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Abstract

This paperdescribesa middlevare that enablesits tar-
get applicationto dynamicallyincorporate heteogeneous
nodesof a cluster It distributesthe objectsof the applica-
tion acrossthe nodeswith the objectiveto evenlydistribute
systemoad. Assud, it eliminatesthe needfor a system
administator to contmol the placementf data. We describe
thearchitecture of themiddlevare thatfacilitatesobjectmi-
grationandits decisionmakingcomponentsOneaspectof
this architecture is a negotiation protocol to facilitate mi-
gration of objectsfrom one nodeto another Finally, we
describean implementatiorof this middlevare using Java
and Suns Jini framework.

1 Introduction

Theincreasingubiquitousavailability of highbandwidth
and powerful processings allowing network-remoteob-
jectsto replacepr augmentHTML-basedwebpagesasthe
Web's centralcurreng[12, 7, 17]. Thekey benefitof such
objectsis their ability to carry both dataandthe semantics
of the data,which they exposevia their public interfaces.
In this environment, remotemethodcalls facilitate object
interactionon the network.

In orderfor anobjectto serviceanincomingmethodcall,
it must(a) be executingin theaddresspaceof a processar
and (b) arrangefor the network softwarelayer runningon
theobject’s hostto directarriving methodcall requestdo a
communicatiorport resened for the object. In this paper
we termtheseactive objects[2 3]*

As a motivating example, consideran airline that ex-
poseseachflight asan objecton the network. A Flight ob-

INotethatthedefinition of “active object”in themobileagentcommu-
nity is often that of an objectwhich movesfrom onelocationto another
and,oncethere,obtainsa threadof controlto executeautomatically The
definitionusedin this paperis onefoundin the distributed computinglit-
erature.

ShahranGhandeharizadetndShanGao
Departmenof ComputerScience
Universityof SouthernCalifornia

Los Angeles,CA 90089,USA

shahram@cs.usc.edigao@cs.usc.edu

ject encapsulateall datarelatedto the flight, suchasthe
departureanddestinatiorcitiesandtimes,the currentnum-
ber of available seats,aswell asthe flight's currentstatus
(sittingatanairportor in flight). Remoteobjectsobtainthis
informationvia public, remotelyavailablemethodcalls.

When a new Flight objectis created,it registersitself
with objectregistrieson the network. Theseregistriesal-
low clientsto locateFlights, basedon somequerycriteria,
suchasthe departureanddestinatiorcities. An objectrep-
resentinga flight resenationsystenmightlocateall Flights
betweentwo cities, and presentthis list orderedby depar
turetimes.

WhenaclientlocatesasuitableFlight, it accesseanob-
jectregistry for a stubrepresentinghat Flight on aremote
network node. The client usesthe stubto invoke methods
on the remoteFlight object. Thus,stubsactasproxiesfor
theFlights. Thereis onecopy of this proxy for eachremote
client nodereferencinga specificFlight object.

The distributed natureof this applicationenhanceper
formance. To illustrate, assumethat 90% of the system
workload consistsof querieswith 10% performingupdate
transactionslf acentralizedransactiorprocessingystem
is connectediia a40megabitpersecondMbps)connection
to theInternet,andeachquery/transactioexchanged,000
bits with this sener, its network connectioncansupportat
most42,000transactionpersecond.

A clusteredenvironment enablesobjects representing
differentflights to dynamically migrate betweennodesof
a cluster While all updatetransactionsmpactinga flight
objectmustberedirectedo thecentralizedransactiorpro-
cessingsystem,a nodecanprocesgjueriesreferencingts
objectswithout contactingthe centralizedsener. Assume
thateachnodeis connectediia a 1 Mbps connectiorto the
Internet.Eachnodemayperform945operationg105trans-
actionsand 840 queries— eachtransactionnow requires
2,000bits: 1,000bits from the client to a distributednode
plusanotherl,000bits from thisnodeto thetransactiorpro-
cessingsystemat the centralizedsener). With the central-
ized sener performing42,000transactionper secondthis



Remote NodeManager ‘

Remote node

negotiate with remote nodes marshalled object transfer

| |

‘ NodeManager ‘

CanM

request

‘ DecisionManager ‘ Marshalled Object

Cluster State Monitor ‘ l

‘ RegistrationManager ‘

f f \ J

‘ NodeMon ‘ ‘

Local node

GroupMon ‘ ‘ ActivationSystem ‘

‘ activation groups ‘

‘ Operating system ‘

Figure 1. Middleware architecture overview

ervironmentcansupporta workloadof 378,0000perations
persecondeforethe network bandwidthof the centralized
sener becomedully utilized. We would need400 nodes
andanevendistribution of theworkloadacrosghesenodes
to attainthis objective. Our solutionfacilitatestransparent
objectmigrationin supportof approximatinganevenwork-
loadacrosghenodes.

The next sectionof this paperintroducesa frameawork
that facilitatesobject migration acrossa clusterof nodes.
Section3 describesa migration protocol nodesmight use
migratingobjects.Sectiond presentsanimplementatiorof
a middlewvareusingJini andactivatableJava RMI objects.
Finally, Section5 discussefutureresearchdirections.

2 A middleware solution

The primary motivation for a middleware-basediesign
is easeof use: Theonly requirements thatthe middleware
software packagebe installedon ary commodity PC. We
assumehe presenceof heterogeneoubardware and net-
work capabilitiesin the cluster where: (a) nodesmight
differ in their CPU processingspeedor available mem-
ory, and(b) the network connectiondetweemodesmight
supporta variety of lateny andbandwidthcharacteristics.
Thus, it is designedor whatwe believe is a fairly typical
do-it-yourselfclusterenvironmentassembledorm existing
equipment[1]. In addition,we do notassumehe presence
of a centralcontrollerfor the cluster: Nodesdiscover each
others presenceandremoval in a distributedmanner

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

time period,thefrequeny of incomingmethodinvocations,
the amountof datathey passacrossthe network for each
methodinvocation,and especially the typesand numbers
of local referencesn objectmay hold to otherobjects.We
addresghis challengein two ways: First, by allowing the
middleware on eachnodeto accommodat@luggableload
balancingandmigrationalgorithms and,secondby having
themiddlewarebuild a profile for eachobject,or a graphof
objects.

2.1 Componentsof thetoolkit

The four logical componentf our middleware corre-
spondto thefollowing functionality:

o Monitor the stateof the local andremotenodes,and
build profilesof objectsaswell ashodes,

e Decidewhich objectsto migrateandat what pointin
time basedon the nodeandobjectprofiles,

e Facilitateregistrationand deregistrationof objectson
anode,

e Coordinatesharingof nodeandobjectprofiles,aswell
asobjectmigration,betweemodes.

Theoverallmiddlewarearchitecturas illustratedin Fig-
urel. Themaincomponentarethefollowing:
ActivationSystemAn interface specifying an object acti-
vation system. Our presentdesignutilizes object activa-
tion to managecomputationatesourcesvithin a node[2Q.
Rarelyaccesse@bjectsbhecomeinactive, freeingmemory
andotherfinite resourcesWhenaremotemethodcall is di-
rectedto aninactive object,an objectactivator instantiates
the objectso that it can processthe remotemethodinvo-
cation. Thereis oneactiation system,per node,which is
configuredto run asa daemorservice.
RegistrationManager: Objectsinterestedin object activa-
tion must register with a nodes activation system. This
componenftacilitatesregistrationand unregistrationof ob-
jectswith the activation system. Thereis one registration
manageperactivationsystem(pernode).

NodeMon It collectsdataaboutresourcesnthelocalnode,
suchasits CPUutilization, availablememoryor bandwidth.
All collectedinformationis configurable Theremaybeone
or moresuchobjectspernode.

NodeEvent An eventobjectthat transmitspiecesof infor-
mation collectedby NodeMbn objects. EachNodeMon
producessucheventsat a frequeng thatis specifiedto an
implementatiorof NodeMon. NodeEvent saremulticast
ontheclusterby NodeMbn objects.

GroupMon Within eachactivation system objectsarepar
titioned into groups. Objectsbelongingto the samegroup
shareruntimecharacteristicssuchassecuritypermissions,
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library load paths,etc. Eachgroup hasone Gr oupMon
object that collectsinformation aboutthe group, suchas
the numberof objectsregisteredwith the group,whenob-
jectsregisteror unregisterwith a group,andwhenobjects
becomeactive or inactive in the group. G oupMbon also
collectsinformation aboutthe usageof eachobjectin the
group, suchasthe numberof methodcalls directedto the
object,the numberof remotereference®therobjectskeep
to the objectvia stubs,or the amountof datasentin each
methodcall.

GroupEvent An event object producedby Gr oupMon.
Whenan eventof significanceoccursin agroup,G oup-
Mon mayfire suchanevent,encapsulatingn it information
abouttheevent. G oupEvent saremulticastonthecluster
by G oupMon objects.

ClusterStateMonitar Each node hasone instanceof this
object.It isaconsumenf NodeEvent andG oupEvent
objectsandcollectstheirinformationto build profilesabout
nodes.groups,andobjectsnot only on the nodeitself, but
onotherclusternodesaswell.

DecisionManaer: It usesinformationcollectedby C us-
t er St at eMoni t or aboutthelocal andremotenodesto
determineif any objectsrunning on the local node might
benefitfrom migrationinto anothemode. This decisionis
dictatedby algorithmswhich are pluggableinto this mod-
ule. Oncea decisionis madeand a possiblenodeis se-
lected,informationaboutthemigrationcandidates relayed
to NodeManager .

NodeManaer: Thereis oneinstanceon eachclusternode.
It negotiatesmigration of objectswith nodemanagerse-
siding on othernodes.If the local nodewishesto migrate
anobjectto anothemode,its NodeManager contactshe

remotenodes node managerandarrangeswith it the ob-
ject'stransfer As well, thelocalnodemightberequestedo
acceptan object,in which caseNodeManager usesDe-
ci si onManager to decidewhetherthe proposedobject
shouldbe acceptedgiventheload characteristicef thelo-
cal nodeandthe profile of the remoteobject. NodeMan-
ager delggatesobjectregistrationandunregistrationwith
theactivationsystento theRegi st r ati onManager .
PerformancePofile: It encapsulatesformation aboutan
active objects performancecharacteristics,such as the
numberand amountof remotemethodcalls directedto it
in agiventime period,theaverageof datapassedn method
calls,or theamountof CPUresourcesheobjectis likely to
consume Eachof thesepiecesof informationis contained
inaPer formancel t em PerformanceProfil eisa
collectionof suchitems.

Sincenodesmight have a diversesetof capabilitiesin a
heterogeneousluster and objectsmight have a broadset
of profiles, migration decisionsare basedon rules which
areactivatedon a nodeasthe stateof the clusterchanges.
Deci si onManager on eachnodebehaesasan expert
system:asNode- andGr oupEvent sarrive,Cl ust er -
St at eMoni t or continuouslyassertsheseasnew “f acts”
into Deci si onManager 's memory space(blackboard),
resultingin rule activationsthatmatcha givensystemstate
andobijectprofile.

Therearetwo typesof “rules”, or decisionmakingalgo-
rithms. Onemigratesobjectsawayfrom thisnode while the
otheracceptsnigratingobjectsfrom othernodes.Both use
the samesetof available systemstateand object profiles.
Basedon this information, somealgorithmsmight deter
mine thata givenobjectwould provide betterperformance



on anothernodein the cluster Sucha decisionis termed
candidateselection.

Whenacandidates selectedDeci si onManager no-
tifies the local object migration coordinator NodeMan-
ager, of this fact, informing it of the objectto be mi-
gratedaway from the local node, the remote nodesthat
are bestsuitedfor runningthe object, basedon their state
known to Deci si onManager , aswell asthe candidate
objects performanceprofile. The latter is relayedin the
formofaPer f or mancePr of i | e object,whichincludes
the piecesof informationthat promptedDeci si onMan-
ager toselecttheobjectasamigrationcandidate.

Cl uster StateMoni tor, one running on each
node, collects NodeEvents and G oupEvents.
NodeEvent s arrive from both the local node and from
remotenodes,whereasG oupEvent s arrive from both
remote and local activation groups. These events are
producedby node monitor and group monitor objects,
NodeMon and Gr oupMbn. Eachnodehasone or more
node monitor objects, and each activation group has
exactly one group monitor object. Information collected
by Cl ust er St at eMbni t or is stored persistentlyto
surviverestartof thenodes operatingsystem.Sincegroup
and node events are time-stamped,the cluster monitor
can store this information in a way that best facilitates
comparisorbetweennodesand groupsat a given point in
time, and this information also facilitatesanalysisof the
clusters behaior overtime.

An implementatiorof NodeMon determineshe sortsof
datathatit is capableof collecting. Eachoperatingsys-
temoffersdifferentmechanismsor this purpose.On Unix,
the /proc virtual file systemprovides an efficient mecha-
nism to monitor systemstate. Proc providesaccesdo in-
formationfrom insidethe kernel,suchas CPU utilization,
processesiile systemand networking statistics. This is a
relatively unintrusive monitoringmechanismbecausavith
most Unix implementationgeadingthe /proc systemin-
volvesonly memoryaccessOnWindowsNT, theWindows
ManagemenandInstrumentatiorAPI (WMI) exposessys-
tem information via a COM object[§. Thus, NodeMbn
objectson Windows would invoke methodson this object.
In addition,NodeMons canbe implementedo collectin-
formationfrom ary third-partytool that facilitatessystem
monitoring[1 5].

The frequeny at which a NodeMon object fires
NodeEvent s is also specific to an implementationof
NodeMon. In generalgventgeneratiorshouldcorrespond
tothefrequeng of changen themonitoredresources state.
Frugality with NodeEvent sis importantso asnot to un-
duly loadthe systemandthenetwork with eventgeneration
anddelivery.

We believe that IP multicastis a goodway for a node
to deliver NodeEvent s and G oupEvent s to the other

nodesin the cluster An alternatve implementationvould

be to have each node register interestin other nodes’
NodeEvent s or G oupEvent s; NodeMon objects,for

instance would thennotify eventlistenersof suchevents.
For our purposesve believe multicastto be moreefficient.

Anotheralternatve would beto have a centralrepository a

persistensharednemory accessibleo all nodesandthen
all NodeEvent sandG oupEvent swould be deposited
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-
ceive notificationswhenobjectsbecomdnactive; (2) Facil-
itate easyregistrationand unregistrationof activatableob-
jects; (3) Allow the interceptingof methodcalls from re-
mote objectstubs;and(4) Provide informationaboutacti-
vationgroups.

These capabilitiesare further decomposednto inter
faces.Providing groupinformationis specifiedin the Ac-
ti vati onSyst enl nf o interface,while the Act i va-
tionSystemltil interfaceoffers a handy registration
mechanismandallows theinterceptingof methodcallsar-
riving to a registeredobject during object migration (see
Section3).

G oupMon objectsregister with Acti vati onSys-
tem nfo to listen for G oupEvents. Activa-
ti onSyst em nf o producess oupEvent swhenanew
groupregisterswith theactivationsystemanew objectreg-
isterswith agroup,agroupbecomesctive orinactive,oran
objectbecomesctive or inactive. G oupMbon maydecide
to aggreyatethis informationatthe nodebeforesendingout
a G oupEvent to reducenetwork traffic (eventbox cart-

ing).
3 A consensus protocol for object migration

Sincewe assumeno centralcontrollingentity amongthe
nodes, object migration requiresagreemenbetweenary
two cluster nodesabout the transferof an object. This
agreemeris facilitatedby a protocolconsistingof 3 phases.
This protocolis outlinedin Figure?2.

e Discovery: Locatethenew nodes NodeManager on
the network andobtainareferencdo it;

o Negotiation: Agree on the transferof the objectwith
theremotenode;

e Transfer: Perform the objects transferto the new
node.



Whenthe local Deci si onManager selectsa migra-
tion candidatethat nodes NodeManager recevesa mi-
grationrequesiM gr at i onRequest ): It containsa list
of potentialnodesto migratethe objectto, alongwith aref-
erenceto the object,aswell asthe object’s Per f or nan-
ceProf i | e. Thelist of potentialtargetnodess compiled
from the informationCl ust er St at eMbni t or collects
over time from nodeandgroupeventsarriving from every
availablenode: Basedon the object’s performanceprofile,
andthe stateof the othernodes,Deci si onManager se-
lectsthe nodeshestsuitedfor the particularobject. Dueto
space-limitationsye do not discussheredecisionmaking
heuristics.

Themigrationprotocolrequireshemutualconsensusf
two nodesto transferandtake on an object. Thus,it must
accountfor situationswhen this sort of agreements not
reachedvithin areasonablamountof time. WhenDeci -
si onManager placesthe migrationrequestin a recev-
ing queueprovidedby NodeManager , it placesaleaseon
therequest. If NodeManager is not ableto migratethe
objectbeforethe leaseon the requestexpires, the migra-
tion requestvill beannulledin NodeManager 'sincoming
queue.

The mostcommonreasorfor afailureto migrateanob-
jectis thatothernodesare not willing to acceptit. In this
caseDeci si onManager isfreeto placeanotherequest
for thesameobjects migrationin thequeue.This operation
is idempotent:If anold requests still in the queue plac-
ing anotherrequestor the sameobjects migrationhasno
effect.

Theimportanceof theleaseonamigrationrequests that
it accountdor thedynamicnatureof thecluster Thisis im-
portant,becaussometimewill passhetweerthemigration
requesiandwhenthe objectis in a statewhenit canactu-
ally be migrated. During this time, the target nodes state,
suchasits load, might change which might imply thatit
no longeris theideal candidatefor the object, causingthe
targetnodeto no longeraccepthe objectwhenthe migra-
tion is attempted If all the potentialtargetnodesrejectthe
object, NodeManager on the objects original hostwill
causethe migrationrequestto expire. At that point, De-
ci si onManager might selecta differentsetof possible
targetnodedor theobject's migration. This mechanisnen-
suresthat pendingmigrationsrequestghatno longermake
senseundernewn conditionsof the clusterare not carried
out.

3.1 Discovery

Oncea NodeManager finds a pendingrequestin its
gueueijt attemptdo contactits peerNodeManager onthe
first potentially suitablenode (specifiedas part of the mi-
grationrequest;seeabove). This is accomplishedhrough

objectregistries.NodeManager is aremoteobject: When
theactivationsystemstartsup onanode,it registersaproxy
for its local NodeManager in objectregistries. Sucha
proxy includesanattribute valuethatuniquelyidentifiesits
nodein thecluster Deci si onManager includesthis at-
tribute value in the migrationrequestfacilitating the dis-
coveryof aNodeManager proxy.

3.2 Negotiation

Oncethe local node obtainsa referenceto the remote
nodes NodeManager , the two nodescan communicate
via remotemethodcalls to carry out the negotiationphase
of the migrationprotocol. First, the local NodeManager
callstheremoteproxy’'saccept Obj ect () methodpass-
ing the Per f or mancePr of i | e of the candidateobject
as a parameter The remotenode can decidewhetherit
is willing to acceptthis object, by returningeithera true
or falsevalue. If it refusesto acceptthe object, the local
NodeManager will performthe lookup and negotiation
phase®f theprotocolfrom thenext possiblenodeindicated
by the migrationrequest.If no nodeacceptghe object,the
leaseontherequestwill expire (seeSection3).

When one of the target nodesacceptghe local object,
theNodeManager objectsonthetwo nodescreateacom-
municationsession All subsequentnethodinvocationson
the remotenodewill take placein the context of the ses-
sion. The purposeof the sessioris to ensurereliablemes-
sagetransmissiorin the courseof moving andregistering
theobjectonthenew node.

The next stepis for the local NodeManager to cause

the local objectto unreggisterfrom the local activation sys-
tem. A requesis directedto thelocal nodes Regi st r a-
t i onManager , which is responsiblefor registeringand
unregisteringobjectswith the local activation system,and
alsofor packagingobjectsreadyfor shippingto the candi-
datenode.

To unreagister the local objectmustbe in a statewhen
it is not servicingremotemethodcalls. Our designrecog-
nizesthatan object’s implementatioris hiddenfrom exter-
nal view, andthatit is up to the object's implementation
to determinewhat are the appropriatetimes for it to mi-
grate. As well, only the object’s implementatiorwould be
ableto decidewhatdatait needsto operateon new nodes.
This datamustbeavailablewhentheobjectis reconstructed
on the new node. To indicatethatit is readyfor migra-
tion, therefore,an objectmustcheckpointts currentstate,
save instancedatato persistenstoragejf neededandmust
indicateits suitablestatefor migration. When an object
registerswith the activation system,the activation system
providesa call-backhandle,which allows the objectboth
to indicateits readinesgor migration, and to provide the
dataitemneededor its reconstructionWhenRegi st r a-



t i onManager recevesthis information,the object’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 activation systemon the local nodekeepstrack
of remotereferencego the objectbasedon which remote
stubsmademethodcall requestswithin a certainperiodof
time. The activationsystemcontactssachremotestubwith
atimeoutperiodfor which they needto wait on forwarding
remotemethodcalls.

The transferof the objectinvolvesshippingall the data
neededor the objectto run, andthenensuringthatthe ob-
jectis ableto initialize (activate) on the new node. Given
thatan activation groupencapsulatemformationaboutan
objectsruntimeernvironmentanactivationgroupwith sim-
ilar characteristicenustbe presenton both nodes. An ac-
tivation groupis createdby the activation systembasedon
the group’s descriptor If a groupwith a descriptoridenti-
calto theobjectsoriginalgroupdescriptordoesnotalready
exist in thetargetnode,the original group’s descriptorwill
be shippedto the target. Thetargetnodewill thenattempt
to createthe activationgroup. Thetargetnodemight notbe
ableto satisfythe requirementspecifiedin the groupde-
scriptor, causingthe migrationrequesto berejectedon the
targetnode.

Oncethe existenceof the properactivationgroupon the
new nodeis ensuredtheobjects serializedstateandstartup
datais providedby thelocalRegi st r at i onManager to
NodeManager , which thenpasseghis informationto its
peerNodeManager onthe new nodevia remotemethod
calls. The remotenodethen registersthe object with its
activationsystemandcausesheobjectto activateto ensure
thatit is ableto properlyinitialize. A failure at this point
causesheobjects migrationto beaborted.

Whenthe objectbecomesactive on the new node, the
original nodepasses list of remotestubreferenceso the
new node. The new nodes NodeManager notifiesthese
stubswith its address.Subsequenmethodcalls madeon
the stubswill causethe stubto contactthe new activation
systemandobtainfrom it alive referenceo the object.

4 Animplementation in Jini

Jini[19] is a network inter-operationmiddlevareto help
implementhighly available,object-basedoftwareservices.
The cornerstonef Jini's design centerare lookup ser
vices,serviceproxies,serviceimplementationsandservice
clients.A Jinilookupserviceis anobjectregistry thatfacil-
itatesthe locatingandretrieving of referencedo otherJini

services. Discovery is the processof finding services,in-
cluding lookup services,n a Jini federation. As a service
discoverslookup servicesiit registersa proxy objectwith
each.This proxy mustbe written in the Java programming
languageor atleast,mustbe compiledinto Java byte code.

Jini servicediscoveryis basedorimarily onthe Java pro-
gramminglanguagetype(s)a proxy implements. In addi-
tion, servicesmay optionally specify a setof attributes,or
Ent r ys,associatewith aserviceproxyin lookupservices.
Finally, a serviceproxy registrationresultsin a globally
unique Ser vi cel D beingissuedby the lookup service.
A servicecanstoresuchan D persistentlyandreuseit in
subsequeribokupserviceregistrations A Jinifederations
illustratedin Figure3.

Clients candiscover proxiesthatimplementa specified
setof Java interfacesa specificSer vi cel D, or ary En-

t ry attribute. Oncea matchingproxy is found,thelookup
servicereturnsa copy of the proxy to theclient. Theclient
thereaftemalkeslocal methodcallson the proxy.

While Jini proxiesdo notrely on ary particularprotocol
for network communication Java RemoteMethod Invoca-
tion (RMI)[15] is a practical easy-to-usevay to communi-
catebetweera Jini proxy andremotelyavailableresources
on the network. In Java RMI, anobjectimplementsanin-
terfacethat extendsthe interfacejava.rmi.Remoteand ex-
portsitself at runtime so thatit canacceptremotemethod
calls. A stubcompilercreatesa stubobjectthatimplements
the sameJava Remoteinterfaceasthe object. Onceclients
obtain a referenceto a remotestub, the stubwill forward
methodinvocationsto the remoteobject implementation.
The RMI runtime facilitatesthe marshallingand unmar
shallingof methodparametergsindreturnvalues.

If a client doesnot have accesgo classesrequiredto
constructhe objectsin methodparametersieturntypes,or
exceptions,the RMI runtimewill automaticallydownload
theseclassego the client’'s addresspace[14 Thisis pos-
sible becaus¢he RMI stubcomplierannotates codebase
locationwheretheseclassesreavailablefrom. Thisallows
theclientto constructclassloadersdirectedto load classes
from theseannotatedode-bas&JRLs[f)].

An activatable Java objects stub containstwo refer
ences:A live referenceto the remoteobject, and a refer
enceto the activation systemwhere the remoteobjectis
registered.If thefirst methodcall to thelive referencdails
(becausgheobjectis unexported) the stubrequestshe ob-
ject’s activation via the referenceto the activation system.
If the activation succeedsthe activation systemreturnsa
live referenceo the object,which the stubwill useto pro-
ceedwith the remotemethodcall. Sincethe referenceto
the activationsystemfaultsin thelive referenceit is called
afaultingremotereference[1b

Activatable Java objects are groupedinto Activation-
Groupswhenregisteringwith anactivationsystem.An ac-
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tivationgroupcorrespond$o oneinstanceof a Java Virtual
Machine(JVM). Thus,object’s belongingto the sameacti-
vationgroupwill beactivatedin thesameJVM. An Activa-
tionGroupDescriptodescribessachactivation group, and
includessuchinformation as the executablefor the JVM,
theclasspathandparametersf the JVM, andsoon.

Whenan object’s activation is requestedthe activation
systemfirst checksif the object’s activation group already
exists. It will then createthis activation group, if neces-
sary startingup theappropriate]VM. It will thenconstruct
the objectandloadit into the group’s JVM, passingnto it
startupdatavia a specialactivationconstructor Finally, the
activation systemreturnsa live referencefor the objectto
the stuh The Java activation protocolis illustratedin Fig-
ure4[13].

Our systemprovides an implementationof an actva-
tion systemspecifiedby Java RMI, which we enabledwith
theload monitoringandregistrationcapabilitiesoutlinedin
Section2.2. Ourmiddlewarerequireshateachclusterode
runthis activation systemasa daemorprocessin addition
to the classlibrary implementingthe middlewarein Java,
thisis the only additionto a standardIDK ernvironment.

In ourimplementationNodeMon is anactivatableRMI
remoteobject,andis alsoa Jini servicethat registerswith
Jini lookup serviceson the network. The objectsthat reg-
ister with our activation systemmustfollow the semantics
describedn the RMI Specificationfor active objects,in-
cluding the requirementhatthey have a specialactivation
constructor[1h

5 Futureresearch directions

Oursystems maingoalwasto constructafacility for the
studyof dynamic,runtimedistribution of objectsin a clus-
ter. Our next importantstepwill be to identify algorithms
suitablefor the runtime placemenbf objectswith diverse

characteristicshuilding on earlierwork on dataplacement
in objectdatabases|4

The existing framewvork canbe extendedto supportthe
redundantdeploymentof Jini servicesaswell. In sucha
scenariothe original nodewould simply deactve the ob-
ject prior to transferto a new node, and the remotestub
would now have 3 references:Oneto the live object (pri-
mary copy), oneto the primary nodes activation system,
andoneto the secondarynodes activationsystem.lt isim-
portantthat there be only one primary copy of an object
throughouthe cluster Therefore the middlevaremusten-
surethat all stubscontainthe sameinformationaboutthe
primary.

An objectmight requireresourcessuchasfile handles,
I/O ports,or native code,which may not be availableon all
clusternodes. The Rio[9] system,developedby Sun Mi-
crosystemsallows a Jini serviceto describesuchrequire-
ments andprovidesfacilitiesfor anodeto describats avail-
ableresources.

The absencef a centralcontrolling entity raisesmpor-
tantissuesn termsof theclusters managementWe believe
thatthe dynamicdiscovery of clusternodesshouldalsoex-
tendto administratve tools. The Jini PlaceAPI[18] facil-
itates dynamicincorporationof a nodeinto management
modules:For instance addinga nodeto the clusterwould
causea managemeninoduleto automaticallyincorporate
this new nodeinto amanagementonsole.

We alsoproposetwo extensiongo the Java Virtual Ma-
chine: First,the VM shouldhave an API-level accesdayer
to its utilization andload information, similar to the Win-
dows Managementand InstrumentationAPIl. The second
extensionis to proposean objectdefinedin the Java pro-
gramminglanguagethat correspondso an instanceof the
JVM. Suchan object could be termeda Pr ocess, and
would provide programmingacces$o managingprocesses
- afunctionality similar to processnanagemerin the Unix
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Remote object server

v‘ 8. Return the live reference to the stub

7. Record the reference to the object

1. Is live reference null? /
Yes: contact activation system ,
with ActivationID of service /

No: Use live reference ’

Activation
descriptor

3. Obtain information
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

and associate it with the activation ID.

’

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)

6. Return a marshalled
reference to the live object

Remote object

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

group

- Cmaw )

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

Figure 4. The RMI object activation protocol

or Windows NT operatingsystems. The Real Time Java
Specification[1p addressesomeof theseneedsanda fu-
ture implementatiorof this middlevare,basedon thatver-
sion of the Java Virtual machine,might take advantageof
thesecapabilities As well, we believe thatthenon-blocking
I/O subsystem[1]) introducedn the 1.4 versionof the Java
DevelopmentKit, promisesto offer significantbenefitsin
reducingthe time it takesfor an objectto migrateacross
nodes.

For moreinformation on this work, pleasereferto our
projects Web page:http://perspolis.usc.edu/ussiribbet/
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