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Abstract

This papermpresentMOVIS — a systemfor visualizingmobile objectframewvorks. In such
frameworks,the objectscanmigrateto remotehosts alongwith their stateandbehaior, while
theapplicationis running.An innovative graph—basedisualizationis usedto depictthe phys-
ical andthe logical connectionsn the distributed objectnetwork. Scalabilityis achieved by
usinga focus+contgt techniqueointly with a usersteerectlusteringalgorithm. In addition,
aneventsynchronizatioomodelfor mobile objectsis presentedThe systemhasbeenapplied

to visualizingsereral mobile objectapplications.

Index Terms— Distributedsoftwarevisualization,mobile objects dynamicgraphlayout

1 Intr oduction

In recentyears,distributed objectshave becomeprominentin the designof distributed applica-
tions[41]. Mobile objectsareanaturalevolutionof thedistributedobjectsconcep{1,22,3540/42].

Themobile objectparadigmallows programgo migrateto remotehostswhile they arerunning. It
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Figurel: MOVIS userinterface. Small rectanglesepresentmobile objects. Color stripesshav
their movementhistory. Big rectanglesepresenthe coresthe objectsresidein. Dashedlines
represenphysical communicatiorbetweencores. Higher communicatiorfrequeng is indicated
by a higherfrequeng of alternationin thelines. Solid linesrepresentogical connectionbetween
objects.Thesquaran themiddleof the gure representsereralcoreswhich have beencollapsed.
Therectanglewith a doubleboundarywas selectedoy the userasthe currentfocusof attention

core.

offersscalability availability and e xibility adwantagesomparedo othermethodf creatingdis-
tributedapplications.However, suchsystemsaremoredif cult to designanddelug, two tasksin
whichvisualizationcangreatlyassist.This paperaddressethechallengingoroblemof visualizing
mobile objects.

Mobile objectshave two distinctive features.The rst featureis codemobility. objectscanmi-
grateto remotehosts,togethemwith their stateandbehaior, while the applicationis running. We
refer to the processe$iostingmobile objectsas cores The secondfeatureof mobile objectsis

location transpaency which allows the programmerto make calls to objectsregardlessof their
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currentlocation. Sincethelocationof objectsmay changeover time, provisionsmustbe supplied
in orderto trackreferencedbjects.Unlike regular distributedobjects,in which the locationof a
remoteobjectis x ed,whenmakingacall usingareferencdo amobileobject,theparametersay
passthroughseveralintermediarycoresuntil reachingthe calledobject. Theintroductionof inter-
mediarycoresallows for amorescalable|azy updateof thelocationof areferenceabject[22].

Althoughresearclon mobileobjectsis widespreadyisualizationof suchframevorkshashardly
beendone. As far aswe know, the only work in this eld includes[51,53]. Thesesystemdall
shortin several aspectsincluding the typesof eventsgeneratedndvisualizedandvisualization
consisteng andscalability which areaddresseth this paper

This papemakesthefollowing contrikutions: First, we presenMOVIS (Mobile ObjectVisual-
ization),a systemfor visualizationof distributedmobile objectenvironments.Secondwe discuss
therequirement®f a visualizationsystemfor mobile objects. Third, a graph-basedisualization
that concurrentlyshaws the physical connectionsn the computernetwork aswell asthe logi-
cal relationsbetweenthe mobile objectsis presentedqseeFigure1). Fourth, a contect-sensitve
focus+contgt sheye type displaytechniqueis suggestedn orderto provide hierarchicalinfor-
mationdisplayand supportscalability Fifth, a clusteringalgorithm,which is affectedby nodes
of interestto the user is presented.Sixth, we presenta modelfor event synchronizatiorthatis
usedto guaranteevisualizationconsisteng. Finally, we proposea methodin which eventsare
automaticallygeneratedavoiding additionalwork by the programmenf theapplication.

Therestof this paperis structuredasfollows: Section2 discusseselatedwork. In Section3, the
requirement®f amobile objectvisualizationsystemarediscussedOur visualizationis presented
in Section4. Section5 addressesonsisteng. Section6 discussescalability Section7 discusses
our graphdrawing algorithm. Section8 discussegmplementationssues Resultsarepresentedn
Section9. Finally, Section10 concludesanddiscusse$uturedirections.

Preliminaryversionsof this researcthave beenpresentedn [14,15].



2 RelatedWork

This paperfalls at the crossroad®etweentwo researchelds: distributed softwarevisualization
andgraphdrawing.

Distrib uted software visualization: Severaltoolshave beendevelopedfor visualizingparallel
anddistributedprogramgq30]. The PVanimsystem[48] is atoolkit for creatingvisualizationsof
theexecutionof PVM programs PARADE [45] in anenvironmentfor developingvisualizationsof
parallelanddistributedprograms.In [37], tracingof CORBA [41] remoteprocedurecallsis used
to analyzeruntimeactuities andlook for anomalousehaior. Vade[38] is adistributedalgorithm
animationsystemn whichvisualizationsanbe createcandexecutedonawebpageontheclient's
machine Pablo[44] providesanalysisandpresentatiof performancelatafor massvely parallel
distributed memorysystems.Jinsight[43] is a systemfor the visual exploration of the run-time
behaior of complex Java programs.

Althoughresearclon mobileobjectsis widespreadyisualizationof suchframevorkshashardly
beendone.In [51], amodi cation of the process-tima&iagram,adoptedrom XPVM [27], is used
asthe meansof visualization. The creation,destructiorand movementof mobile objectsare vi-
sualized. Event synchronizationis handledby timestampsand orderingrules. This systemhas
afew drawbacks. It requiresmanualannotationof sourcecodein orderto generatevents. The
systemdoesnot visualizethe physical connectiondetweemmachinesor doesit displaythelog-
ical connectiondetweenobjects. Finally, it is not scalable.In [53] a visualizationtool usedto
delug mobile objectsis presented.This tool is concernednainly with checkingthe mobility of
objectsasafunctionof time andidentifying movementhotspots Visualizationsfferedincludean
objectlocationdisplayand movementhistory for an object. The systemdoesnot visualizecom-
municationbetweenobjectsor betweencomputershostingthe objects. Visualizationconsisteng
andscalabilityto large numbersof objectsin not addressedin this paperwe discussa different
approactto thevisualizationof mobile objectframavorks, attemptingto solve theseproblems.

Graph drawing: The generalproblemof draving graphs.g.,assigningcoordinateso graph

vertices edgesandotherelementshasbeenextensvely studied[9,26,46]. Onepopulartechnique



is force-directedayout, which usesphysical analogiesn orderto corverge to an aesthetically
pleasingdraving [25,26,46]. Drawing non-pointverticesusingthisapproachs discussedh [7,17,
21]. Extendingforce-directedalgorithmsfor drawing large graphsis discussedhn [19,20,28,49].

Work on clusteredgraphdrawing is lesswidespread.In [50], a divide andconquerapproach,
in which eachclusteris laid out separatelyandthenthe clustersarecomposedo form the graph,
is used. In [11], a methodof drawing the clusteringhierarchiesof the graphusing differentZ
coordinatesn a 3D view is discussedSeealso[3, 26] for adiscussiorof clusteredcandcompound
graphlayout.

Many applicationgequiredynamicgraphdrawing, i.e., the ability of modifying the graph[10,
26,39]. Differenttypesof graphmodi cations may be performed. Theseinclude addingor re-
moving verticesandedges.The challengan dynamicgraphdrawing is to computea new layout
thatis both aestheticallypleasingasit standsand ts well into the sequencef drawings of the
evolving graph. The latter criterion hasbeentermedpreservingthe mentalmap[36] or dynamic
stability [39].

Several algorithmsaddresshe problemof of ine dynamicgraphdraving, wherethe entire
sequencés known in advance.In [10], ameta-graphbuilt usinginformationfrom theentiregraph
sequencds usedin orderto maintainthementalmap.In [31] astrati ed, abstractedersionof the
graphis usedto exposeits underlyingstructure An of ine forcedirectedalgorithmis usedin [13]
in orderto create2D and3D animationsof evolving graphs.Creatingsmoothanimationbetween
changingsequencesf graphss addresseth [4].

An online graphdrawing algorithmis discussedn [33], wherea costfunction thattakesboth
aesthetiandstability considerationato accountjs de ned andused.Unfortunately computing
this functionis very expensve (45 secondgor a 63 nodegraph).Drawing constrainedyraphshas
also beenaddressed.Incrementaldraving of DAGs is discussedn [39]. Dynamicdrawing of
orthogonalndhierarchicalgraphss discussedn [18].

TheDA-TU systenmdescribedn [23] allows navigatingandinteractvely clusteringhugegraphs.
In [34] analgorithmthattriesto improve thedistribution of nodesn agraphwhile maintainingthe

mentalmapis describedFinally, somecommerciabgraphlayoutpackagesuchas[47,52] contain



provisionsfor dynamiclayoutof graphs.As far aswe know, noneof the abore wasdesignedo
handleincrementadrawing of clusteredgraphs.Here,we wish to supportaddingandremoving

nodesclustersandedgesandmoving nodesbetweerclusters.

3 Requirements

This sectiondiscussesherequirement®f a visualizationsystemfor mobile objects:

1. Physical and logical visualization: A mobile objectapplicationhastwo distinct,yetrelated
facets. The rst is the physical computernetwork with the interconnectiondetweenthe cores.
The secondis the logical network of mobile objectsthat can be usedto showv the connections
andinteractionsbetweenobjects. The visualizationshoulddisplay both of thesefacets. This is
importantin orderto easilydetectcasesvherecloselyinteractingsystemcomponentsareplaced
on distantnodes. Using the visualizationthe systemarchitectwill detectthis inefciency and
modify thelogic andlayoutof theapplicationin orderto placesuchobjectsclosetogether

2. Interestingevents: In ary visualizationsystemthe eventsthatneedto bevisualizedgreatly
affect the designof the system. In the caseof mobile objects,the following interestingevents

shouldbevisualized:

ObjectMovement:Themovementof objectsbetweercoreswhile theapplicationis running
is the main differencebetweenmobile objectframevorks andregular distributed applica-

tions. Thereforea clearandconcisedepictionof suchactvitiesis of greatimportance.

Construction/destructiorBeing a dynamic,distributed application,both objectsand cores

may be addedor removedduringthe executionof the application.

CommunicationBeingdistributedin nature themessagesentbetweerthedifferentpartsof
thesystenplayaparamountole duringexecutionof theapplicatiorandthereforegprovisions

to visualizethemshouldbe supplied.

Eventgeneratiorshouldbetransparenbothto the programmeandto theuserof theapplication.

Moreover, caremustbe taken in orderto reducethe perturbationof the applicationcausedby
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generatingheevents.

Being able to visualize movementallows easily identifying caseswhere objectsmigratetoo
often,whichis inef cient. Visualizingcommunicatiorcanhelpexposecloselyinteractingobjects,
which shouldbe placedin closeproximity

3. Consistentdepiction: In a distributed, asynchronougrnvironmentthereis no global clock
thatcanbe usedto synchronizesvents. This may leadto inconsistenvisualizationsn which, for
example,amessagés shavn to berecevedbeforeit is sent. Oneof the challengesn visualizing
distributed systemds creatingan animationthat provides a consistendepictionof events. This
is especiallychallengingfor mobile objects,sincepartsof the applicationchangetheir physical
locationduringexecution.

4. Scalability: Oneof the main challengesn software visualizationis building a scalablevi-
sualization. This is especiallyimportantwhen dealingwith networks of computerswhich can
potentially generatemassve amountsof information. A visualizationsystemshouldbe able to
procesdargeamountsof data. This shouldbe donewhile avoiding swampingthe userwith unnec-
essaryinformationandwithout slowing the responsef the visualizationsystemto a pointwhere
it is nolongeruseful.

Theusershouldbe ableto steerthe visualizationsystemto displayrelevantandinterestingdata
out of the large amountof informationcollected. This control shouldbeinteractve, allowing the
userto feedbackto the systemnew requestdasedon the knovledgeaccumulatedvhile viewing
the unfolding visualization. This will allow the userto easily study interestingpartsof a large
distributedsystemfor exampleoneswhich requiretuning.

5. Dynamic graph layout: A graphis a naturalway to representhe structureof a software
system. In the context of mobile objects,a dynamic, clusteredgraphis used,as explainedin
Sectiond. Sincethe graphis dynamic,it is importantto producestablelayoutsthathelpmaintain
the usersmentalmap of the system. This is requiredin orderto avoid distractingthe userwith
confusingchangedo theway the graphlooks eachtime it changes.

In thefollowing sectionswve describehow MOVIS addressethererequirements.



4 Physicaland Logical Visualization

As discussedh Section3, two simultaneousetworksareof interest:thephysicalnetwork of cores
(machinespndthelogical relationsandinteractiondetweermobile objects.A graphis a natural
choicefor visualizinga distributednetwork. In our casewe needto simultaneouslyisualizetwo

graphs.We usethefollowing de nition:

De nition 4.1 ClusteredGraph: A clusteedgraphis an orderedquadrupleG = (V;C; E; E.),
wher V is thenodeset,C is a setof clustes which form a partition of the nodesetV, E, is the
setof edgesbetweemodesE,  f (vi;v;)ji 6 |;vi;v; 2 VgandE; is thesetof clustercluster

edgesE. f(Ci;Cj )ji 6 j;Ci;Cj 2 Cg.

A clusteredyraphis anaturalchoicefor displayingthesimultaneoughysicalandlogicalgraphs,
asdemonstrateth Figurel. Every mobile objectis depictedby a nodein the graph. Thelogical
connectionbetweerobjectsareshavn usingsolid edgesonnectinghenodes.In orderto overlay
the physical structureof the network, clustersareused.Eachcoreis representetyy a clusterthat
containsall of the objectscurrentlyresidingin thatcore. Dashecclusterclusteredgesareusedto
represenphysical connectiondetweencores(seeFigure 1), asopposedo logical relationsthat
exist betweerpbjects.

The graphcanbe displayedin threedimensionsasillustratedin Figure2 (a). Edgesbetween
nodes,shaving relationsbetweenmobile objects,are dravn on the lower plane,while cluster
clusteredgesshawving physicalconnectiondetweercores,aredravn on theupperplane.in 3D,
a clusteris dravn asa semi-transparergyramid. A smalldummynodeis addedto eachcluster
drawvn at the apex of the pyramid andsenesasthe endpointof clusterclusteredges.Oneof our
guidelinesin creatingthis visualizationis beingableto collapsethe 3D view into a 2D view in a
naturalandcomprehensiblevay, asillustratedin Figure2 (b), which shavs a 2D drawing of the
graphfrom Figure?2 (a).

We useseveral techniquesand attributesin orderto displayinformationin this graph. Each
clusterboundaryis dravn usinga differentcolor. This helpsthe usertrackthe differentclusters

while changeareperformedo the graphduringthevisualization.
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Figure2: Visualizationof mobile objectsin 3D & 2D

Eachnodeis dravn usingcolor strips,asshavn in Figurel. The stripsarecoloredaccording
to thelocationhistory of the object. The bottomstrip is the currentlocation(e.g. coloredwith the
samecolor asthe clusterthe nodecurrentlyresidesn) the strip above corresponds$o the previous
location,etc. This "growing stacks”’metaphoiis similar to thegrowingsquaesin [12].

In orderto createamorescalableandmeaningfuldisplay we employ lazy constructiorof edges.
Insteadof clutteringthegraphwith node-nodedgeshaving all of thereferencebetweerobjects,
anedgeis dravn betweerntwo objectsoncea methodcall betweerthe objectsis detected.

In additionto the existenceof communicatiorbetweenobjectsor cores,the frequeng of this
communications of interestto the user Line patternsare usedto corvey this information. The
higherthefrequeng of alternationn thedashedines,thehigherthefrequeng of communication.
Seefor exampleFigurel. The sumof two weightedaveragess usedto calculatethe amountof
communicatiorbetweencores. The rst is the averagenumberof objectsmoving betweenthe
coresconnectedy the edge.The seconds the averagenumberof remoteinvocationsperformed
betweenthe two cores. The averagesare calculatedusinga weightedsliding window, taking the
lastN samplesnto account.

Somemobileobjectframenorks[22] allow taggingof speci ¢ objectsasstable.e. objectsthat
remainatthe sameocationthroughoutheir lifetime. This distinctionbetweerstableandmovable
objectsis visualizedby laying out the objectsin eachclusterusingtwo concentriccircles. The
innercircle containghe stableobjectswhile the outeronecontainsmovableones.

Animationis usedin orderto shav differentevents. Whena new graphlayoutis performed,

for exampleafter an objectmoves betweencores,the positionsof nodes,edgesand clustersare



linearly interpolatedbetweenthe old andthe new locations. A methodcall betweentwo remote

objectsis animatedusinga lightning bolt icon thatmovesfrom the callerto the calledobject.

5 Visualization Consistency

One of the main challengesn visualizing distributed ervironmentsis the accuratedepictionof
events.Sincein asynchronousdistributedsystemshereis no way of knowing thereal orderingof
events,it is necessaryo generate visualizationthatis consistentvith the events[32].

We baseour solutionto event synchronizatioron [38], whereconsisteng of distributed ervi-
ronmentswith staticobjectswasaddressedand extendit to supportmobile objectframavorks.

In [38], thefollowing is assumed:
1. Thereis a x ed(known) numberof processes.

2. A processanperformtwo typesof actions:sendinga messagé¢o adifferentprocessandan
internalcomputationpossiblymodifying the processs local state. Receving a messagés

consideredninternalaction.
3. Thecommunicatiometwork andprocessearereliable.
4. Messagesentby a singleprocesgo anothermprocessrrive in theorderthey weresent.
5. Thenetwork is asynchronousthereis no universalclock.

Sincethevisualizationprocesss partof thedistributedenvironment,it cannotknow therelative
orderof actionsperformedby differentprocessesA way to solve this dif culty is to introduce

semanticausality

De nition 5.1 With respecto a givenalgorithmrun r, we saythat an evente in r semantically

causes® denotedbye! €° if oneof thefollowing holds:

1. e and €° are on the sameprocess,e occurs befor € and the user speci ed that they are

semanticallydependant.
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2. eande”are on two different processesonnectedy a communicatiorthannel,e is a send

eventand€e’is the correspondingeceive event.

3. Theris anevente®®sud thate! e%ande® €°

Let e ande” betwo eventsof thealgorithm.Let An(€) andAn (€9 betheanimationsegmentsof
theseevents,respectiely. We saythatananimationAn (€) precedesinanimationAn (e, denoted
byAn(e) An(e), if An(e) completeeforeAn (€9 starts.

Thefollowing theoremhasbeenprovedin [38]:

Theorem 5.1 Ananimationis consistenwith theexecutionof thealgorithmif andonlyif for every

two algorithmeventse ande®, sud thate! e%alsoAn(e) An(€9.

Thatis, in orderto ensurethatthe animationis consistenwith the executionof the algorithm,
we have to ensurethatfor everytwo eventse ande®, if e!  €’thenAn(e) An(e).

A possiblemplementatiorof thisrequirements calledreceivesyndironization In thismethod,
reportsof sendandreceve eventsare sentto the animationsystemimmediatelyafter they take
placeandthereis no delayin the executionof thealgorithm.The animationof thereceve eventis
delayeaduntil thecorrespondingendeventhasbeenanimated.

We now turn our attentionto mobile objectervironments. The main differencesetweenthis

modelandthedistributedenvironmentsmodel,in the context of consisteny, are:
1. Assumptionl is violated.Both coresandobjectsmightjoin or leave the network.
2. Objectsmight move betweercores.

3. Assumption4 is violated. Sinceobjectsmight move, messagesentby a single objectto

anothemightberecevedoutof order

The rst problemis addresseasfollows. Dynamiccreationanddeletionof coresandobjects
are modeledasinternal messagesA core/ objectis introducedto the animationsystemafter
its internalcreateeventis receved. A core/ objectis deletedfrom the animationsystemoncea

deletioneventis recevedandall proceedingaventshave beenanimated.
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To solve the secondoroblem,objectmovementbetweenocationsis modeledasa methodcall
betweenthe sendingandreceving cores. The parameterpassedncludethe stateand behaior
(code)of the objectthatis beingmoved from onecoreto the other This approachallows usto
synchronizehe eventsemittedby objects,evenwhenthey migrateto remotecores.lt is ensured
thatthe movementeventwill be animatedoeforeary eventsgeneratedt the destinationcoreare
shavn. Hence,whentreatingobjectmovementasa methodcall betweencores,we are ableto
revertto usingexisting eventsynchronizatioralgorithms.

Thethird problem,out-of-ordermessagesshouldbe solved by the middlevareor the applica-
tion. It is not a visualizationproblem,but ratheran inherentproblem. Whenthis is solved, all
thatremainsis to solve possibleout-of-orderreceptionof messageby the visualizationsystem.
This canbe doneby addingan eventcounterto eachobjectandusingthereceivesyndironization
techniquedescribedaborve for visualization.

We have choserto performsynchronizatioratthe corelevel. Usinga ner-grainedapproachre-
qguiresextensve pro ling of theapplicationwhich mayslow down executionconsiderablyMuch
like regular distributedapplicationsgachcoreis viewed asa separatg@rocessandeventsnotify-
ing aboutcommunicatiorbetweenseparateoresandactiities internalto eachcore are emitted
andsynchronizedTheinternaleventsin eachcoreareserialized.This mayaddredundantiepen-
denciesbetweenactvities thatareindependenin a core but is guaranteedo createa consistent
visualization. The alternatve of askingthe userto explicitly de ne dependencies notviablein
the contet of our problem.

Messagesentbetweercoresaremodeledasmessagesentbetweerprocesseslhedependeng
betweerreceving the parameterfor amessageall andforwardingtheparameterto thenext core
onthewayto thedestinatiorcoreis handledautomaticallysincethesearetwo eventsthatoccurat
the samecore,oneafterthe other Thisis alsotrue for messagesendingthe returnvaluebackto
thecallercore.

Eventsshaving averageinformationthatis periodicallyupdatedarenot synchronized For ex-
ample,in our systemeventsnotifying theamountof communicatiorbetweercoresareperiodically

generatedyet notsynchronized.

12



6 Visualization Scalability

As the numberof objectsandcoresincreasesthe visualizationmight get clutteredwith informa-
tion. Gainingary insightfrom thevisualizationwill becomencreasinglydif cult. In this section

we present context sensitve focus+ contect techniquethatalleviatesthis problem.

6.1 Levelsof Detall

The visualizationshouldprovide the userwith an overview of the graphwhile at the sametime
allowing focusingon speci ¢, userde ned areasn orderto getmoredetailedinformation[6, 16].
To achieve thesegoals,a hierarcly of levels of detail is de ned, allowing differentpartsof the
graphto bedisplayedn differentlevels of detalil.

At the highestlevel, full informationis displayed,asshavn in Figure3(a). The next level of
thehierarcly omitsinformationaboutthe objectsresidingin eachcoreandthelogical connections
betweerpbjects.Insteadof displayinga clusterfor eachcorein the network, a singlenodeis used
to depicteachcore. As before,clusterclusteredgesareusedto corvey the physical connections
to othercoresin the network, asdemonstratedh Figure3(b). The nal level combinesseveral
coresinto onenodein thedisplay This allows collapsingun-interestingoartsof the graphinto a
smalldisplayareawhile still shawving the userthe overall structureof the graph. The sizeof such
nodess proportionalto the numberof coresthey depict. Figures3(c) and(d) demonstratgraphs
containingnodesof variouslevelsof detail. Notethe stability of thelayoutsandtheway nodesare
collapsedasthelevel of detailis decreased.

The userhasseveral methodsto control which partsof the graphwill be displayedin which
level of detail. The rst is selectingfocal nodes(cores)that are of primary interestto the user
andthusshouldbe displayedwith full detail. The secondmethodis navigating the graphusing
zoom-inandzoom-outoperationsThethird is choosinghetotal numberof nodeso bedisplayed
in thegraphandletting the systenclusterthegraphnodesaccordingly Oncethe userselectdocus
nodesa clusteringalgorithmis employedin orderto decideat whatlevel of detaileachcorewill

bedisplayedasdescribedn the next subsection.
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(c) Clusteringto 25 clusters (d) Clusteringto 15 clusters

Figure 3: Levels of detail. Several visualizationsof the samemobile objectnetwork are shavn.
Partsof thegraphareprogressiely collapsed Notethestability in thelayoutsandtheconseration

of the overall structureof thegraph.
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Zoom-inandzoom-outbperationsareanimatedsmoothly Theold nodesfadeout of thegraph
while thenew nodedadein. Next, thenew nodessmoothlymoveto their nal location.Thishelps
theuserunderstandhechangeso thegraph.A similaranimationis performedvhenre—clustering
is performed.Thelocationsof thenew clustersarecalculatedby thelayoutalgorithm,whichtakes
into accountthe previous locationsof the nodescomprisingthe cluster thus maintaininglayout
stability.

In orderto improve scalability the synchronizatiorschemepresentedn Section5 canbe ex-
tendedto a hierarcly of synchronizatiorunits, which is constructedgccordingto the hierarchical
representatioof thegraph.Eachlevel in thehierarcly containsasynchronizatiounit. Eventsare
forwardedto the next (higher)level only if they arenot containedn the currentlevel in the hier
archy. Usingthis method the amountof eventsreachingthe higherlevels of the hierarcly (which
representnore cores)is signi cantly reduced. In orderto further reducethe volume of events,
insteadof shaving movementsof objectsusinganimation this informationcanbetime-averaged

andvisualizedby changingthefrequeng of thedashedinesconnectingcores.

6.2 Clustering

A clusteringalgorithmis usedin orderto computethe hierarchicalrepresentatiomf the graph.
The clusteringis in uenced by the focal nodes which areinterestingnodesselectedy the user
A sheye type effectis used,wherenodesfartheraway from the focal nodesare displayedwith
lessdetail. The algorithm, which is summarizedn Figure 4, is basedon an extensionof the
agglomeratie clusteringalgorithm.

Thealgorithmhasseveralinputs.The rst is asetof focalnodeqe.g.,coresof interest) selected
interactvely by the user The seconds the distancedbetweemodes,designated (u;v), which
correspondo the weightsof edgesin the graph. They arecalculatedaccordingto the frequeng
of methodcallsandobjectmovesbetweercores,asdescribedn Section4. Thethird inputis the
desirednumberof clusters.Theoutputof thealgorithmis a hierarchicaklusteringof thegraph.

In the rst stepof the algorithm, the shortestdistancebetweeneachnodeu and the closest

focal node,D°% (u), is calculated. This is doneusing Dijkstra's algorithmon the focal nodes.
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Input: Setof focal nodesdistancebetweemodesnumberof desiredclusters

Algorithm:
1. Calculateshortesdistanceébetweereachnodeandthe closesfocusnode.
2. Updatedistancedetweemodesaccordingo distanceo focusnode.
3. Performhierarchicaklustering.

Output: Clusteringhierarcly of thenodes

Figure4: Focus-basedlusteringalgorithm

Additionally, the maximumof theminimal distancess computedasdya, = maxy,y f D@ (v)g;
whereV is thesetof nodesn thegraph.

In the secondstep,the distancesD (u;v), betweenevery pair of nodesu; v, are updatedac-
cordingto their proximity to focal nodes.As opposedo the regular sheye techniquejn which
geometriadistortionis used,our methodmovesthe distortionto the clusteringphase.This results
in a betterlayout sincethe graphis not distortedafter layout. We setthe initial, joint average
distanceof nodesu andv andafocusnodeto

Df ocal(u) + Df ocal(v)

Dfocal u;v) =
(u;v) .

avg

It shouldbe notedthat the focal nodeusedin D% (u) may be differentfrom the one usedin
Dfocal(y). ThedistanceD (u; V) is distortedto form D 9st" d(y-v), the updateddistancebetween

nodesu andv, accordingo thefollowing formula:

D(u;v)
f ocal

1+ C Dag (uv)

dmax

D distor ted(u. V) —

The greaterthe averagedistancebetweenthe nodesand the closestfocal node, the biggerthe
distortion. This behaior mimicsthe sheye effect. Nodesin the peripheryarelessinterestingand
thereforehave ahigherprobabilityof beingclusteredogethersincethey arepercevedto beclose.
In ourimplementatiorwe useC = 3. Anotheroptionis to have C dependdnthesizeof thegraph.

In thelaststepof thealgorithmthe actualclusteringis performedusingthedistancesomputed

in theprevioussteps.A bottom—up hierarchicaklusteringalgorithmis used.Thealgorithmstarts
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with assigningevery nodeto its own singletoncluster The algorithmthenrepetitvely greedily
joinsthetwo closestlusters.Thealgorithmterminatesvhentherequirednumberof clustershave
beencreated.

ThedistancebetweerclustersC; andC; is calculatecdusingamodi ed averagedistancemetric.
Only edgeqdistances)n thesetE; = fe= (u;v) 2 Gju 2 C;;v 2 Cjqg, thatis edgeddirectly
connectinganodeu 2 C; andanodev 2 C; (e.g.,edgescrossingthe boundarybetweenthe

clusterslaretakeninto account.Thedistances

P D distor ted (U' V)
(u;v)2Ej

j Ejj

Dist(Ci; Cj) =

e.g.,thesumof thelengthsof theedgeglivided by thenumberof edges.Thisformulais atradeof

betweeranexactcalculationandarapid,approximatecalculation.

7 Graph Drawing Algorithm

36,39,46]:

The movementof clustersbetweersuccessie dravings shouldbe small. Speci cally, clus-
tersthatarenot modi ed shouldremainin their previous positionif possible.Thelocation

of clustersplaysanimportantrole in the users mentalmapof thegraph.

Thechangen clustersizebetweersuccessie dravingsshouldbeminimalwhenthenumber
of verticesin the clusteris similar. Unnecessarilyarge deviationsin sizecausethe userto

bedistracted.
Movementof verticesinsidea clustershouldbe minimized. This improveslayoutstability.
Thesizeof eachclusterC; shouldbe proportionato the numberof verticesit contains.This

allows the userto quickly understandhow the mobile objectsaredistributedbetweercores.
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In orderto consere screerspacethedraving of eachclusterC; shouldbecompact.

In orderto reducegraphcluttering, overlappingbetweenverticesshould be avoided and

overlappingbetweerclusterboundarieshouldbe minimal.

Among the different classesof graphdrawing algorithms,the force directedalgorithm class
seemgo bethenaturalchoicein ourcasd8,25,26,46]. Roughlyspeakingthisapproactsimulates
a systemof forcesde ned on the input graphandoutputsa local minimumenegy con guration.
An edgeis simulatedby a spring connectingits endpointvertices. Edgelengthin uencesthe
optimalspringlengthandedgeweightdeterminests stiffness.Thealgorithmconvergestowardsa
minimumenegy position,startingfrom aninitial placemenbf thevertices.

Ouralgorithmutilizesthefollowing key ideas.First,dummyverticesandedgesareusedn order
to createa clusteredstructure Sinceclustersaretreatedasvertices theirmotioncanbe controlled.
Secondijnvisible place-holdererticesareusedin orderto minimizethemovementof clustersand
of verticeswithin clusters. This is donewhile maintainingcompactnesand keepingthe size of
theclustersproportionalto the numberof verticesthey contain.Third, edgelengthandweightare
usedasa meansof controlling the changesnadeto the layout. Fourth, to achieve both dynamic
stability anddistinguishbetweerstableandmovablevertices the setof verticesis partitionedinto
two sub-sets- stableandmovable. The subsetsrelaid out in a structurethat approximateswo
concentriccirclesaroundthe centerof the cluster Stableobjectsareplacedin theinnercircle and
movableobjectsin theouterone. Theseideasareelaboratedn this section.

To computelayout L, only thelastlayout,L; 1, andthe nen graphthatneedsto be laid out,
Gj, areused.Thisis afastandsimpleapproachhat ts well with theview thatincrementalayout
performssomelocal changesn thegraph.The previouslayoutis considerec goodstartingpoint
for the new layout,with someadjustmentsnadeaccordingo the changeshatoccurred.

The rst stepin computingthe new layout, describedn Section7.3, is a meige stage,which
megeslayoutL; ; andgraphG;. In the secondstageanactuallayout,L?, is computedusinga
staticforce directedlayoutalgorithmwith the modi cations describedn Sections7.1-7.2.In the
third stagethequality of thislayoutis checled,asdescribedn Section7.4. If thelayoutis deemed

satishctory it isacceptedndL; = L. Otherwiseasecondayoutattempis performedproducing
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layoutL 2. During this attempt,morefreedomis givento the layoutalgorithmin termsof moving
vertices,at the expenseof wealeningthe connectionbetweenthe old andthe new layouts. The
betterof L! andL ? is selectedasthe nal dravingL;. The nal stageof thealgorithmanimateghe

changebetweerthedrawvingsL; ; andL; in asmoothmannerFigure5 summarizeshealgorithm.

procedurencrementaldrawving (L 1; Gj ) f

G" =memegraphy L; 1; Gj)

LI =layoutgraph(GM)

if (densitymetricof L} < thr eshold)
L = L1

else
L2 = layoutgraph( modify_graph(L?!))
L; = better(L2,L1)

animatechangg(L; 1; L;)

g

Figure5: Layoutalgorithmoverview in pseudo-code

7.1 Supporting Clusters

In orderto visualizethe clusteredstructureof the graph,an invisible dummy attractorvertex is
addedto eachcluster All of the verticesin the clusterare connectedvith invisible edgeso the
attractorvertex [26].

As opposedo existing algorithms,separatiorbetweenthe clustersand meetingthe otherre-
guirementsiescribedabove, is accomplishedhroughpropersettingsof edgelengthsandweights.
Higher edgeweightsinstruct the underlyingforce-directedalgorithmto try harderto generate
edgeswith lengthscloseto the optimallengthssuppliedto thealgorithm.

Five kindsof edgelengthsareutilized andindicatetheexpectedevel of proximity betweertheir
adjacentvertices. The shortesiengthis assignedo the invisible edgesconnectingstaticvertices

to thedummyvertex of the clusterthey belongto. Theedgesconnectingnovableverticesandthe
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dummyvertex areassignedongerlengths. This createsa layout that resembleswo concentric
circles. Thenext type of edgeis the edgebetweernvertices.If bothverticesatthe endpointsf the
edgeare containedn the samecluster a shorterlengthis setthanif the verticesarein different
clusters.This increaseshe separatiorbetweerclusters.Thelastkind of edgesareclustercluster
edges. The length of theseedgesis variableand dependson the requestegroximity between
the differentclusters,which is determinedby the application,e.g., by the amountof interaction
betweerclusters.

Inter-clusteredgesare assignedower weightsthanintra-clusteredges. This is donein an at-
temptto give inter-clusteredgeslessin uence on the layout. This is importantwhen vertices
move betweerclusters.In suchcasesit is preferableto stretchor shortenthe lengthof the edges
somavhat,ratherthandisplacevertices.

In ourimplementationthelengthsassignedo the edgesconnectinga staticvertex to adummy
vertex, a movable vertex to a dummy vertex, two regular verticesin the sameclusterand two
regularverticeslocatedin differentclustersarel, 2, 1.5and4 units of length,respectiely. The
lengthsassignedo clusterclusteredgesrary betweerb and6 units,wherethedummyverticesare
usedasendpointsfor clusterclusteredges.The weightof intra-clusteredgess setto 1 unit and
theweightof inter-clusteredgess setto 2.5 units. Thesevaluesrepresena compromisebetween
stablelayoutsto aestheticmnes. Allowing the usercontrol over theseparametersvill tailor the

visualizationto the users preferences.

7.2 Minimizing Visual Changes

Invisible vertices,called spacervertices,are addedto eachcluster in an attemptto reducethe
changadn clusters'outlinesandminimize the movementof clustersbetweersuccessie layouts.
The spacerverticesare usedas place-holderdor regular verticesin a cluster Like regular
verticesthey areconnectedvith invisible edgego the dummyvertex of the clusterto which they
belong.Whenavertex is removedfrom a cluster a spacewertex is addedo the clusterinsteadof
it. Theinitial locationof thespacewertex is setto bethelocationof thevertex thatleft the cluster

This is donein orderto keepthe size of the clusterconstantandin orderto resenre spacefor a
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new vertex thatmight beaddedo theclusterin thefuture. Whena vertex moves(or is added}o a
cluster the spacewertex thatis closestto its previouslocationis replacedy this new vertex.

However, whenaddingor removing spacersthe algorithm keepsthe numberof spacersn a
clusterbetweeranupperanda lower fractionof the numberof verticesin thecluster Thisis done
in orderto give the algorithmbreathingroom whenmodifying clusters.Moreover, the limits are
setsoasto avoid a casein which a clusterwith a very small numberof regular, visible vertices
occupiesalargeareadueto the mary spacewerticesit contains.

Whencalculatingthe outline of eachcluster whichis oftensimply theboundingbox, thespacer
verticesaretakeninto accoungsif they wereregularvisible vertices.Obviously, thisminimization

of themovementscomesat the expenseof extra screerspacewhichis occupiedoy the spacers.

7.3 Merging Graphs

The rst stepin performingtheincrementalayoutis meiging the new graphto bedrawvn, G;, and
the previousgraphdrawing, L; ;. Theresultof the mege stageis a partially laid out graph,G",
in which someof the verticesare assignednitial coordinates.After meging, the graphG[" is
laid-outby the staticlayoutalgorithm. The quality of the resultingincrementalayoutdepend®n
theinitial conditionscomputedby the meiging algorithm.

Merging is performedin several steps. Unchangedand dummy verticesare assignednitial
coordinatesromL; ;. Then,clusterdo whichverticeswerebothaddedandremovedarehandled.
Theaddedandremovedverticesof a clusterarepaired-upandtheinitial coordinate®f anadded
vertex is setto the coordinate®of aremovedvertex.

Then, verticesthat were addedto a clusteror removed from it, but cannotbe paired-up,are
handledasdiscussedn Section7.2. Next, the verticesin new clusterg(who exist in G; but notin
L; 1), areinsertedinto the graphwithoutinitial coordinatesalongwith new spacewertices.The
numberof thelatteris setto a constanfractionof the numberof verticesin the cluster

Thelaststageof meiging involvesvertex pinning, which restrictsvertex movement,allowing it
to move only asanindirectresultof the movementof anunpinnedvertex. We have experimented

with severalstratgiesfor computingthesetof verticesto bepinned.Ourconclusions thatpinning
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all verticesthatwereassigneatoordinatesachievesgoodresultsin termsof layoutstability.

7.4 Avoiding bad local minima

Oneof thedisadantage®f force directedlayoutis thatit corvergesto alocal minimumof graph
enegy. In somecasesthisleadsto anunsatiséctorylayout. In orderto detectsuchconditionswe

de ne, for clusterC;,

area(boundingboxC;)) .

density metric(C;) = i '
ensity metric(C;) number of vertices(C;)

For theentiregraphG we de ne density metric(G) = maxc,2cf density metric(C;)g:

Experiencehasshownn that a correlationexists betweenhigh densitymetric valuesand unaes-
theticlayouts,includingonesthatcontainoverlapsbetweerclusters.

Whenthe graphdensity metric exceedsa threshold,a secondlayout, L 2, is computed. The
restrictionson vertex movementarerelaxed— verticesarenot pinneddown. This givesthe layout
algorithmmorefreedomandallowsit to corvergeto abetterresult. Thelayoutalgorithmis re-run
with the positionsof the verticesin L} astheinitial condition. The new layoutL ? still resembles
LI becausef the suppliedinitial condition. The nal layoutis selectedasthe layout with the
lower densitymetric betweenL ! andL?. This demonstratethe tradeof betweerpreservinghe

mentalmapandcreatinganaestheticallyleasingayout.

8 Implementation

MOVIS wasimplementedon top of FarGo [22], a Java-basedmobile objectframenork. FarGo
containsextensve monitoringfacilities [40] andusesa source—to—sourceompilercalledFargoc
for generatingoroxiesand othercodeusedto implementsupportfor mobile objects. Our imple-
mentationis Java based We usethe Java3D API for generatinghe visualization.

Oursystems composeaf severalcomponentsln eachcore(machine)aspecialocal pro ling
object usedto collectevents,is instantiated.This objectlistensboth to eventsgeneratedy the

Fargo monitor andto eventsgeneratedy our modi ed Fargoc compiler The eventsgenerated
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by eachcoreareforwardedto a maineventcollectionobject This objecteitherstoresthe events
for of ine visualizationor forwardsthemto the eventsynchronizatiorunit, describedSection8.2.
After creatinga synchronizedevent list, from which a consistentrun of the applicationcan be
constructedthe eventsaresentto thevisualizationcomponentEventsgeneratedby theuser such
asrequestdor re-clusteringor zoomin / zoomout operationsare fusedtogetherwith the events

collectedfrom thesystem|n orderto form auni ed eventqueuethatis visualized.

8.1 Event Generation

Oneof the goalsof a programvisualizationsystemis to generateaventswith minimal effort by
the programmerand the userof the applicationbeing visualized,while perturbingthe running
applicationaslittle aspossible.In this sectionwe describehow thisis achieved.

The interestingeventsarerelatedto communicatiorbetweernmobile objectsand movementof
objectsbetweencores. Sincelocationtransparencneedso be maintainedvhencommunication
is performedbetweenmobile objects,somekind of proxy needsto be usedin orderto forward
the methodcall to the actualdestinationobject. This proxy is generateckither statically[22] or
dynamically[1,42]. Thisis wherethe eventgeneratiorcodeis (automatically)nserted.

In orderto tracemethodcalls, the Fargoc compilerwas modi ed to transparentlygeneratean
event eachtime executionentersan interfacemethodof a mobile object. Generatingeventsfor
movementof objectsbetweencoresis implementedby piggybackingonto the migration code
suppliedby the middleware. Othertypesof actionsfor which eventsneedto be generatednclude
the creationanddestructiorof mobile objectsandcores(e.g.,connecting/disconnectinigom the

applicationnetwork). This is handledby tappinginto anexisting pro ling interface.

8.2 Event Synchronization Component

The eventsynchronizatiorcomponenteceveseventsfrom all of the event collectionobjectslo-
catedat thedifferentcoresthatconstitutetheapplicationto be monitored.It reorderghe eventsin

orderto generatea sequencef eventsthatis consistentThis streamof eventsis thenvisualized.
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The implementatiorof the synchronizatiorcomponenfollows several rulesand obsenations

madein this paper The rst is thatall eventsgeneratedt a corearereportedin FIFO orderand

eacheventdependsn the previous event. The seconds thata sendeventshouldbe reported(to

thevisualization)before(depend®n) thereceve event. Thealgorithmis describedn Figure6.

proceduréhandleevent(evente) f
if (€'scoreis blocked)
gueueevent()
else
if (eis asendor internalevent)
commitevent()
elsel//eis areceve event
if (e depend®nacommittedevent)
commitevent()
else
gueueevent)
g
procedurecommitevent(avente) f
sendto_vis(e)
if (e canunblockacore)

BFS_unblockcoreg.getCore())

procedureBFS unblock core(corec) f
actve coreslist fcg
while (active_coreslist 6 ;)
c =remove._ rst(active_coreslist)
if (chasmorequeuedevents)
e. = c.nextEvent()
if (e. canbesent)
sendto_vis(e;)
if (e; is asendevent)
dest(e.) = e. destinatiorcore
if (dest(e.) blockedone,)
adddest(e;) to active_coreslist

addc to active_coreslist

Figure6: Eventsynchronizatioralgorithm

For eachcore,thesynchronizatiocomponenmaintainsa queueof events.This queuecontains

receved eventsthat cannotbe forwardedto the visualizationcomponentsincea dependensend

event was not receved yet by the synchronizatiorcomponent. We will call the act of sending

an eventto the visualizationcomponentommittingthe event Committinga sendeventmay be

delayedsinceit in itself is dependanbn a previous eventthathasnot beencommitted yet.
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Whenanew eventis recevedby the synchronizatiocomponentthefollowing is done.First, a
checkis madeif the corefrom which the eventwassentis blocked, e.g. waiting for events.If this
is the case the eventis addedat the endof the eventqueueof the core. If the coreis not queuing
eventsandthe eventis a sendevent- it is committed. A checkis madeif thereis anothercore
thatis blocked on this event. If thisis the case eventsfrom the blocked core may be committed,
accordingo theirorderin thequeue If thenewly recevedeventis areceve event,acheckis made
to determingf the sendeventthatit dependson wasalreadysent. If this is the case the eventis
committed.If thisis notthe casetheeventis queuedandits coreentershe blocked state.

Whena coreunblocks,the queuedeventsare committed. This, in turn may causeothercores
to becomeunblocled (dueto committinga sendevent thatthe blocked coredependon). A list
of active coresis maintained Eachtime oneeventis committedfrom a core,the actvity switches
over to the next corein thelist. Thisis similar to advancingin a graphusinga BFS algorithm.
Themotivationof usingthis methodis to createa streamof eventsthatwill produceanimationthat
is maximally parallel. Switchingfrom onecoreto an otherwhile committing eventsattemptsto
exposethe possibleparallelismto the visualizationcomponent.The synchronizatiorcomponent

canbemodi ed to producea variety of interestingorderings asdescribedn [29].

9 Results

Oursystemhasbeenusedfor visualizingseveralapplicationsincludingamobile objectsimulator
ane-commerceapplication[24] anda distributede-mail system(abbreriated DEM) [2]. We rst
presentisualizationsof our mobile objectsimulatorandthenproceedo discussthe application
of MOVIS to the DEM system.

Mobile object simulator In orderto testourvisualizationsystemamobileobjectsimulatorwas
implementedThesimulatorusesacon guration le whichgovernstheactvities of mobileobjects
it createsThenumberof objectstheir creationanddestructiortime andlocation,theirmovement
andcommunicatiorpatternsareall speci edin the con guration le. In the next paragraphsve

useasamplerun of thesimulatorin orderto demonstratéhe quality of our layoutalgorithm.
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Figure7: Sampleanimationsequencéfrom left to right andtop to bottom)

Figure7 demonstrateananimationsequencereatedvith our visualizationalgorithm.To mea-
surethe quality of theresultinglayouts,we identify severalcriteria. The densitymetrig discussed
in Section7.4, is usedto measurehe compactnessf the layout. The sumof displacemenbf
clustess betweenead pair of successivéayouts is usedto measurehe stability of the layout.
The percentage of clustes with the samesizebetweersuccessivéayoutshelpsdemonstratehe

effectivenesf usingspacewerticesin minimizing visualchangego thegraph.
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The performanceof our algorithmis comparedto two otheralgorithms. The rst is a non-
incrementalalgorithm which computeseachlayout from scratchusing force-directedmethods.
The seconds avariantof ourincrementaklgorithmin which verticesareassignednitial coordi-
natescomputedn the meige stage,but vertex pinning andspacerverticesare not used. We use
this secondalgorithmin orderto shav thatsimply reusingtheinitial coordinategrom theprevious
graphdoesnotyield satisactoryresults.Figure8 shavs a comparisorof thelayoutscomputedy

thethreealgorithms.Notethatonly our algorithmmanageso computestablelayouts.

(a) Non-incrementalayout

(b) Incrementalayoutwithout usingpinningandspacers

(c) Ourincrementalayout

Figure8: Comparinghethreelayoutalgorithms

Table1l summarizesheaveragevaluesof eachof theabove metricsonthesequencen Figure?.
All algorithmsproducesimilar clusterdensities.The clusterdisplacemenbf our algorithmis by
farsuperiorto thenon—incrementalgorithm,averagingaboutonethirtieth of thenon-incremental
algorithm.Reducinghemovementof clustershasindeedbeenoneof themaindesigngoalsof the
algorithm. While the non-incrementahlgorithmfrequentlymodi es the sizeof clustersbetween
layouts,theincrementaklgorithmmanageso consere the sizeof clustersalmosteighty percent

of thetime. This s facilitatedby the spacewerticesthat areusedto minimize visual changego
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thegraph.As seenn thetable,theotherincrementahblgorithm,which doesnot usevertex pinning
andspacemnodesproducesesultswhich arebetterthanthe non—incrementahlgorithmandworse
thanourincrementahlgorithm.Finally, therunningtime of theincrementahlgorithmis about1.5
timestherunningtime of the non-incrementahlgorithm,whichis reasonable.

In summaryit hasbeendemonstratethatthealgorithmcomputes compactndspaceef cient
graphlayout,while minimizingthedisplacemenandchangeso clustersetweerayoutiterations.

This s turn helpsthe usermaintainthe mentalmapof the mobile objectsystem.

Average= Algorithm non-incremental novertex pinning | with vertex pinning
densitymetric[area=\ertices] 1:8557 10 1:7269 10 1:5316 10
clusterdisplacemenfdistance] 13.7 5.53 0.339
fractionof clusterswith the samesize 0.048 0.104 0.770
runningtime [ms.] 260 573 368

Tablel: Averageresultsof ananimationsequence

Mobile-object basedE-mail application E-mail is one of the mostpopularinternetapplica-
tions. Nowadays,e-mail architecturesare governedby a sener-centricdesign,which implies a
handfulof weaknessesuchasa singlepoint of failure, storageandprocessingtresspottlenecks
andinef ciency.

Thegoalof the DEM systemis to overcomethesedravbacks. The serviceis providedthrough
theuseof theparticipantsresourcesLightweightsenersandusers'mailboxesall scattebetween
participants’computersnsteadof residingon a singlesener (or cluster). Throughthe useof the
mobileobjectsparadigmthemailboxesandsenersareableto travel onthe“li ve” network, sothat
they continuetheiroperatiordespitehefactthatparticipantconstanthjoin andleave thenetwork.
Most of the communicatioris donedirectly betweerusers thusremoving the bottleneckscaused
by mail seners. Thesystems componentsirereplicatedacrossiumerousosts eliminatingsingle
point of failure problems. Storageand processingstressis reducedas participantstake an even
shareof the burden. All of this yields a reliableandscalablesystem with negligible operational

andmaintenanceost.
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Visualizationhasbeenusedduringthedevelopmenbf thisapplication-for deluggingpurposes
aswell asfor managingandmonitoringits deploymentacrosghe network. Dueto the compleity
of the architecture,its developerexpresseda needfor visualizationat the very early stagesof
implementation.Using visualization,several problemswere quickly discovered. For example,a
casewhereanobjectdoesnot ee from acorethatis shuttingdown wasuncovered.

In this application,iconshave beenusedto representhe objects,insteadof the default rectan-
gles. The mailboxesaredisplayedusinga mailboxicon. Senersarerepresente@sgray disks.
Yellow poolsrepresenmailbox placeholdersFinally, the GUI is representetby a mailboxicon

with awhite background.

(a) Beforemovement (b) A new corewascreatedcanda mailboxmigratedto it

Figure9: Mailbox mobility in the DEM system

Figure9 shavs avisualizationof themovementof a mailboxbetweercomputersin Figure9(a)
thereis onemailboxin eachcore.In Figure9(b) a mailboxmovedto anew corethatconnectedo
theservice shavn atthe bottom.

Filtering of methodcalls wasusedin orderto shav speci ¢ interestingevents. For example,
Figure10 shavs ane-mailmessagéeingsentfrom the sourcemailboxdirectly to the destination
mailbox. The messagein transit,is dravn insidea red circle. An accompawing movie canbe

foundat http://www.ee.technion.ac.il/ayellet/Movies/Frishmanadl.mov.
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Figure10: Sendingane-mailin the DEM system
10 Conclusion

We have presentedOVIS — a systentor visualizingmobile objectframenorks. Thekey features
of theseframenorks — objectmobility, locationtranspareng anddistributed operation— aread-
dressedy our system.A clusteredgraphis usedto concurrentlyshav the physical connections
betweercoresandthelogical connectiondetweerobjects.A clusteringalgorithm,whichisin u-
encedby the areasof interestto the user is usedto provide a hierarchical scalablecontet+focus
visualization.Theoverallcompleity of thegraphis usercontrolled.Thevisualizationis dynamic:
incrementalgraphlayoutandanimationare usedto depictchangesn a smooth,comprehensible
manner

MOVIS hasbeenusedfor monitoringand delhuggingaswell asfor presentingsystemarchi-
tectures.It hasbeenusedin several scenariosincluding simulators,e-commerceanddistributed
e-mail.

Thereareseveral avenuesof future research Additional levels of detail canbeintegratedinto
thevisualization.The existing pro ling infrastructurecanbe usedto supplyobject-speci cinfor-
mationsuchasmemoryusageandcreationtime. Informationaboutthe coresthemseles,suchas

threadcount,memoryusageandCPU usagecanalsobeintegratedinto thevisualization.
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