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Abstract

A commonapproach to addingself-managementcapa-
bilities to a systemis to provideoneor more externalcon-
trol modules,whoseresponsibilityis to monitorsystembe-
havior, andadaptthesystemat run timeto achievevarious
goals(con�gure thesystem,improveperformance, recover
fromfaults,etc.).Animportantproblemariseswhenthereis
morethanonesuch self-managementmodule:howcanone
makesure that they arecomposedto provideconsistentand
complementarybene�ts? In this paperwe describea so-
lution that introducesa self-managementcoordination ar-
chitecture and infrastructure to supportsuch composition.
We focuson the problemof coordinating self-con�guring
and self-healingcapabilities,particularly with respectto
global con�guration and incrementalrepair. We illustrate
the approach in the context of a self-managing videotele-
conferencesystemthat composestwo pre-existing adapta-
tion modulesto achievesynergistic bene�tsof both.

1 Intr oduction

Software-basedsystems today increasingly operate in
changingenvironmentswith variableuserneeds,resulting
in acontinuedriseof administrativeoverheadfor managing
thesesystems.Thus,systemsareincreasinglyexpectedto
dynamicallyself-adaptto accommodateresourcevariabil-
ity, changinguserneeds,andsystemfaults.A commonap-
proachto addingself-managementcapabilitiesto a system
is to provide oneor moreexternalcontrolmodules,whose
responsibilityis to monitorsystembehavior, andadaptthe
systemat run time to achievevariousgoals.

Self-managemententailsmany differentaspects,result-
ing in distinct dimensionsof control. For instance,IBM' s
autonomiccomputinginitiative views self-managingsys-
temsas typically exhibiting a subsetof four capabilities:
self-con�guring(adaptautomaticallyto dynamicallychang-
ing environments),self-healing(discover, diagnose,andre-
act to disruptions),self-optimizing(monitor and tune re-
sourcesautomatically),andself-protecting(anticipate,de-
tect,identify, andprotectthemselvesfrom any attacks)[9].

As anotherimportantdimension,systemadaptationtypi-
cally spanstwo scopes: large-scaleglobal con�guration,
andincrementalrepairin responseto local failures.Finally,
differentquality dimensionssuchasperformance,security,
andreliability mayrequiremanagementaswell.

For many applicationdomains,managinga systemre-
quiresmanagingmultiple dimensions.For example,con-
sider a video conferencingsystemwith differentuserap-
plicationsin a heterogeneousnetwork environment,where
theaim is to provide thebestserviceat the lowestcost. At
once,severalpotentialdimensionsof controlexist, includ-
ing composition,change,performance,andcostof service,
eachcorrespondingto differentdomainexpertise,andthus,
modulesof control.Many self-managementmodules(SMs)
areavailabletoday, eachtypically capableof addressinga
distinctaspectof self-management.Thechallengeis to al-
low developersto coordinatemultiple distinctmanagement
modulestogetherin a coherentand consistentfashionto
manageasystem.

A simpleapproachto do this is to let thedifferentSMs
run independently. This canpotentiallyleadto con�ict, in-
consistencies,andmodulesworking at crosspurposes.An-
otherapproachis to reimplementall of thecombinedself-
managementcapabilitiesinto onemonolithiccontrolmod-
ule, with the obvious problemthat it is ad hoc, not cost-
effective, preventsreuse,doesnot scale,andresultsin an
overly complex system.

A betterapproachis to combinemultiple SMsin acoor-
dinatedfashion.However, suchanapproachhasthedif�cult
challengesof maintainingconsistency in informationacqui-
sition andinternalmodelsandensuringcoherentdecisions.
In this paper, we proposea coordinationarchitectureem-
bodyingpointsof sharedsystemaccess,modeltranslation,
anddecisioncontrolpatternsto integratemultipleSMs.We
will highlight the challenges,describeour approach,and
presenta casestudyto demonstratetheapproach.

2 RelatedWork

Recently, considerableresearchhas been done on self-
managingsystems,includingwork from IBM' s autonomic
computinginitiative. An importantchallengein their work



is thecoordinationof multiple autonomicelementsto form
a cooperativesystem,whereanautonomicelementembod-
ies a systemelementmanagedby an autonomicmanager,
similar to what we term self-managementmodule. Our
work sharesa similar challengein that we attemptto co-
ordinatemultiple SMs to manageonesystem,which itself
containsmultiple elements.

To thebestof our knowledge,no onehasexplicitly ad-
dressedtheproblemof coordinatingmultiple SMsto man-
agea single system. A few approaches(e.g., [22]) show
promiseof acomprehensivearchitectureto addressmultiple
aspectsof self-management,but havenotcarriedtheresults
throughto implementation. In comparison,our work ad-
dressesthis problem,with a focuson theaspectsof global
con�guration andincrementaladaptationin the context of
self-con�guring and self-healingcapabilities. Variousre-
searchesaddressthedimensionsof self-managementmen-
tionedbefore,including the areasof systemcomposition,
smartcomponents,andincrementaladaptations.

Previouswork on servicecompositionframeworkshave
attemptedto automatethe generationof global system
con�guration given certain constraintsand/or optimiza-
tion criteria. Most of theseefforts explore a path-based
(e.g., Panda [28] and Ninja [13]) or graph-based(e.g.,
SWORD [27]) servicecompositionmodelto transformthe
giveninput(s)to thedesiredoutputusinga seriesof format
adaptors.The Libra framework [19] aimsto automatethe
optimal compositionof servicesacrossthe wide-areanet-
work usingservice-speci�cknowledge.

Researchon smart components(e.g., smart servers,
smart databases)that adapt to changesin the environ-
ment provide building blocks for self-managementsys-
tems[21, 23]. Someof thesehavetheability to form aself-
organizingsystem(e.g.,[12]). Finally, several researchers
take theapproachof usingexternalizedmechanismsto dy-
namicallyadapta runningsystem[5, 7, 8, 14, 26]. Due to
thenatureof dynamic,run-timeadaptation,theirwork have
focusedon incrementaladaptation.

Depending on application domains, different self-
managementdecisionsmight be basedon differentquality
attributessuchasperformance,security, andreliability. In
morecomplex cases,a combinationof attributesmayneed
tobeconsideredbyusingutility models.Forexample,some
of thework ondynamicadaptationappliedtheirSMsto sys-
temswith primarily a performanceconcern[5, 7, 14].

3 Coordinating Self-ManagementModules
To harnessmultipleself-managementcapabilitiesfor asys-
tem,we proposeto usemorethanoneexisting SM in a co-
ordinatedfashion. However, the questionis, how canone
make surethat the moduleswork togetherto provide con-
sistentandcomplementarybene�ts?

Adopting IBM' s autonomic computing control loop

pointof view, wecanidentify threephasesof interaction:

SenseTheSM�rst sensesandaggregatesinformationfrom
thesystemandupdatesits model(s)of thesystem.

Evaluate Sensedinformationis analyzed,basedoncertain
metrics,to decideon thecourseof correctiveaction.

Act Theplannedcourseof actionis carriedouton thesys-
temto improveor correctthestateof thesystem.

Centralto all threeof theseareinternalmodelsto make
theoverallcontrolwork. WhenmultipleSMshaveto beco-
ordinated,eachof thesephasesintroducesa potentialpoint
of con�ict and inconsistency. As a result, thereare three
technicalchallengesto address.

(1) Consistent system access. Each SM needsto ob-
tain someinformationof themanagedsystemfor decision-
making. EachSM alsoneedsto changethe managedsys-
tem. For instance,SMs for a video conferencingsystem
might needto know the connectionlatency or component
cost.If thethesameinformationis collectedfrom multiple,
different sources—e.g.,one sourcereportsa cost of $10,
andanothera costof $100—theSMsmay arrive at differ-
entconclusionsaboutthesystem,andthuspotentiallymake
con�icting decisions.A differentissueariseswhenasingle
observation suchas latency may requiremultiple sources
of information. In sucha case,consistentinterpretationin
the sensorsthemselves is important. Likewise, whentwo
SMs want to changethe samecomponents,their actions
mayneedto besynchronizedto ensureconsistentoutcome.
Thuswe needto ensuretheconsistency of sensedinforma-
tion from theenvironmentandof actionson thesystem.

(2) Non-con�icting decision. The SMsmustevaluateor
interpretthe sensedinformationto make decisions.To do
so eachSM needsto baseits interpretationandevaluation
oncertainmetrics,possiblyin theform of utility models,to
make decisions.Thesemetricsmight includeperformance,
reliability, security, or cost,and,asmentionedbefore,the
SMs might focus on differentmetrics. In the video con-
ferencingexample,a compositionSM might evaluatemet-
rics of overall servicerequirement,while a service-change
SM might evaluatemetricson addinga userto theconfer-
ence. Becauseof the different focus, the SMs canpoten-
tially make con�icting decisions. For example,given the
samecomponentcostof $100,the compositionSM might
considerit a low cost,while theservice-changeSM might
considerit high. In a differentscenario,theservice-change
SM might needto join a new userto thevideoconference,
while the compositionSM might insteadwant to recom-
posethe entire conferencingsession. If eachworks in-
dependently, the resultingchangescould con�ict with one
another, and possibly leave the systemin a broken state.
Therefore,we needto ensurenon-con�icting andcomple-
mentarydecisions.



(3) Consistentmodel. EachSM hasaninternalmodelof
the system,which will most likely focus on different as-
pectsandrevealdifferentlevel of detailsof thesystem.For
example,the service-changeSM might maintainan archi-
tecturalmodelof thevideoconferencingsystem,while the
compositionSM might keepa detailedstructureof all of
theconferenceelements.Becausethemodelsarethebasis
of self-managementdecisions,the coordinatedSMs must
have a consistentview to achieve synergy. Consequently,
weneedto ensureconsistency acrossthemodels.

A solution shouldaddressall partsof the coordination
problemby ensuringconsistency in thesensedinformation
and action, by coordinatingmetricsand decision,and by
ensuringmodel consistency. In this paper, asa �rst step,
we focuson addressingthe �rst andthird challenges.We
brie�y discussthe issuesof decisioncoordination,but re-
servea comprehensivesolutionof thesecondchallengefor
futurework.

4 Our Approach

Figure 1. Coor dination Architecture

Our approachto addressthe core issuesof consistency
andcoherenceidenti�ed in theprevioussectioncanbesum-
marizedin threeconceptualparts. First, we identify three
commonly recurring mechanismsfor systemaccess,and
proposean infrastructurethat sharesthesemechanismsto
eliminateredundancy andcon�icts dueto systemchanges,
andto ensurethatall modelsacrossthevariousSMsre�ect
thesystemchanges.

Second,in orderfor theSMsto cooperateona decision,
they needto exchangemodelinformation.Furthermore,the
sharingof thesystemaccessrequiresacommonrepresenta-
tion of systeminformation,whichmaydiffer from theSMs'
internalmodels.Hence,weproposeatranslationinfrastruc-
tureto enablemodelexchangeandsystemaccess.

Third, in order to reach a single, coherentdecision
amongmultiple SMs,coordinationof thedecisionprocess

is crucial. Therefore,we proposeto coordinateevaluation
metricsamongtheSMsandto enforceacontrolpatternthat
allows theSMsto cooperatively makedecisions.

Thesethreeresultsare embodiedin a coordinationar-
chitecture,shown in Figure1. Self-managementmodule1
( ����� ) interactswith ���	� via the model translatorin the
translationinfrastructure. ����
 correspondsto thegeneral
case. Each ���	� accessesthe systemand its surrounding
environmentusingthesystemaccessinfrastructure,alsoby
wayof translation.Thesystemaccesscomponentssendno-
ti�cations to the SMs via translation. Finally, eachof the
translationcomponentsusesthe translationrepository. In
thefollowing subsections,wedescribein detail therolesof
eachpart,andhow they work together.

This approachprovides commoninfrastructuresto co-
ordinateSMs and produceconsistentand coherentself-
managementsystems.The commoninfrastructurefurther
hideslower-level systemaccessdetailsfrom the SMs, al-
lowing developersof self-managementmodulesto concen-
trate on the more abstractmanagementlogics. Our ap-
proachthusreusescommonmechanisms,reducesthe cost
of composingmultiple SMs, andpotentiallypromotesthe
developmentof moreSMsfor othersto reuseandcompose
self-managementsystemsdown theroad.

4.1 SystemAccess

Most SMs usethesethreemechanismsto get information
into andoutof themanagedsystem:

Envir onment measurement. This mechanismsupports
the observation and measurementof variousstatesof the
systemandthe systemenvironment,including component
propertiessuchasloadandliveness,andconnectionproper-
tiessuchaslatency andbandwidth.Thesensingmechanism
supportstwo ways to acquireenvironmentinformation—
monitoring,whereinformationis pushedfrom thesystem,
andquerying,whereinformationis pulledfrom thesystem

Resource discovery. This mechanismfacilitatesthe dis-
coveryof availableresourcesin theenvironmentthatarenot
partof theexistingsystem,basedonresourcetypeandother
criteria. For example,anSM for a videoconferencingsys-
temmight needto discover a new conferencinggateway to
replacea failedgateway. Furthermore,thediscoverymight
be basedon proximity to existing users,load requirement,
andcost.

Action component. This mechanismenablesthe SM to
modify the con�guration of the system. In the above ex-
ample,after thediscovery of the replacementgateway, the
SM mightusetheactioncomponentto removetheold gate-
way from thesystemandput thereplacementgateway into
servicewith certaincon�gurationsettings.



Becauseof the importanceandrecurrenceof thesethree
mechanismsacrossSMs,whencoordinatingmultiple SMs,
we caneliminateredundancy by sharingthesemechanisms
amongthe SMs. Furthermore,sincesystemaccesspoten-
tially changesthe system,all modelsneedto re�ect the
changes.Thus,our approachprovidesa sharedsystemac-
cessinfrastructureresponsiblefor keepingthe modelsin
thevariousSMsupdatedthrougha noti�cation mechanism
whenany oneof the SMsaccessesthesystem.This helps
addressthe third challengeto ensureconsistentmodels.
Sincenotall changesaffectall models,only theSMswhose
modelsareaffectedneedto benoti�ed.

Consideran examplewhere ����� removesan existing
elementfrom thesystemusingtheactioncomponent.The
actioncomponentwould notify the otherSMs of this new
changeto thesystem.Next, ��� � might want to �nd a re-
placementelement,which it doesthroughresourcediscov-
ery. The resourcediscovery componentwould notify the
otherSMsaboutthenewly discoveredresources.As a third
example, ���	� might want to know somepropertyof one
of the new resources.It queriesthis propertythroughthe
environmentmeasurementcomponent,which would then
inform theotherSMsof thequeriedproperty.

This sharedsystemaccessinfrastructureaddressesthe
�rst challengeto ensurethe consistency of sensedinfor-
mation from the environment, since all the SMs obtain
their information from a single source. In addition,shar-
ing environmentmeasurementandresourcediscovery has
the bene�t of enablingperformanceoptimizationsuchas
measurementcaching. Sharingthe action componentfa-
cilitatessynchronizationof systemchangesto ensurecon-
sistentoutcomein the system. In contrast,synchronizing
multiple actioncomponentsrequiresmorecomplex organi-
zationscheme,protocols,andalgorithms.

4.2 Translation Infrastructur e

Thesecondpartof ourcoordinationarchitectureis thetrans-
lation infrastructureto enablethe sharedsystemaccess,
which requiresa commonrepresentationof systeminfor-
mation,andtheexchangeof modelinformation. To ful�ll
the two purposes,the translationinfrastructureconsistsof
separatetranslatorcomponentsfor exchangeof model in-
formationandfor eachof thethreesystemaccessfunctions.
All of the translatorcomponentssharea translationrepos-
itory to maintainthe necessarymappinginformation. To-
getherwith the noti�cation mechanismsof the systemac-
cessinfrastructure,the translationinfrastructureaddresses
thethird challengeto ensureconsistentmodels.

Note that thereare potentially many different kinds of
modelsthatmight needtranslation.However, we aremost
interestedin modelsthat re�ect a run-timearchitectureof
thesystem,suchasa component-connectorview. Our de-
sign of the translationinfrastructure,in particularthe dif-

ferentkinds of mappingknowledge,is thusbasedon this
assumption.

Translation knowledge. Thetranslationrepositorystores
four kindsof mappingsusedby thetranslatorcomponents,
namelytype,element,operation,anderrormappings.The
useof a repositoryenablesthetranslatorsto sharethemap-
pingknowledge.

Type mapping. The“type” refersto theclassor cate-
gory of an elementandde�nes a setof propertiesthat the
elementcanhave. Thetypemappingbetweentwo types� �

and � � consistsof a simplerelationof their names,plusthe
relationsof eachof the propertiesof �
� to thecorrespond-
ing propertyof ��� . Eachpropertyis representedasapair of
propertytype andpropertyname.Type mappingmustex-
ist betweendifferentmodels,andbetweeneachmodeland
the system.For example,in a self-managedvideo confer-
encingsystemwith two coordinatedSMs,wemightseethe
following typemappingfor a gatewayelement.

����� ����� Sys
type GatewayT GW Type ServiceGW
prop1 N/A (String,location) (InetAddr, ip)
prop2 (�oat, cost) (�oat, cost) (�oat, cost)

Thistableshowsamappingof asingletypeamong����� ,
����� , andthesystem.Themappingprovidesa relationof
thetypenamesGatewayT, GW Type, andServiceGW, anda
setof relationsbetweenthepropertiesof thetypes.Notice
that not all propertieshave a correspondencein the other
modelsand the system(e.g., location). In addition,some
properties,like locationandip requiretransformation.

Element mapping. The “element” refersto an entity
in a modelor thesystem,andis a tupleof theentity's type
andits properties.Givenanelementin a particularmodel,
theelementmappingallows usto obtainthecorresponding
elementin anothermodel,or thesystem.Thus,theelement
mappingis a simplerelationbetweentwo elements.Con-
tinuing the previous example,we might seethe following
elementmapfor agatewayelement.

���
�

���
� Sys

(type, (GatewayT, (GW Type, (ServiceGW,
props..) cost=1.3) location=“PA”, ip=10.1.2.3,

cost=1.3) cost=1.3)

Operation mapping. The“operation” refersto a unit
of action that the SM can issueto the action component,
which thencarriesit outonthesystem.Unlike thetypeand
elementmappings,operationmappingonly existsbetween
eachof the SMs andthe system. The operationmapping
betweentwo operations�
�

� and �
�
� consistsof a simple

relationof the operationnames,plus the relationsof each
of the parametersof �
��� to the correspondingparameters



of �
��� . Eachparameteris representedasa pair of param-
eter type andparametername. For example,in the same
self-managedvideoconferencingsystem,we might seethe
following operationmapfrom ��� � to thesystem:

����� Sys
op start start
param1 (GatewayT, src) (ServiceGW, src)
param2 (�oat, timeout) (�oat, timeout)

This tableshows a mappingof anoperationfor starting
a gateway element,in which thegateway parameterneeds
to betranslatedusingtheelementmapping,but thetimeout
parameterdoesnot. Notice, however, that a moregeneric
parametertype can be speci�ed to allow the operationto
accommodatemorecases.

Err or mapping. The “error” refersto a problemthat
occurredduringanoperation.Like operationmapping,er-
ror mappingonly existsbetweenthesystemandeachof the
SMs. The error mappingbetweentwo errors ����� and �����

consistsof a simple relation of the error identi�ers, plus
possiblerelationsof thesourcesof errorof ����� to thecor-
respondingsourcesof ����� . For example,considerthesame
video conferencingsystem,wherewe might have the fol-
lowing errormapfrom thesystemto ����� :

���
� Sys

error GatewayNotFound GatewayHostNotFoundEx

Amongthefour typesof mappingsabove,thetype,oper-
ation,anderrormappingsareprovideda priori to thetrans-
lation infrastructure,andpopulatedin thetranslationrepos-
itory, beforethesystemis deployed.

Typesof translators. As mentionedbefore,therearefour
kinds of translatorcomponents.The modeltranslatoren-
ablesSMsto exchangemodelinformationwith eachother
and to maintainconsistency with the system. It usesthe
typemappingto transformindividualelementsof thesource
modelto elementsin the targetmodel,generatingelement
mappingsin the process. For example,considertranslat-
ing ���	� 's model,which containsa gateway element( ��� )
asshown in elementmappingtable,to ����� 's model. The
model translatorwould searchfor GWType in the type
mapping,�nd thetarget typeGatewayT , createthetarget
element( ��� ) of that type,thenusethepropertymappingto
�ll in theproperties.Finally, it storestheresultingelement
mapping����� �!�"��# in therepository.

The system accesstranslatorswork similarly to the
model translatorto enablethe SMs to communicatewith
the systemaccessinfrastructure. When an SM interacts
with the system,it refersto systementitiesand typesus-
ing the vocabulary of its internalmodel. It is the respon-
sibility of thesetranslatorsto transformthosereferencesto
speci�c systementitiesthatthesystemaccessinfrastructure

canunderstandandmanipulate.Responsesfrom thesystem
accessinfrastructurealsoneedsto be translatedback into
thevocabularyof theaccessingmodule.

The environmentmeasurementtranslator usesthe ele-
mentmappingto translatetheelementsin queriesfrom the
SMs.Theresourcediscoverytranslatorusesthetypemap-
ping to translatethe resourcetype of the request,and the
elementmappingto translatethe discoveredresourceele-
ments.Theactiontranslatorusestheoperationmappingto
translatetheactionsspeci�edby theSMs,thentheelement
mappingto translatetheindividualparametersasnecessary,
and�nally theerrormappingto translateany resultingerror.

4.3 DecisionCoordination
The third part of our coordinationarchitectureis thecoor-
dinationof thedecisionprocessastheSMs usesensedin-
formationprovided by the systemaccessinfrastructureto
evaluateandact on a solution. Although we arecurrently
still researchingthis problem,we believe thatdecisionco-
ordinationcanbeachievedthroughcoordinatingevaluation
metricsandenforcingacontrolpattern.

Evaluation depends on application-speci�c metrics,
which may differ for differentSMs. The problemis that
thevariousmetricsmaybequiteindependent,or evencon-
�icting, for exampleperformanceversussecurity. In such
cases,theprioritizationof themetricsis mostlya policy is-
sue,socannotbederivedautomatically. Consequently, our
approachdefersthe coordinationof metricsto the domain
expertswho areintegratingthe SMs. The domainexperts
mustprovideacompatiblesetof utility criteriato ourcoor-
dinationarchitectureto ensurethattheSMsapplycompati-
blemetrics.

Compatiblemetrics for the SMs is only the �rst step,
the next stepis to ensurethat whena problemarises,the
SMscancooperativelyarriveatacoherentdecisionthrough
someprotocolof negotiation. In otherwordsa controlpat-
ternmustbeestablished,anda few examplesinclude:

Single-active Only one active at any time, with explicit
yieldingof control.

Balanceof power Any modulecanvetotheothers.
Master-slave Themasterassignstasksto theslave.
Agent-based Agent-like,peer-to-peernegotiations.
Democracy Modulesusedifferentmetricsto decideon a

solution,thenmajorityvotingdeterminesanoutcome.

Oneimportantfactorthataffectsthechoiceof controlpat-
ternis thenumberof SMscoordinated.For any controlpat-
tern,thecomplexity of theinteractiongrowswith thenum-
berof SMscoordinated.Themorecomplex controlpatterns
wouldbelesspracticalfor a largenumberof SMs.Relative
priority of theself-managementdimensionsis anotherfac-
tor. Ultimately, theapplicationdomainandthestakeholders
determinethebestcontrolpatternto enforce.



In summary, we expectto addressthesecondchallenge
to ensurenon-con�icting andcomplementarydecisionsby
(1) determininga setof compatibleevaluationmetricsfor
all the SMs basedon domain-speci�cknowledge,and(2)
establishinga controlpatternsuitableto theapplicationdo-
mainthatwill ensurea singlecoherentdecision.

5 CaseStudy

To evaluateourapproach,weperformedacasestudywhere
we coordinatedtwo existing SMs—LibraandRainbow—
to managea single system. To test the resulting self-
managementcoordination,we chosea video conferencing
systemasanexampletargetsystem.Thevideoconferenc-
ing systemuseddid notdynamicallyadapt.It wastherefore
a goodcandidatefor applyingmultiple dynamicadaptation
techniqueswithout beingconcernedwith interferingadap-
tationsfrom thesystem.

5.1 Overview

The Libra framework. Thegoalof theLibra framework
is to dynamicallycomposea “serviceinstance”(consisting
of variouscomponents)that is optimizedfor the require-
mentsandpreferencesspeci�edin aparticularuserrequest,
takinginto considerationtheglobalenvironmentcharacter-
isticsat thetime of therequest.In otherwords,Libra aims
to provide the global con�guration capability. To achieve
this ef�ciently , Libra separatesthedomain-speci�cknowl-
edge of compositionfrom the genericactionsinvolved in
the actualcomposition. A serviceprovider that wantsto
usetheLibra framework to provide a servicewould trans-
late its domain-speci�cknowledgeinto a “servicerecipe”
thatspeci�eswhatcomponentsareneededgivencertainre-
quirements,what environmentinformation shouldbe ob-
tainedfor optimization,andso on. The centralelementin
Libra is the synthesizer, which interpretsthe recipegiven
by theproviderandcarriesout theactionsaccordingly, e.g.,
�nding thenecessarycomponents,queryingfor theneeded
environmentinformation,calculatingtheoptimalcomposi-
tion, andstartingandconnectingthecomponents[19].

The Rainbow framework. Rainbow is an architecture-
based,dynamic self-adaptationframework that monitors
andincrementallyadaptsa targetrunningsystemusingthe
system's architecturalmodel. The architecturalmodelex-
ternalizesthereasoningof systempropertiesandconditions
for adaptation.Thearchitecturalmodelsatis�esanarchitec-
turalstyle,whichde�nesafamily of architectureswith aset
of typesfor components,connectors,interfaces,andprop-
ertiestogetherwith a setof rulesthatgovernhow elements
of thosetypesmaybecomposed.Theframework'sleverage
of architecturestyleenablesanalysis,systemevolution,and
reuseof both adaptationexpertiseand infrastructure,thus
achieving cost-effectiveness[5, 10].
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Figure 2. A video conf erencing session exam­
ple

Videoconferencingsystem. Our targetsystemis avideo
conferencingsystemthatsupportsuserswith differentcon-
ferencingapplicationsand hardware capabilitiesand in-
volvesvariouscomponentsacrossheterogeneousnetwork
environments. Speci�cally, three types of user are sup-
ported: (1) Vic/SDR users, who use a combinationof
conferencingtools [2] designedfor the MBone multicast
testbed[1], (2) NetMeetingusers,who usethe NetMeet-
ing application[24], and (3) Handheldusers,who usea
handhelddevicewith anapplicationthatonly receivesvideo
from a conferencingsession.

To supportthesedifferentusersin asinglevideoconfer-
encingsession,anumberof servicecomponentsareneeded.
For example,Figure2 showsavideoconferencingscenario
that involvesoneVic/SDR user, oneNetMeetinguser, and
a handhelduser. First, since Vic/SDR usesthe Session
Initiation Protocol(SIP) [16] for sessionsetupwhile Net-
MeetingusestheH.323protocol[20], a “video conferenc-
ing gateway” (VGW) mustbe usedto translatethe differ-
entnegotiationprotocols.Secondly, thehandheldapplica-
tion doesnot have the capacityto performthe sessionne-
gotiations. Therefore,a “handheldproxy” (HHP) is used
to negotiateon behalf of the handhelduser. Finally, the
communicationamongthe Vic/SDR user, the VGW, and
the HHP requiresIP multicast,which is not available in
the wide-areanetwork. Therefore,an “end systemmulti-
cast” (ESM) approachis usedthatusesa numberof “ESM
proxies”(ESMPs)to provide theIP multicastfunctionality
acrossthewide-areanetwork.

5.2 Coordinating Libra and Rainbow

TheLibra self-managementframework hastheexpertisein
global con�guration, while Rainbow hasstrengthin incre-
mentaladaptations.For managinga system,thesetwo ca-
pabilitiesservecomplementaryroles,soit is naturalto con-
siderasynergisticcompositionof thetwo frameworks.Tak-
ing theapproachoutlinedin Section4, we coordinatedthe
Libra andRainbow frameworksby sharinga systemaccess
infrastructure,creatinga translationinfrastructure,andes-
tablishinga controlpatternto coordinatedecisions.



Figure 3. Rainbo w­Libra Coor dination

The resulting framework is shown in Figure 3, using
matchingshapeswith Figure1 to help relatecorrespond-
ing parts. Synthesizeris oneof the SMs. Tailor with the
modelmanagertogetherform theotherSM. Detailson the
restof theframework follow.

Systemaccess. As describedearlier, the systemaccess
infrastructureprovides the mechanismsof environment
measurement,resourcediscovery, andactioncomponents,
which are neededby the SMs, Libra and Rainbow. Our
generalapproachto providing thesecapabilitieshasbeen
outlinedin Section4.1. Onepartthatis speci�c to this par-
ticularcasestudyis theuseof gaugesandprobesto support
environmentmeasurement.

Environmentmeasurementinvolvestwo aspects:moni-
toringandquerying.In otherwords,thegaugesandprobes
supportbothpush-basedandpull-basedmethodsfor acquir-
ing environmentinformation.A probeis ableto observeor
measurecertainpropertiesof systemelements.In themoni-
toringmode,theinformationgatheredby aprobeis period-
ically publishedto interestedgauges,which thenreportthe
informationto anSM.

On the other hand,when an SM wants to acquirethe
up-to-datevalueof a property, it canquerytheappropriate
gauge,which asksthe correspondingprobeto get the cur-
rentvalueof theproperty. Thedistinctionbetweenprobes
andgaugesis thatgaugesservethefunctionof thetranslator
for environmentmeasurement.

Translation infrastructur e. The translation infrastruc-
turebridgesthegapbetweenthemodelsof theSMs,andbe-
tweentheSMsandthesystem.In this casestudy, theRain-
bow framework operatesat thearchitecturelevel, so trans-
lation betweentheRainbow moduleandthesystemis nec-
essary. For systemaccess,translationis realizedvia gauges
for the environmentmeasurementand resourcediscovery
components,anda repair translatorfor the actioncompo-
nent.Themodeltranslatorworkspartlyaswedescribed,to
translatebetweenthesystemandRainbow's model. Based
on our analysisof thevideoconferencingsystem,we gen-
eratedtheinitial typemappingsof systemelementtypesto

architecturalelementtypesfor thetranslationinfrastructure.
Ontheotherhand,theLibra frameworkactuallyoperates

at thesystemlevel, sotranslationbetweentheLibra module
andthesystemis unnecessary. In addition,the translation
betweenthe Rainbow moduleand the Libra moduleonly
requiresthesametranslationknowledgedescribedabove.

Decisioncoordination. To ensureasinglecoherentdeci-
sionbetweentheSMs,in thiscasestudy, theproviderspeci-
�es andprovidesnon-con�icting evaluationmetricsto both
Libra andRainbow. As aninitial attempt,thesingle-active
controlpatternis usedto coordinatedecisionsbetweenLi-
braandRainbow, andchangesto thesystemoccurthrough
theactioncomponentin thesharedaccessinfrastructure.

Global con�guration incursa highercomputationcost,
but resultsin anoptimalcon�guration. On theotherhand,
incrementalrepair incurs a lower computationcost on a
shorter timescale,but the resulting decisionmay not be
globallyoptimal.Thenaturalarrangementis to alternatebe-
tweenthe two, performingglobalcon�guration only when
necessary, andotherwiseperformingincrementalrepair to
handlethelocalizedproblems.

The coordinationworks as follows: Initially, a user
setsup a videoconferencingsession,andtheLibra frame-
workperformstheinitial conferencingsystemcon�guration
basedon theuserrequestandtheprovider's recipe.It then
informstheRainbow framework of thearchitecturalmodel
of the systemvia the modeltranslator, andhandsthe con-
trol to Rainbow. Rainbow beginsmonitoringthesystemfor
problemsandmakingincrementalrepairswhennecessary.

EachtimeRainbow detectsaproblem,it usesits evalua-
tion metricsto determinethebestrepair. If Rainbow cannot
�x the problem,it will passthe control to Libra for total
recon�guration. Libra thencomposesa new video confer-
encingsessionusingits own setof evaluationmetrics.

Althoughbothframeworksaccessinformationaboutthe
system,their differencein expertisemeansdifferentkinds
of information are needed.The Libra framework queries
systeminformation on demandso that it can make in-
formed,globally optimaldecisions.On thecontrary, Rain-
bow needsaccessto informationquickly to make expedi-
ent,run-timedecisionssoit mustcacheobservedor queried
statesover a window of time, therebytradingoff accuracy
andoverhead(of data-caching)for ashorterlatency of adap-
tationresponse.Therefore,within thegeneralcoordination
approach,customizationwill benecessarydependingonthe
SMsbeingcoordinated.

6 Prototype Implementation

In the previous section,we describedat an abstractlevel
how we realizedthe coordinationarchitecturefor the case
studyto integrateRainbow andLibra. In this section,we
describetheprototypeimplementation.



Self-managementmodule components. Tailor and the
modelmanagercomprisetheevaluationanddecisioncom-
ponentsin theRainbow module.Themodelmanagermain-
tainsanarchitecturalmodelandprovidesa setof interfaces
for updating,changing,and querying the model, and for
queryingthesystem.It evaluatesthemodelto detectprob-
lemsandtriggersTailor to repairthem.

Synthesizeris the decision componentin the Libra
framework. Our prototypeimplementationcontainsa spe-
cializedsynthesizerfor thevideoconferencingservice.

Coordination architecture components. Thehigh-level
componentsin the architectureare implementedin Java
andprovideRMI interfacesfor interactionwith eachother.
The communicationbetweencomponentsis via XML re-
questandresponsemessagesoverRMI, wherewe havede-
�ned messageschemasfor all communicationto validate
themessages.

The environmentmeasurementmechanismin the sys-
tem accessinfrastructureincludestwo subcomponents—
network measurementandmonitoringgaugesandprobes.
The network measurementcurrentlyprovideslatency esti-
matesof network connections.This is achieved by using
theglobalnetwork positioning(GNP)[25] approach,which
modelsthe Internetasa geometricspace.The monitoring
gaugesandprobesusethe Sienapublish-subscribeinfras-
tructure[4], andcurrentlyincludeprobesthat canmonitor
theloadandlivenessof componentsin thesystem.

For resourcediscovery, weusethenetwork-sensitiveser-
vice discovery (NSSD) infrastructure[18]. The Libra or
Rainbow modulecanlook for aservicecomponentby send-
ing a requestto theNSSDdirectory, specifyingthedesired
servicetype anda setof predicates,which indicatescon-
straintsandpreferenceson the valuesof certainattributes
of the service. Suchattributesmight include, for exam-
ple, cost,supportedprotocols,andevennetwork latency to
aparticularuser.

The actioncomponentprovidesthe mechanismfor the
Libra or Rainbow moduleto modify thesystemcon�gura-
tion. It comprisesa high-level Java part to provideanRMI
interfaceto the rest of the infrastructure,and a low-level
C++partto interactwith thetargetsystemandcarryout the
actualoperations.

For the translationinfrastructure,the translationreposi-
tory is realizedbyacomplex hashdatastructureandanRMI
interfacefor thevarioustranslatorsto storeandretrieve the
mappings.Thedatastoredin themappingsareJava object
representationsof the types,elements,operations,errors.
As an implementationartifact,we mergedthe functionali-
ties of theenvironmentmeasurementandresourcediscov-
ery translators.

Video conferencing applications. In the video confer-
encingsystem,the userapplicationsinclude NetMeeting

andVic/SDR,whichareexistingapplications,andthehand-
heldconferencingapplication,which is a slightly-modi�ed
versionof Vic.

We use the following three systemcomponents. The
videoconferencinggateway(VGW) supportsinteroperabil-
ity betweenH.323-basedand SIP-basedconferencingap-
plications,i.e., it translatesthesessionnegotiationsandfor-
wardsthe video streamsduring the session[17]. We im-
plementeda handheldproxy (HHP) that is able to join a
conferencingsessionon behalfof a handhelduser. Finally,
we usea “proxy-based”variant of the end systemmulti-
cast(ESM)approachdescribedin [6], i.e.,theESMproxies
(ESMPs)establisha multicastoverlay amongthemselves,
andeachendsystemcommunicateswith aparticularESMP
to sendandreceivemulticastdata.

Sinceall theseapplicationsare legacy components,we
implementedwrappersto allow the systemaccessinfras-
tructure to control thesecomponents. Finally, note that
most infrastructurecomponentssuch as the environment
measurementandresourcediscoverymechanismsmightbe
reusablein othereffortsof self-managementcoordination.

7 Evaluation
We usethe video conferencingsystemdescribedin Sec-
tion 5.1to testtheprototypeanddemonstratethata coordi-
nationframework designedandimplementedaccordingto
therecipesof thecoordinationarchitecturecanconsistently
andcoherentlymanagea system.To do so,we performed
a casestudyof two adaptationscenarios:oneto adda new
userandanotherto respondto componentfailure. Eachre-
quiredtheinteractionof theLibra andRainbow modulesto
composeandadaptthevideoconferencingsystem.Theco-
ordinatedLibra andRainbow did achieve thedesiredadap-
tations,allowing thenew userto join andrecoveringin the
presenceof thecomponentfailure.

We alsousedthetwo scenariosaboveto quantifythead-
ditional overheadintroducedby the coordinationarchitec-
ture, i.e., theoverheadof thetranslationinfrastructure(but
not the systemaccessmechanismsbecausethey would be
neededevenwithoutcoordination).

Scenario1: NewVic user. In the�rst scenario,anew Vic
userrequeststo join analreadyrunningvideoconferencing
session.ThisrequestcausestheRainbow modelmanagerto
triggerTailor toperformanadaptationasfollows.First,Tai-
lor (throughthequerytranslator)queriesnetwork measure-
mentfor the latency betweenthe new Vic componentand
eachof the threeexisting ESMPs.After the threequeries,
Tailor choosesthe ESMPthat is “closest” to the new Vic
and issuesa “connect” operation,which goesthroughthe
repairtranslatorandis executedby theactioncomponentto
con�gure andstarttheuser'sconferencingapplication.Our
measurementsshow that this adaptationtakesabout2130
ms,of which thesystemaccessmechanismscost1600ms,



theRainbow modulespent230ms,andtheoverheadintro-
ducedby translationis 300ms.

Scenario2: FailedESMP. In thesecondscenario,oneof
the threeexisting ESMPsin the sessionfails. This failure
is detectedby a livenessprobeandreportedto the model
manager, which triggers Tailor to perform an adaptation
as follows. First, Tailor (throughthe modelmanagerand
querytranslator)queriestheresourcediscoverymechanism
to �nd a new ESMPto replacethe failed one. Then,Tai-
lor issuesthefollowing operations,which aretranslatedby
therepairtranslatorandexecutedby theactioncomponent:
shutdownthefailedESMP, start thenew ESMP, connectthe
new ESMPto thetwo remainingESMPsandtheendpoint
servedby the failedESMP(threeconnectoperations),and
�nally activate the new ESMP. The measurementresults
show that this adaptationtakes about2730 ms, of which
1500ms arespenton systemaccessmechanismsand330
msonRainbow, andthetranslationoverheadis 900ms.

Fromthesepreliminaryresults,we believethattheover-
headintroducedby thetranslationlayeris reasonable,given
thatin bothcasesit is well below thecostof actuallyaccess-
ing thesystem.

8 Discussion
The self-managementapproachimplied in this paperrests
on an importantassumptionthat for any targetsystem,the
framework hasaccessto somemeasurement,resourcedis-
covery, and effecting mechanismsto observe and change
that system. We believe this assumptionis reasonable
becausea growing numberof measurementtools and in-
frastructuresare able to provide information about com-
mon componentor connectorproperties,suchasnetwork
bandwidthandlatency measurements.Severaldifferentre-
sourcediscoveryprotocolsandinfrastructureexist thatcan
discover new servicesand resourcesfor a system. Like-
wise, effector technologiesare emerging to support dy-
namicchangesto runningsystemcomponents(e.g.,Work-
�ak es[15]). For many legacy systems,it is conceivableto
usewrappersto addhooksfor makingsystemchanges.

In order for the coordinationapproachto work, a few
unresolved issuesremain. First, to maintainconsistency
across% SMs, &'��%

�

# possiblepathsof translationexist be-
tweenthe SMs andbetweeneachSM andthe system,po-
tentially requiring &'�(%

�

# translatorsandcomplicatinginte-
gration. However, the numberof dimensions,i.e., sizeof

% , is unlikely to belarge. Also, themodelsmight not over-
lap signi�cantly becausethey addressdifferentdimensions
of thesystem.Finally, moresophisticatedrepresentationof
translationknowledgecanhelpreducethenumberof trans-
latorsto &'�(%�# .

Second,thereareotherself-managementdimensionsin
addition to what we explored in the casestudy. The co-
ordinationof thesepotentiallycon�icting dimensionsulti-

matelydependson thepolicy setforth by thestakeholders.
For example,domainexpertscoordinatingtheperformance
andsecuritydimensionsof asystemmightstipulatethatse-
curity overridesperformancein all cases.As long as the
coordinationpolicy canbeexpressedasa setof compatible
metricsandenforcedby a control pattern,thenwe believe
thatour approachwouldstill beapplicable.

Third, many differentcontrolpatternsarepossibleto co-
ordinateself-managementactions. The sophisticatedcon-
trol patternsenabletheSMs to engagein intricateinterac-
tions. For example,the democracy patternmight be used
to coordinate� ve equivalent SMs to increasefault toler-
ance. Or, the balanceof power patternmight be usedso
that a security-orientedSM could veto a potentially inse-
curechangefrom aperformance-orientedSM.

Finally, the work presentedin this paperis inherently
centralized,wheremonitoringandactionareperformedin a
centralizedfashionwithin thesharedinfrastructures.Mak-
ing this assumptionhasallowedus to focuson coreissues
of self-management,namelymonitoring,detection,evalua-
tion,andaction.At thesametime,theremaybeconcernsof
scalabilityandsinglepoint of failure.However, thecoordi-
nationarchitectureis potentiallyapplicablein a distributed
setting. For example,theself-managementmodulesmight
bedistributedin differenthosts.Onemight implementthe
systemaccessandenvironmentmeasurementinfrastructure
usingdistributedmiddleware.Thetranslationinfrastructure
can be distributed by replicatingthe translatorsthat were
sharedbetweenSMs, andby replicatingthe repositoryto
ensureavailableaccessof translationknowledge. The co-
ordinationandotherdistributedcomputingissuesarefuture
researchproblems.

9 Conclusionsand Future Work
In this paperwe presenteda coordinationarchitectureand
approachthat addressthe challengesof composingmul-
tiple self-managementmodulesin a consistentandcoher-
entmannerto managea system.We demonstratedour ap-
proachby integratingtwo self-managementmodules,Libra
andRainbow, in a casestudy, andapplyinga prototypeim-
plementationto anexamplevideoconferencingsystem.

Wethenshowedthattheapproachworksusingtwo adap-
tation scenarios.Finally, our evaluationbasedon the pro-
totype shows that the coordinationarchitectureachieves
reasonableperformance.We believe that our approachis
more generally applicableto coordinatingmultiple self-
con�guring andself-healingmodules,but unresolvedissues
remain,aswehavediscussedabove.

For future work, we plan to addressthe dif�cult chal-
lengeof coordinatingdecisionsbetweendifferentandpos-
sibly con�icting SMs. To resolve this challenge,we will
needto bettercharacterizethe kinds of SMs possible,de-
velopa techniqueto coordinatethevariousevaluationmet-



rics,anddetermineacoordinationpolicy to ensurecoherent
actionamongtheSMs.

We alsoplan to expandour casestudyas follows. (1)
We will explore the applicability of our approachto the
self-optimizingandself-protectingcapabilitiesfrom IBM' s
classi�cation. (2) We will addrecon�gurationmechanisms
to theprototypeandconductamorecomprehensiveevalua-
tion to includetotal recon�gurationat systemrun-timeand
incorporategreateruseof utility evaluationin thecoordina-
tion betweenRainbow andLibra. (3) We will examineper-
formancebottlenecksin the coordinationarchitectureand
attemptto optimizeour prototype.
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