When
theactivationsystemstartsuponanode,it registersaproxy
for its local NodeManager in object registries. Sucha
proxy includesanattributevaluethatuniquelyidentifiesits
nodein thecluster. DecisionManager includesthis at-
tribute value in the migration request,facilitating the dis-
coveryof aNodeManager proxy.

3.2 Negotiation

Oncethe local nodeobtainsa referenceto the remote
node’s NodeManager, the two nodescan communicate
via remotemethodcalls to carry out the negotiationphase
of the migrationprotocol. First, the local NodeManager
callstheremoteproxy’sacceptObject()method,pass-
ing thePerformanceProfile of the candidateobject
as a parameter. The remotenodecan decidewhetherit
is willing to acceptthis object, by returningeither a true
or falsevalue. If it refusesto acceptthe object, the local
NodeManager will perform the lookup and negotiation
phasesof theprotocolfrom thenext possiblenodeindicated
by themigrationrequest.If no nodeacceptstheobject,the
leaseon therequestwill expire (seeSection3).

When oneof the target nodesacceptsthe local object,
theNodeManager objectson thetwo nodescreateacom-
municationsession.All subsequentmethodinvocationson
the remotenodewill take placein the context of the ses-
sion. Thepurposeof thesessionis to ensurereliablemes-
sagetransmissionin the courseof moving andregistering
theobjecton thenew node.

The next stepis for the local NodeManager to cause
the local objectto unregisterfrom the local activationsys-
tem. A requestis directedto thelocal node’sRegistra-
tionManager, which is responsiblefor registeringand
unregisteringobjectswith the local activation system,and
alsofor packagingobjectsreadyfor shippingto thecandi-
datenode.

To unregister, the local objectmustbe in a statewhen
it is not servicingremotemethodcalls. Our designrecog-
nizesthatanobject’s implementationis hiddenfrom exter-
nal view, and that it is up to the object’s implementation
to determinewhat are the appropriatetimes for it to mi-
grate. As well, only the object’s implementationwould be
ableto decidewhatdatait needsto operateon new nodes.
Thisdatamustbeavailablewhentheobjectis reconstructed
on the new node. To indicatethat it is readyfor migra-
tion, therefore,an objectmustcheckpointits currentstate,
save instancedatato persistentstorage,if needed,andmust
indicate its suitablestatefor migration. When an object
registerswith the activation system,the activation system
providesa call-backhandle,which allows the objectboth
to indicateits readinessfor migration,and to provide the
dataitemneededfor its reconstruction.WhenRegistra-
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tionManager receivesthis information,theobject’s mi-
grationbegins.

3.3 Transfer

During objectmigration,an object’s remotestubsmust
be notified to hold backremotemethodcall forwardingto
the objectuntil the objectbecomesactive againon a new
node. The activationsystemon the local nodekeepstrack
of remotereferencesto the objectbasedon which remote
stubsmademethodcall requestswithin a certainperiodof
time. Theactivationsystemcontactseachremotestubwith
a timeoutperiodfor which they needto wait on forwarding
remotemethodcalls.

The transferof the objectinvolvesshippingall the data
neededfor theobjectto run, andthenensuringthat theob-
ject is ableto initialize (activate)on the new node. Given
thatanactivationgroupencapsulatesinformationaboutan
object’sruntimeenvironment,anactivationgroupwith sim-
ilar characteristicsmustbe presenton both nodes.An ac-
tivationgroupis createdby theactivationsystembasedon
the group’s descriptor. If a groupwith a descriptoridenti-
cal to theobject’soriginalgroupdescriptordoesnotalready
exist in thetargetnode,theoriginal group’sdescriptorwill
beshippedto the target. The targetnodewill thenattempt
to createtheactivationgroup.Thetargetnodemightnot be
ableto satisfy the requirementsspecifiedin the groupde-
scriptor, causingthemigrationrequestto berejectedon the
targetnode.

Oncetheexistenceof theproperactivationgroupon the
new nodeis ensured,theobject’sserializedstateandstartup
datais providedby thelocalRegistrationManager to
NodeManager, which thenpassesthis informationto its
peerNodeManager on the new nodevia remotemethod
calls. The remotenodethen registersthe object with its
activationsystem,andcausestheobjectto activateto ensure
that it is ableto properly initialize. A failure at this point
causestheobject’smigrationto beaborted.

When the objectbecomesactive on the new node,the
original nodepassesa list of remotestubreferencesto the
new node. The new node’s NodeManager notifiesthese
stubswith its address.Subsequentmethodcalls madeon
the stubswill causethe stubto contactthe new activation
systemandobtainfrom it a live referenceto theobject.

4 An implementation in Jini

Jini[19] is a network inter-operationmiddlewareto help
implementhighly available,object-basedsoftwareservices.
The cornerstonesof Jini’s designcenterare lookup ser-
vices,serviceproxies,serviceimplementations,andservice
clients.A Jini lookupserviceis anobjectregistrythatfacil-
itatesthe locatingandretrieving of referencesto otherJini

services.Discovery is the processof finding services,in-
cluding lookup services,in a Jini federation.As a service
discovers lookup services,it registersa proxy objectwith
each.This proxy mustbewritten in theJava programming
language,or at least,mustbecompiledinto Javabytecode.

Jini servicediscovery is basedprimarily ontheJavapro-
gramminglanguagetype(s)a proxy implements. In addi-
tion, servicesmay optionally specifya setof attributes,or
Entrys,associatedwith aserviceproxyin lookupservices.
Finally, a serviceproxy registration resultsin a globally
uniqueServiceID being issuedby the lookup service.
A servicecanstoresuchan ID persistentlyandreuseit in
subsequentlookupserviceregistrations.A Jini federationis
illustratedin Figure3.

Clientscandiscover proxiesthat implementa specified
setof Java interfaces,a specificServiceID, or any En-
try attribute. Oncea matchingproxy is found,thelookup
servicereturnsa copy of theproxy to theclient. Theclient
thereaftermakeslocalmethodcallson theproxy.

While Jini proxiesdo not rely on any particularprotocol
for network communication,Java RemoteMethodInvoca-
tion (RMI)[15] is a practical,easy-to-useway to communi-
catebetweena Jini proxy andremotelyavailableresources
on thenetwork. In Java RMI, anobjectimplementsan in-
terfacethat extendsthe interfacejava.rmi.Remote,andex-
ports itself at runtimeso that it canacceptremotemethod
calls.A stubcompilercreatesastubobjectthatimplements
thesameJava Remoteinterfaceastheobject.Onceclients
obtaina referenceto a remotestub, the stubwill forward
methodinvocationsto the remoteobject implementation.
The RMI runtime facilitatesthe marshallingand unmar-
shallingof methodparametersandreturnvalues.

If a client doesnot have accessto classesrequiredto
constructtheobjectsin methodparameters,returntypes,or
exceptions,the RMI runtimewill automaticallydownload
theseclassesto theclient’s addressspace[14]. This is pos-
siblebecausetheRMI stubcomplierannotatesa codebase
locationwheretheseclassesareavailablefrom. Thisallows
theclient to constructclassloadersdirectedto loadclasses
from theseannotatedcode-baseURLs[6].

An activatable Java object’s stub containstwo refer-
ences:A live referenceto the remoteobject,anda refer-
enceto the activation systemwhere the remoteobject is
registered.If thefirst methodcall to thelive referencefails
(becausetheobjectis unexported),thestubrequeststheob-
ject’s activation via the referenceto the activation system.
If the activation succeeds,the activation systemreturnsa
live referenceto theobject,which thestubwill useto pro-
ceedwith the remotemethodcall. Sincethe referenceto
theactivationsystemfaultsin thelive reference,it is called
a faultingremotereference[15].

ActivatableJava objects are groupedinto Activation-
Groupswhenregisteringwith anactivationsystem.An ac-
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tivationgroupcorrespondsto oneinstanceof aJava Virtual
Machine(JVM). Thus,object’sbelongingto thesameacti-
vationgroupwill beactivatedin thesameJVM. An Activa-
tionGroupDescriptordescribeseachactivation group, and
includessuchinformationas the executablefor the JVM,
theclasspathandparametersof theJVM, andsoon.

Whenan object’s activation is requested,the activation
systemfirst checksif the object’s activation groupalready
exists. It will then createthis activation group, if neces-
sary, startingup theappropriateJVM. It will thenconstruct
theobjectandload it into thegroup’s JVM, passinginto it
startupdatavia a specialactivationconstructor. Finally, the
activation systemreturnsa live referencefor the object to
the stub. The Java activationprotocolis illustratedin Fig-
ure4[13].

Our systemprovides an implementationof an activa-
tion systemspecifiedby Java RMI, which we enabledwith
theloadmonitoringandregistrationcapabilitiesoutlinedin
Section2.2.Ourmiddlewarerequiresthateachclusternode
run this activationsystemasa daemonprocess.In addition
to the classlibrary implementingthe middleware in Java,
this is theonly additionto a standardJDK environment.

In our implementation,NodeMon is anactivatableRMI
remoteobject,andis alsoa Jini servicethat registerswith
Jini lookup serviceson the network. The objectsthat reg-
ister with our activationsystemmustfollow the semantics
describedin the RMI Specificationfor active objects,in-
cluding the requirementthat they have a specialactivation
constructor[15].

5 Future research directions

Oursystem’smaingoalwasto constructafacility for the
studyof dynamic,runtimedistribution of objectsin a clus-
ter. Our next importantstepwill be to identify algorithms
suitablefor the runtimeplacementof objectswith diverse

characteristics,building on earlierwork on dataplacement
in objectdatabases[4].

The existing framework canbe extendedto supportthe
redundantdeploymentof Jini servicesaswell. In sucha
scenario,the original nodewould simply deactive the ob-
ject prior to transferto a new node,and the remotestub
would now have 3 references:Oneto the live object(pri-
mary copy), one to the primary node’s activation system,
andoneto thesecondarynode’sactivationsystem.It is im-
portant that therebe only one primary copy of an object
throughoutthecluster. Therefore,themiddlewaremusten-
surethat all stubscontainthe sameinformationaboutthe
primary.

An objectmight requireresources,suchasfile handles,
I/O ports,or nativecode,which maynot beavailableon all
clusternodes. The Rio[9] system,developedby SunMi-
crosystems,allows a Jini serviceto describesuchrequire-
ments,andprovidesfacilitiesfor anodetodescribeitsavail-
ableresources.

Theabsenceof a centralcontrollingentity raisesimpor-
tantissuesin termsof thecluster’smanagement.Webelieve
thatthedynamicdiscoveryof clusternodesshouldalsoex-
tendto administrative tools. The Jini PlaceAPI[18] facil-
itatesdynamic incorporationof a node into management
modules:For instance,addinga nodeto the clusterwould
causea managementmoduleto automaticallyincorporate
this new nodeinto amanagementconsole.

We alsoproposetwo extensionsto theJava Virtual Ma-
chine:First, theVM shouldhave anAPI-level accesslayer
to its utilization andload information,similar to the Win-
dows Managementand InstrumentationAPI. The second
extensionis to proposean objectdefinedin the Java pro-
gramminglanguagethat correspondsto an instanceof the
JVM. Such an object could be termeda Process, and
would provide programmingaccessto managingprocesses
- a functionalitysimilar to processmanagementin theUnix
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Activator

Activation
descriptor
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     about the activation 
     group from the group
     descriptor. It contains
     parameters to be passed
     to the JVM, as well as
     the command environment
     needed to execute the JVM
     (such as the name of the 
      JVM executable) Activation group

descriptor
4. Create the group,
     if needed, starting up
     a new JVM for the group

Remote object

6. Return a marshalled
    reference to the live object

2. Look up activation 
    decriptor based on 
    the activation ID. It
    contains information 
    about the activation group, 
    the class name, the code
    base URL, and the object
    initialization data
    (Marshalled Object)

5. Load the class
    and instantiate the
    object via the activation

     constructor.

Local client

1. Is live reference null?
Yes: contact activation system
        with ActivationID of service
No: Use live reference

Remote object server

group
Activation

Java VM

7. Record the reference to the object
    and associate it with the activation ID.

8. Return the live reference to the stub

Client

RMI stub

Figure 4. The RMI object activation protocol

or Windows NT operatingsystems. The Real Time Java
Specification[16] addressessomeof theseneeds,anda fu-
ture implementationof this middleware,basedon thatver-
sion of the Java Virtual machine,might take advantageof
thesecapabilities.As well, webelievethatthenon-blocking
I/O subsystem[10], introducedin the1.4versionof theJava
DevelopmentKit, promisesto offer significantbenefitsin
reducingthe time it takes for an object to migrateacross
nodes.

For more informationon this work, pleaserefer to our
project’sWebpage:http://perspolis.usc.edu/users/ribbet/
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