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Abstract

Software developmentis getting more and more complex, espe-
cially within distributed middleware-basedenvironments. A major
drawbackduringtheoverall softwaredevelopmentprocessis thelack
of on-linetools,i.e. toolsappliedassoonasthereis a runningproto-
type of an application. The MIMO MIddlewareMOnitor providesa
solutionto thisproblemby implementinga framework for anefficient
developmentof on-linetools.

This paperpresentsa methodologyfor developing on-line tools
with MIMO. As anexamplescenario,we choosea distributedmedi-
cal imagereconstructionapplication,whichrepresentsatestcasewith
high performancerequirements.Our distributed,CORBA-basedap-
plication is instrumentedfor beingobserved with MIMO andrelated
tools.Additionally, loadbalancingmechanismsareintegratedfor fur-
therperformanceimprovements.

As aresult,weobtainanintegratedtool environmentfor observing
andsteeringtheimagereconstructionapplication.By usingour rapid
tool developmentprocess,theintegrationof on-linetoolsshows to be
very convenientandenablesanefficient tool deployment.
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1 Intr oduction

Supportingthesoftwaredevelopmentprocesswithin complex distributedenviron-
mentsis still a problemdueto thelackingon-linetool infrastructures.Especially,
application-oriented approachesfor developingintegratedandtool-supportedap-
plicationsarerare.

In thispaper, wepresenttheMIMO approach,whichproposesaninfrastructure
andmethodologyfor developingon-line tools for distributedheterogeneousenvi-
ronments.As theMIMO approachis application-oriented, weillustrateit by means
of a real-world applicationscenario:We show how to integrateon-line tool func-
tionality into a medicalimage-processingapplication. The characteristicsof this
applicationarethehigh performancerequirementsthatmake it necessaryto build
a parallelanddistributedversionin orderto limit processingtimes. Furthermore,
an automaticloadbalanceris appliedto theapplicationfor performancereasons,
suchthat theapplicationcanbeexecutedin parallelwithin a clusterof distributed
workstations.

As the on-line tool supportshouldnot be limited to the puredevelopmentof
applications,we provide a tool environmentthat supportsboth the development
andthesubsequentdeploymentof theapplication.Duringdevelopment,theobser-
vation of the distributedapplicationcanbe usedfor debuggingandperformance
tuning purposes,while during deployment the steeringfacilities canbe usedfor
maintenancetasks. For example,for managementpurposes,all computationob-
jects might have to be migratedaway from a specificnode,what can easily be
carriedout usingour tool environment,without interferingthe runningcomputa-
tion.

In thefollowing, wefirst giveanintroductioninto thecomponentsparticipating
in ourenvironment,whicharethemedicalimage-processingapplication,theload-
balancer, andthe MIMO system. Subsequently, we describethe compositionof
thesecomponentsinto an integrated,tool-supportedreal-world application. The
evaluationwith agenuinetestcaseprovestheapplicabilityof ourapproach.

Altogether, this paperthereforecontributesto an enhancedtool development
andusageprocessfor complex distributedapplications.The MIMO systempro-
videsthebasisfor this approach,while thetool developmentmethodologyshows
to beanappropriateprocedurefor its efficientdeployment.
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2 The Medical Image-ProcessingApplication

We explore our conceptsby meansof the parallelmedicalimage-processingap-
plication describedin [1], [2]. In this application,a realignmentprocessforms
part of the StatisticalParametricMapping (SPM) applicationdevelopedby the
WellcomeDepartmentof Cognitive Neurology[3]. SPM is usedfor processing
andanalysingtomographimagesequences,asobtainedfor exampleby functional
MagneticResonanceImaging (fMRI) or PositronEmissionTomography(PET).
Suchimagesequencesareusedin the field of neuro-science,for the analysisof
activities in differentregionsof thehumanbrainduringcognitive andmotoricex-
ercises.

Realignmentis a costintensive computationperformedduringthepreparation
of raw imagedatafor the forthcomingstatisticalevaluation. It computesa �����
transformationmatrix for eachimageof thesequence,for compensatingtheeffect
of small movementsof the patient,causede.g. by his breath. The imagesare
realignedrelatively to thefirst imageof thesequence.

The realignmentalgorithm for image sequencesas obtainedby fMRI will
briefly bepresented.Onehasto distinguishtwo cases:

1. Realignmentof onesequenceof images:
Thereferencedatasetandthefirst matrix is obtainedby performinganum-
berof preparatorycomputationsusingtheimagedataof thefirst image.The
matricesfor all remainingimagesarecalculatedusingthereferencedataset.

2. Realignmentof multiple sequencesof images:
The referencedatasetand the first matrix of the first sequencearecalcu-
lated. Thereafter, the first imagesof all remainingsequencesarerealigned
relatively to the first imageof the first sequenceandits referencedataset.
Finally, therealignmentalgorithmasdescribedin thefirst caseis appliedto
all sequencesindependently.

At this point the only preconditionfor the calculationof the transformation
matrix is theavailability of thereferencedataset,which is calculatedonly oncefor
eachsequence.Oncethereferencedataset(s)is(are)available,thematricesof the
sequence(s)canbecomputedindependently.

As the realignmentprocesshashigh performancerequirements,it is paral-
lelisedusingJava andCORBA asa programminglanguageandcommunication
platform. Computationalpartswritten in C++ are integratedby using the Java
Native Interface(JNI).

The following sectionsdescribethe loadmanagementsystemusedfor tuning
theperformanceof therealignmentapplication,andthemonitoringapproachused
to observe andsteertherunningapplication.
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3 The Load ManagementSystem

In order to improve the performanceof the parallel realignmentapplication,the
load managementapproachdescribedin [4] is applied. In general,loadmanage-
mentsystemscanbe split into threecomponents:The load monitoring,the load
distribution, andthe loadevaluationcomponent.They fulfil differenttasksat dif-
ferentabstractionlevels.Thiseasesthedesignandtheimplementationof theover-
all system.Figure1 shows the componentsof a load managementsystemanda
runtimeenvironmentcontainingapplicationobjects.

The loadmonitoringcomponentprovidesboth informationon availablecom-
puting resourcesandtheir utilisation,andinformationon applicationobjectsand
their resourceusage. This information hasto be provided dynamically, i.e. at
runtime,in orderto obtainknowledgeaboutthecurrentstateof theruntimeenvi-
ronment.

Load distribution provides the functionality for distributing workload. Load
distribution mechanismsfor systemlevel loadmanagementareinitial placement,
migration,andreplication.

Initial placement standsfor the creationof an objecton a hostthat hasenough
computingresourcesin orderto efficiently executeanobject.

Migration meansthemovementof anexistingobjecttoanotherhostthatpromises
a moreefficient execution. As migrationis appliedto existing objects,the
object statehasto be considered.The object’s communicationhasto be
stoppedandits statehasto betransferredto thenew object,andall commu-
nicationhasto beredirectedto thenew object.

Replication is similar to migrationbut theoriginal objectis not removed,sothat
identicalobjectscalledreplicasarecreated.Furtherrequeststo theobjectare
dividedamongits replicasin orderto distributeworkload(requests)among
them. Replicationis restrictedto replicationsafeobjects. This meansthat
an objectcanbe replicatedwithout applyinga consistency protocol to the
replicas.

Finally, the load evaluationcomponentmakes decisionsaboutload distribu-
tion basedon the informationprovidedby loadmonitoring. Thedecisionscanbe
reachedby a varietyof strategies. Theaim of thediversestrategiesis to improve
the overall performanceof the distributed applicationby compensatingload im-
balance.Thereare two main reasonsfor load imbalancein distributed systems.
First, backgroundloadcansubstantiallydecreasetheperformanceof a distributed
application.Second,requestoverloadthat is causedby too many simultaneously
requestingclients increasesthe requestprocessingtime and thus, decreasesthe
performanceof theoverall application.Both sourcesof loadimbalancehave to be
consideredby a loadmanager.

Distributed objectorientedenvironmentslike CORBA [5] or DCOM [6] are
basedon somekind of objectmodel. CORBA objectsareconnectedto themid-
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dlewareby thePOA (PortableObjectAdapter).Theobjectadapterprovidesfunc-
tionality for creatinganddestroying objects,andfor assigningrequeststo them.
The POA is configuredby thedevelopervia policies. The ORB (ObjectRequest
Broker) provides functionality for creatingobject adaptersand for requesthan-
dling. A requestto anobjectarrivesat theORB thattransmitsit to theappropriate
POA. Subsequently, the objectadapterstartsthe processingof the requestby an
implementationof theobject(Servant).

The load managementfunctionality, especiallyload monitoringandload dis-
tribution, have to be integratedinto the ORB and the POA becausewe decided
to make a systemlevel implementation.Therefore,we addedsomepoliciesand
interfacesto thePOA in orderto enablestatetransferandthecreationof replicas.

Themigrationandreplicationof objectsis realisedusingnew policiesthatde-
terminethecreationof objectsby meansof factories,andapersistencepolicy that
allows to migratethe stateof an object. Requestredirectionis performedby the
CORBA LocationForward mechanism[7]. It enablesto handover objectrefer-
encesto clientsby raisinganForwardRequest exception. Theclient runtime
transparentlyreconnectsto theforwardedreference.Thisguaranteesmigrationand
replicationtransparency.

4 MIMO

This sectionintroducestheMIMO MIddlewareMOnitoringsystem,aninfrastruc-
turefor monitoringandmanagingdistributed,heterogeneousmiddleware[8].

To handleheterogeneity, MIMO is basedonamulti-layer-monitoringapproach
which classifiescollectedinformationusingseveral abstractionlevels andthere-
fore servesasa foundationfor integratingdiversemiddleware. In orderto enable
a rapid and flexible tool designand construction,MIMO’ s structurerelies on a
three-tiermodelseparatingtools,themonitoringsystem,andtheinstrumentedap-
plication throughgenericinterfaces.Theseinterfacesmake it possibleto usethe
coreMIMO infrastructurefor building toolsandapplicationinstrumentationin an
appropriatefashionfor themonitoredmiddleware.Finally, in orderto designGUI
toolsadvantageously, thecomponent-basedMIVIS tool framework canbeusedto
integratenew tool functionalityeasilyby meansof Java beans.

4.1 Multi-Lay er-Monitoring

Figure2 showsanillustrationof a typicaldistributedmiddlewareenvironmentthat
we consider. The observed systemconsistsof six abstractionlayersfrom which
themonitorcollectsinformationandprovidesit to tools.

Thehighestabstractionlevel within thesystemis theapplicationlevel. Here,
only completeapplicationsareof interestfor the monitoringsystem. Within an
application,the whole functionality exportedby the componentsis describedby
interfaces. Theseinterfacesaredefinedin an abstractway in the interfacelayer.
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Theimplementationof thebehaviour describedby theseinterfacesis doneby ob-
jectswithin thedistributedobjectlayer. Theseobjectsmaystill be consideredas
abstractentitiesresidingin a global object space. In order to enablecommuni-
cationbetweenthedistributedobjects,sometype of middlewareis required,and
especially, a mechanismto defineanduniquelyidentify objectswithin theobject
spaceis needed.

As objectson the distributedobject level arestill abstractentities,they need
to be implementedin a concreteprogramminglanguage. This implementation
of the objectsis consideredin the subsequentimplementationlayer. Finally, the
implementationobjectsareexecutedwithin a run-timeenvironmentwhich canbe
anoperatingsystemor avirtual machineontopof anoperatingsystemthatis being
executedby theunderlyinghardwarenodes.

For variousmiddlewareplatformsor applications,this abstractmodelcanbe
mappedto concreteentity typesrelatedto the respective environments. We will
show themappingof therealignmentapplicationto theMLM modelin thefollow-
ing section.

4.2 MIMO Designand Ar chitecture

TheMIMO MIddlewareMOnitor providesa framework for onlinemonitoringand
managementtoolswhichis compliantto themulti-layer-monitoringapproach.The
fundamentalarchitecturerelies on the separationof the tools from the monitor-
ing systemand the observed applications[9]. Figure 3 illustratesthe resulting
3-tiermodel,whichshowstoolsmakinguseof MIMO by meansof a tool-monitor-
interface,while MIMO collectsinformation from the monitoredapplicationsby
meansof intrudersor adapterswhichcommunicatewith MIMO throughaintruder-
monitor-interface. Thedifferencebetweenintrudersandadaptersis that intruders
aretransparentlyintegratedinto theapplication,while adaptersmight bebuilt by
insertingcodeinto theapplication.

Toolsinteractwith themonitorsystemby meansof astandardisedtool-monitor
interface,while instrumentedcomponentsmake useof a genericintruder-monitor
interfacethatallows to exchangeany kind of event-basedinformation.

4.3 MIVIS Tool Framework

MIVIS (MImo VISualizer)representsageneralpurposeframework for GUI-based
tools. It containsbasicvisualisationfunctionalityneededfor sophisticatedobser-
vationof any middleware,andallows for easyextensionto includeotheradvanced
tool functionality. The genericMIVIS framework caresfor the interactionwith
MIMO andpresentsdatait receivesin anadvantageousway to theuser.

To fulfil the requirementof uncomplicatedextensibility of the visualisation
tool, it is split into a main programandseveral JavaBeanssoftwarecomponents.
Themainprogramtakescareof thecommunicationwith MIMO andtheprocessing
of thedata,andtheJavaBeansdo thegraphicaldisplay. Hereby, all JavaBeansare
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discoveredby MIVIS atstartuptime,andgetdynamicallyintegratedinto theGUI.
If a differenttypeof displayis needed,a usercanprogramthatdisplaytypeusing
Javaandturn it into aJavaBean.Thiscomponentis placedinto aspecificdirectory
sothatMIVIS canfind anduseit. Themainprogramdoesnothave to bechanged
at all, the only requirementis that the JavaBeanimplementsa minimal interface
thatenablesthemainprogramto communicatewith thebean.

Thebean-specificpropertiescanbesetby theuser. MIVIS knows aboutthese
propertiesby meansof theintrospectionmechanismandprovideseditorsto change
thesettingsof theseproperties.Additional editorsfor propertiesof a specialdata
type canbe placedinsidethe JavaBeanandusedinsteadof the standardeditors.
Hence,this approachoffersa very dynamicandflexible way to configurethebe-
haviour of variousdisplaytypes.MoredetailsaboutMIVIS canbefoundin [10].

In thefollowing, we make useof theMIMO capabilitiesto monitorandsteer
our load-balancedrealignmentapplication.

5 Integrating the Load-Balanced
RealignmentEnvir onment

In this section,we now describehow to monitor andsteerthe load-balancedre-
alignmentapplication.First, we begin with a generaloverview of the tool devel-
opmentprocessproposedby MIMO, beforewe subsequentlyshow theintegration
of therealignmentapplication.As a result,we obtaina visualisationtool showing
theactivities of the realignmentapplication,anda steeringpossibility thatallows
to migrateor replicateobjectsusinginteractive drag-and-dropmechanisms.

5.1 Tool Developmentwith MIMO

To enablemonitoringof a new middlewarewith MIMO, a generalmethodology
consistingof threemajorstepsexists:

� Definerelevantmiddleware entitiesandmapthemto theMLM model:
The first step is to defineentitieswithin the middleware which are rele-
vantfor beingmonitoredwith MIMO. Thiscaneithercompriseapplication-
specificentities like business-objects,or middleware-specificentities like
e.g.CORBA objects. The choiceof theseentitiesdependson the focusof
interestandstronglyinfluencesthefurtheractivities.

After defining the relevant entities, they needto be mappedto MIMO’ s
multi-layer-monitoring modeldescribedbefore. Here,a certaindegreeof
freedomexists and be exploited for the respective goals. The result is a
middleware-specificlayer-modelwith amappingto thegeneralMIMO MLM.

� Definerelevantevents:
After definingtheentities,relevanteventsthatmayoccurwithin themiddle-
wareor applicationhave to be determined.For example,theseeventsmay
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includegenerationor deletionof entities,or interactionsbetweenentities.
As before,the definition of relevant eventshighly dependson the focusof
the monitoringgoalsandcanbe completelyuser-defined. In any case,the
resultis alist of eventnamesandtheircorrespondingparametersthathaveto
bepassedwith them.Also, it is possibleto passeventsfrom theapplication
to the tools, aswell aspassingbackcommandsfrom tools to the intruders
or adaptersresidingin the applicationin order to manipulatethe running
application.

� Implementinstrumentationcodeandtool:
The last step in our methodologyis the actual implementationof intrud-
ers/adaptersandthetoolsbasedon thepreviousentityandeventdefinitions.
Here,MIMO serves asa commonmonitoring framework, and the MIMO
core can be usedas an intelligent communicationinfrastructurebetween
tools andintruders/adapters.Moreover, the MIVIS tool framework canbe
usedfor easydevelopmentof GUI tools.

Hence,with thisprocedurenew platformscaneasilybeintegratedto theMIMO
systemby following a fixedsetof rules. This generalapproachthereforeenables
a rapid andeasytool developmentwhich is highly application-andmiddleware-
oriented,suchthatdeveloperscanconcentrateontool developmentwithoutworry-
ing aboutgeneralmonitoringissues.Thestepsof thetool developmentmethodol-
ogyaresummarisedin Figure4.

5.2 Integrating the RealignmentApplication

Basedon the generaltool developmentprocess,we now show the integrationof
the realignmentapplicationinto the tool environment. Figure5 depictsthestruc-
ture of the realignmentapplication. The serviceoffered by the server object is
thecompute() service,whichcalculatesthetransformationmatrix for animage.
Thestateof a server objectconsistsof a referencedataqueue(cache).Therefore
it is replicationsafesinceit canbereplicatedwithout applyinga consistency pro-
tocol to its replicas,i.e. the requiredcachedatacaneasilybe reestablished.A
getReferenceData() serviceis offeredby eachclient andprovidesthespe-
cific referencedatato theserver if it is notalreadycached.

For integratingthesecomponentswithin MIMO, the relevant entitieshave to
bedeterminedatfirst. Theresultingmappingof realignmententitiesto theMIMO
MLM modelis illustratedin Table1.

The next stepis to defineappropriateeventsof interest. Theseincludeboth
eventsfor observingthe progressof the realignmentprocess,aswell assteering
eventsallowing to manipulatethe running application. The main eventsbeing
trackedby MIMO areasfollows:

� Creationanddeletioneventsfor new client andservantobjects

� Replicationof objects
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� Migrationof objects

� Informationeventsreportingtheloadof nodesandobjects

For steeringtherealignmentprocess,two eventsareused:

� Migrateobject

� Replicateobject

Theparametersfor thoseeventsincludethetargetobjectandtherespective desti-
nationnode.Moreexactdetailsabouttheeventsandtheirparameterscanbefound
in [1].

5.3 Example Scenario

Thefinal stepof our integrationis thedevelopmentof avisualisationbeanmaking
useof the MIVIS framework. We developeda new display that is usedfor the
visualisationof the processesdescribedbefore. Figure6 presentsthe basiclay-
out of thegraphicalon-line tool. Client andserver objectsarelocatedwithin the
respective rectanglesrepresentingthe client andserver hosts. In addition,server
object load (numericalrepresentation)and server host load valuesare depicted
(numericalandgraphicalrepresentation).The CORBA methodcompute() is
representedasblack arrow with a counterandgetReferenceData() asoff-
setturquoisearrow. ReplicationsandMigrationsarerepresentedaswhite andred
arrows respectively. ReplicationandMigration actionscanbe initiated manually
with adrag-and-dropfunctionality;theusercanthereforeeasilymigrateobjectsto
othernodes,or replicatethem,if adequate.

Consequently, the combinationof MIMO andMIVIS providesa flexible and
extensibleinfrastructurefor the developmentandthe maintenanceof large scale
distributedapplications.

6 Evaluation

In orderto prove theefficiency of thepresentedloadmanagementconceptandits
implementation,we presenta testcasefor our integratedrealignmentapplication
[11].

The hardwareconsistsof threemachineswith equalconfiguration. Thereis
no backgroundload on the machines.The examinedCORBA applicationis the
medicalimage-processingapplicationdescribedin section2 with two simultane-
ously requestingclients. Theapplicationis replicationsafeasalreadymentioned
in section3. Thus,migrationandreplicationcanbeappliedto thisapplication.

Figure7 shows theprocessingtime per imageagainstthenumberof thepro-
cessedimagefor both clients. At thebeginning,oneserver objectis createdand
placedon a machine(initial placement)andtheclientsstartrequestingtheserver.
The imageprocessingtime is equivalent for both clientsnow becausethe server
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alternatelyprocessestheir requests.After a while the load managementsystem
recognisesthat theserver is overloadedbecausebothclientspermanentlyrequest
the server. Accordingly, replication is performed,i.e. a secondserver object
(replica)is createdandeachclientgetsa replicaon its own. In consequenceof the
replication,the imageprocessingtime of eachclient decreasesabout50%. Some
time laterbackgroundprocessorload is generatedon themachinethat is usedby
thesecondclient’s replica.Hence,theimageprocessingtime of thesecondclient
substantiallyincreases.Again, the load managementsystemrecognizesthe pro-
cessoroverloadandmigratestheaffectedreplicato the third machinewhich was
not usedso far. The consequenceis that the imageprocessingtime returnsto its
normallevel.

Thetestcaseshows how theloadmanagementsystemis ableto dealwith dif-
ferentkindsof overload.Requestoverloadis compensatedby replication,whereas
backgroundloadis compensatedby migratinganobjectto a lessloadedhost.Con-
sequently, theloadmanagementsystemsimprovestheperformanceandthescala-
bility of themedicalimage-processingapplication.

Additionally, theintegratedtool environmentmakesit possibleto visualiseand
manuallysteertheload-balancedapplication,whatis helpful for performancetun-
ing aswell asfor maintenancetasks.

7 Conclusionand Futur e Work

In this paper, we have presentedanapproachfor developingon-linetools for dis-
tributedmiddleware-basedapplications.By meansof our load-balancedmedical
realignmentapplication,wehaveshown how to integratemonitoringfunctionsand
to implementa visualisationandsteeringtool, which canbeusedfor bothdevel-
opmentanddeploymenttasks.

The MIMO infrastructureprovides an infrastructurefor implementinginte-
gratedtool environments.Thetool developmentmethodologycaresfor a system-
aticandconcerteddevelopmentprocessfor toolsandinstrumentationcomponents.
Finally, we have presenteda real-world applicationscenariothatprovestheappli-
cability of ourapproach.

Futurework includestheelaborationof further tool interoperabilityconcepts,
whichenableacoordinatedandsimultaneousapplicationof severaltoolstoasingle
application.Theintegrationof our load-balancerandthevisualisationandsteering
tool is afirst steptowardsthisdirection.

Theglobalgoalof ourendeavoursis to contribute to anenhancedoverall soft-
waredevelopmentanddeploymentprocessby improving the tool supportfor the
“on-line phases”of thesoftwarelifecycle. We aim at an increasedacceptanceof
on-line tools by showing an approachfor their rapid developmentand efficient
usage.
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RealignmentApplication MIMO MLM Entity

RealignmentApplication Application
Compute-Interface Interface
Compute-ObjectIOR DistributedObject
Java RealignmentClass Implementation
RealignmentProcessID Runtime
Node Hardware

Table1: Mappingof theRealignmentApplication
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Figure2: LayerModelof theDistributedEnvironment
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Figure3: 3-Tier Modelof theMonitoringArchitecture
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Figure6: Visualisationof a replicationandof objectinteractions
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