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Abstract

This paperpresentsMOVIS – a systemfor visualizingmobileobjectframeworks. In such

frameworks,theobjectscanmigrateto remotehosts,alongwith theirstateandbehavior, while

theapplicationis running.An innovativegraph–basedvisualizationis usedto depictthephys-

ical andthe logical connectionsin the distributedobjectnetwork. Scalabilityis achieved by

usinga focus+context techniquejointly with a user-steeredclusteringalgorithm. In addition,

aneventsynchronizationmodelfor mobileobjectsis presented.Thesystemhasbeenapplied

to visualizingseveralmobileobjectapplications.

Index Terms– Distributedsoftwarevisualization,mobileobjects,dynamicgraphlayout

1 Intr oduction

In recentyears,distributedobjectshave becomeprominentin the designof distributedapplica-

tions[41]. Mobileobjectsareanaturalevolutionof thedistributedobjectsconcept[1,22,35,40,42].

Themobileobjectparadigmallowsprogramsto migrateto remotehostswhile they arerunning.It

� e-mail: frishman@tx.technion.ac.il
ye-mail:ayellet@ee.technion.ac.il

1



Figure1: MOVIS userinterface. Small rectanglesrepresentmobile objects.Color stripesshow

their movementhistory. Big rectanglesrepresentthe coresthe objectsresidein. Dashedlines

representphysical communicationbetweencores.Highercommunicationfrequency is indicated

by ahigherfrequency of alternationin thelines.Solid linesrepresentlogicalconnectionsbetween

objects.Thesquarein themiddleof the�gure representsseveralcoreswhichhavebeencollapsed.

The rectanglewith a doubleboundarywasselectedby the userasthe currentfocusof attention

core.

offersscalability, availability and�e xibility advantagescomparedto othermethodsof creatingdis-

tributedapplications.However, suchsystemsaremoredif�cult to designanddebug, two tasksin

whichvisualizationcangreatlyassist.Thispaperaddressesthechallengingproblemof visualizing

mobileobjects.

Mobile objectshave two distinctive features.The�rst featureis codemobility: objectscanmi-

grateto remotehosts,togetherwith their stateandbehavior, while theapplicationis running.We

refer to the processeshostingmobile objectsascores. The secondfeatureof mobile objectsis

location transparency, which allows the programmerto make calls to objectsregardlessof their
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currentlocation.Sincethelocationof objectsmaychangeover time,provisionsmustbesupplied

in orderto trackreferencedobjects.Unlike regulardistributedobjects,in which the locationof a

remoteobjectis �x ed,whenmakingacall usingareferenceto amobileobject,theparametersmay

passthroughseveralintermediarycoresuntil reachingthecalledobject.Theintroductionof inter-

mediarycoresallows for amorescalable,lazyupdateof thelocationof a referencedobject[22].

Althoughresearchonmobileobjectsis widespread,visualizationof suchframeworkshashardly

beendone. As far aswe know, the only work in this �eld includes[51,53]. Thesesystemsfall

shortin several aspects,including the typesof eventsgeneratedandvisualizedandvisualization

consistency andscalability, whichareaddressedin thispaper.

Thispapermakesthefollowing contributions:First,wepresentMOVIS (Mobile ObjectVisual-

ization),a systemfor visualizationof distributedmobileobjectenvironments.Second,we discuss

therequirementsof a visualizationsystemfor mobileobjects.Third, a graph-basedvisualization

that concurrentlyshows the physical connectionsin the computernetwork as well as the logi-

cal relationsbetweenthe mobile objectsis presented(seeFigure1). Fourth, a context-sensitive

focus+context �sheye type displaytechniqueis suggestedin orderto provide hierarchicalinfor-

mationdisplayandsupportscalability. Fifth, a clusteringalgorithm,which is affectedby nodes

of interestto the user, is presented.Sixth, we presenta model for event synchronizationthat is

usedto guaranteevisualizationconsistency. Finally, we proposea methodin which eventsare

automaticallygenerated,avoidingadditionalwork by theprogrammerof theapplication.

Therestof thispaperis structuredasfollows: Section2 discussesrelatedwork. In Section3, the

requirementsof amobileobjectvisualizationsystemarediscussed.Ourvisualizationis presented

in Section4. Section5 addressesconsistency. Section6 discussesscalability. Section7 discusses

our graphdrawing algorithm.Section8 discussesimplementationissues.Resultsarepresentedin

Section9. Finally, Section10concludesanddiscussesfuturedirections.

Preliminaryversionsof this researchhavebeenpresentedin [14,15].
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2 RelatedWork

This paperfalls at the crossroadsbetweentwo research�elds: distributedsoftwarevisualization

andgraphdrawing.

Distrib uted software visualization: Severaltoolshave beendevelopedfor visualizingparallel

anddistributedprograms[30]. ThePVanimsystem[48] is a toolkit for creatingvisualizationsof

theexecutionof PVM programs.PARADE [45] in anenvironmentfor developingvisualizationsof

parallelanddistributedprograms.In [37], tracingof CORBA [41] remoteprocedurecalls is used

to analyzeruntimeactivitiesandlook for anomalousbehavior. Vade[38] is adistributedalgorithm

animationsystemin whichvisualizationscanbecreatedandexecutedonawebpageontheclient's

machine.Pablo[44] providesanalysisandpresentationof performancedatafor massively parallel

distributedmemorysystems.Jinsight[43] is a systemfor the visual explorationof the run-time

behavior of complex Javaprograms.

Althoughresearchonmobileobjectsis widespread,visualizationof suchframeworkshashardly

beendone.In [51], amodi�cation of theprocess-timediagram,adoptedfrom XPVM [27], is used

asthemeansof visualization.Thecreation,destructionandmovementof mobileobjectsarevi-

sualized. Event synchronizationis handledby timestampsandorderingrules. This systemhas

a few drawbacks. It requiresmanualannotationof sourcecodein orderto generateevents. The

systemdoesnot visualizethephysicalconnectionsbetweenmachinesnor doesit displaythelog-

ical connectionsbetweenobjects. Finally, it is not scalable.In [53] a visualizationtool usedto

debug mobile objectsis presented.This tool is concernedmainly with checkingthe mobility of

objectsasafunctionof timeandidentifyingmovementhotspots.Visualizationsofferedincludean

objectlocationdisplayandmovementhistory for anobject. Thesystemdoesnot visualizecom-

municationbetweenobjectsor betweencomputershostingtheobjects.Visualizationconsistency

andscalabilityto largenumbersof objectsin not addressed.In this paperwe discussa different

approachto thevisualizationof mobileobjectframeworks,attemptingto solve theseproblems.

Graph drawing: Thegeneralproblemof drawing graphs,e.g.,assigningcoordinatesto graph

vertices,edgesandotherelements,hasbeenextensively studied[9,26,46]. Onepopulartechnique
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is force-directedlayout, which usesphysical analogiesin order to converge to an aesthetically

pleasingdrawing [25,26,46]. Drawing non-pointverticesusingthisapproachis discussedin [7,17,

21]. Extendingforce-directedalgorithmsfor drawing largegraphsis discussedin [19,20,28,49].

Work on clusteredgraphdrawing is lesswidespread.In [50], a divide andconquerapproach,

in which eachclusteris laid out separatelyandthentheclustersarecomposedto form thegraph,

is used. In [11], a methodof drawing the clusteringhierarchiesof the graphusingdifferentZ

coordinatesin a3D view is discussed.Seealso[3,26] for adiscussionof clusteredandcompound

graphlayout.

Many applicationsrequiredynamicgraphdrawing, i.e., theability of modifying thegraph[10,

26,39]. Different typesof graphmodi�cations may be performed.Theseincludeaddingor re-

moving verticesandedges.Thechallengein dynamicgraphdrawing is to computea new layout

that is both aestheticallypleasingasit standsand�ts well into the sequenceof drawings of the

evolving graph. The lattercriterionhasbeentermedpreservingthementalmap[36] or dynamic

stability [39].

Several algorithmsaddressthe problemof of�ine dynamicgraphdrawing, wherethe entire

sequenceis known in advance.In [10], ameta-graphbuilt usinginformationfrom theentiregraph

sequence,is usedin orderto maintainthementalmap.In [31] astrati�ed, abstractedversionof the

graphis usedto exposeits underlyingstructure.An of�ine forcedirectedalgorithmis usedin [13]

in orderto create2D and3D animationsof evolving graphs.Creatingsmoothanimationbetween

changingsequencesof graphsis addressedin [4].

An onlinegraphdrawing algorithmis discussedin [33], wherea costfunction that takesboth

aestheticandstability considerationsinto account,is de�ned andused.Unfortunately, computing

this functionis very expensive (45 secondsfor a 63 nodegraph).Drawing constrainedgraphshas

alsobeenaddressed.Incrementaldrawing of DAGs is discussedin [39]. Dynamicdrawing of

orthogonalandhierarchicalgraphsis discussedin [18].

TheDA-TU systemdescribedin [23] allowsnavigatingandinteractively clusteringhugegraphs.

In [34] analgorithmthattriesto improvethedistributionof nodesin agraphwhile maintainingthe

mentalmapis described.Finally, somecommercialgraphlayoutpackagessuchas[47,52] contain
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provisionsfor dynamiclayoutof graphs.As far aswe know, noneof theabove wasdesignedto

handleincrementaldrawing of clusteredgraphs.Here,we wish to supportaddingandremoving

nodes,clustersandedgesandmoving nodesbetweenclusters.

3 Requirements

Thissectiondiscussestherequirementsof avisualizationsystemfor mobileobjects:

1. Physical and logical visualization: A mobileobjectapplicationhastwo distinct,yet related

facets. The �rst is the physical computernetwork with the interconnectionsbetweenthe cores.

The secondis the logical network of mobile objectsthat can be usedto show the connections

andinteractionsbetweenobjects. The visualizationshoulddisplayboth of thesefacets.This is

importantin orderto easilydetectcaseswherecloselyinteractingsystemcomponentsareplaced

on distantnodes. Using the visualizationthe systemarchitectwill detectthis inef�ciency and

modify thelogic andlayoutof theapplicationin orderto placesuchobjectsclosetogether.

2. Inter estingevents: In any visualizationsystem,theeventsthatneedto bevisualizedgreatly

affect the designof the system. In the caseof mobile objects,the following interestingevents

shouldbevisualized:

� ObjectMovement:Themovementof objectsbetweencoreswhile theapplicationis running

is the main differencebetweenmobile object frameworks andregular distributedapplica-

tions.Therefore,aclearandconcisedepictionof suchactivities is of greatimportance.

� Construction/destruction:Beinga dynamic,distributedapplication,bothobjectsandcores

maybeaddedor removedduringtheexecutionof theapplication.

� Communication:Beingdistributedin nature,themessagessentbetweenthedifferentpartsof

thesystemplayaparamountroleduringexecutionof theapplicationandthereforeprovisions

to visualizethemshouldbesupplied.

Eventgenerationshouldbetransparentbothto theprogrammerandto theuserof theapplication.

Moreover, caremust be taken in order to reducethe perturbationof the applicationcausedby
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generatingtheevents.

Being able to visualizemovementallows easily identifying caseswhereobjectsmigratetoo

often,which is inef�cient. Visualizingcommunicationcanhelpexposecloselyinteractingobjects,

whichshouldbeplacedin closeproximity

3. Consistentdepiction: In a distributed,asynchronousenvironmentthereis no global clock

thatcanbeusedto synchronizeevents.This mayleadto inconsistentvisualizationsin which, for

example,a messageis shown to bereceivedbeforeit is sent.Oneof thechallengesin visualizing

distributedsystemsis creatingan animationthat providesa consistentdepictionof events. This

is especiallychallengingfor mobile objects,sincepartsof the applicationchangetheir physical

locationduringexecution.

4. Scalability: Oneof the main challengesin softwarevisualizationis building a scalablevi-

sualization. This is especiallyimportantwhendealingwith networks of computers,which can

potentiallygeneratemassive amountsof information. A visualizationsystemshouldbe able to

processlargeamountsof data.Thisshouldbedonewhile avoidingswampingtheuserwith unnec-

essaryinformationandwithout slowing theresponseof thevisualizationsystemto a point where

it is no longeruseful.

Theusershouldbeableto steerthevisualizationsystemto displayrelevantandinterestingdata

out of the largeamountof informationcollected.This controlshouldbeinteractive, allowing the

userto feedbackto thesystemnew requestsbasedon theknowledgeaccumulatedwhile viewing

the unfolding visualization. This will allow the userto easilystudy interestingpartsof a large

distributedsystem,for exampleoneswhich requiretuning.

5. Dynamic graph layout: A graphis a naturalway to representthe structureof a software

system. In the context of mobile objects,a dynamic,clusteredgraphis used,as explainedin

Section4. Sincethegraphis dynamic,it is importantto producestablelayoutsthathelpmaintain

the usersmentalmapof the system.This is requiredin orderto avoid distractingthe userwith

confusingchangesto theway thegraphlookseachtime it changes.

In thefollowing sectionswedescribehow MOVIS addressesthererequirements.
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4 Physicaland Logical Visualization

As discussedin Section3, two simultaneousnetworksareof interest:thephysicalnetwork of cores

(machines)andthelogical relationsandinteractionsbetweenmobileobjects.A graphis a natural

choicefor visualizinga distributednetwork. In our case,we needto simultaneouslyvisualizetwo

graphs.Weusethefollowing de�nition:

De�nition 4.1 ClusteredGraph: A clusteredgraphis an orderedquadrupleG = (V; C; E v; Ec),

where V is thenodeset,C is a setof clusters which form a partition of thenodesetV, E v is the

setof edgesbetweennodesEv � f (vi ; vj )ji 6= j ; vi ; vj 2 Vg andEc is thesetof cluster-cluster

edgesEc � f (Ci ; Cj )ji 6= j ; Ci ; Cj 2 Cg.

A clusteredgraphis anaturalchoicefor displayingthesimultaneousphysicalandlogicalgraphs,

asdemonstratedin Figure1. Every mobileobjectis depictedby a nodein thegraph.Thelogical

connectionsbetweenobjectsareshown usingsolidedgesconnectingthenodes.In orderto overlay

thephysicalstructureof thenetwork, clustersareused.Eachcoreis representedby a clusterthat

containsall of theobjectscurrentlyresidingin thatcore.Dashedcluster-clusteredgesareusedto

representphysical connectionsbetweencores(seeFigure1), asopposedto logical relationsthat

exist betweenobjects.

Thegraphcanbedisplayedin threedimensions,asillustratedin Figure2 (a). Edgesbetween

nodes,showing relationsbetweenmobile objects,aredrawn on the lower plane,while cluster-

clusteredges,showing physicalconnectionsbetweencores,aredrawn on theupperplane.In 3D,

a clusteris drawn asa semi-transparentpyramid. A smalldummynodeis addedto eachcluster,

drawn at theapex of thepyramidandservesastheendpointof cluster-clusteredges.Oneof our

guidelinesin creatingthis visualizationis beingableto collapsethe3D view into a 2D view in a

naturalandcomprehensibleway, asillustratedin Figure2 (b), which shows a 2D drawing of the

graphfrom Figure2 (a).

We useseveral techniquesandattributesin order to display information in this graph. Each

clusterboundaryis drawn usinga differentcolor. This helpstheusertrack thedifferentclusters

while changesareperformedto thegraphduringthevisualization.
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(a)3D view (b) 2D view

Figure2: Visualizationof mobileobjectsin 3D & 2D

Eachnodeis drawn usingcolor strips,asshown in Figure1. Thestripsarecoloredaccording

to thelocationhistoryof theobject.Thebottomstrip is thecurrentlocation(e.g.coloredwith the

samecolorastheclusterthenodecurrentlyresidesin) thestripabove correspondsto theprevious

location,etc.This ”growing stacks”metaphoris similar to thegrowingsquaresin [12].

In orderto createamorescalableandmeaningfuldisplay, weemploy lazyconstructionof edges.

Insteadof clutteringthegraphwith node-nodeedgesshowing all of thereferencesbetweenobjects,

anedgeis drawn betweentwo objectsonceamethodcall betweentheobjectsis detected.

In additionto the existenceof communicationbetweenobjectsor cores,the frequency of this

communicationis of interestto the user. Line patternsareusedto convey this information. The

higherthefrequency of alternationin thedashedlines,thehigherthefrequency of communication.

Seefor exampleFigure1. Thesumof two weightedaveragesis usedto calculatetheamountof

communicationbetweencores. The �rst is the averagenumberof objectsmoving betweenthe

coresconnectedby theedge.Thesecondis theaveragenumberof remoteinvocationsperformed

betweenthe two cores.Theaveragesarecalculatedusinga weightedsliding window, taking the

lastN samplesinto account.

Somemobileobjectframeworks[22] allow taggingof speci�c objectsasstable,i.e. objectsthat

remainat thesamelocationthroughouttheir lifetime. Thisdistinctionbetweenstableandmovable

objectsis visualizedby laying out the objectsin eachclusterusingtwo concentriccircles. The

innercirclecontainsthestableobjectswhile theouteronecontainsmovableones.

Animation is usedin orderto show differentevents. Whena new graphlayout is performed,

for exampleafter an objectmovesbetweencores,the positionsof nodes,edgesandclustersare
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linearly interpolatedbetweenthe old andthe new locations.A methodcall betweentwo remote

objectsis animatedusinga lightningbolt icon thatmovesfrom thecallerto thecalledobject.

5 Visualization Consistency

Oneof the main challengesin visualizingdistributedenvironmentsis the accuratedepictionof

events.Sincein asynchronousdistributedsystemsthereis no way of knowing therealorderingof

events,it is necessaryto generateavisualizationthatis consistentwith theevents[32].

We baseour solutionto event synchronizationon [38], whereconsistency of distributedenvi-

ronmentswith staticobjectswasaddressed,andextendit to supportmobile object frameworks.

In [38], thefollowing is assumed:

1. Thereis a �x ed(known) numberof processes.

2. A processcanperformtwo typesof actions:sendingamessageto adifferentprocessandan

internalcomputation,possiblymodifying theprocess's local state.Receiving a messageis

consideredaninternalaction.

3. Thecommunicationnetwork andprocessesarereliable.

4. Messagessentby asingleprocessto anotherprocessarrive in theorderthey weresent.

5. Thenetwork is asynchronous- thereis nouniversalclock.

Sincethevisualizationprocessis partof thedistributedenvironment,it cannotknow therelative

orderof actionsperformedby differentprocesses.A way to solve this dif�culty is to introduce

semanticcausality.

De�nition 5.1 With respectto a givenalgorithmrun r , wesaythat an evente in r semantically

causese0, denotedbye ! e0, if oneof thefollowingholds:

1. e and e0 are on the sameprocess,e occurs before e0 and the userspeci�ed that they are

semanticallydependant.
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2. e ande0 are on two differentprocessesconnectedby a communicationchannel,e is a send

eventande0 is thecorrespondingreceive event.

3. There is anevente00such thate ! e00ande00! e0.

Let eande0betwo eventsof thealgorithm.Let An(e) andAn(e0) betheanimationsegmentsof

theseevents,respectively. WesaythatananimationAn(e) precedesananimationAn(e0), denoted

by An(e) � An(e0), if An(e) completesbeforeAn(e0) starts.

Thefollowing theoremhasbeenprovedin [38]:

Theorem5.1 Ananimationis consistentwith theexecutionof thealgorithmif andonlyif for every

twoalgorithmeventse ande0, such thate ! e0alsoAn(e) � An(e0).

That is, in orderto ensurethat theanimationis consistentwith theexecutionof thealgorithm,

wehave to ensurethatfor every two eventse ande0, if e ! e0 thenAn(e) � An(e0).

A possibleimplementationof thisrequirementis calledreceivesynchronization. In thismethod,

reportsof sendandreceive eventsaresentto the animationsystemimmediatelyafter they take

placeandthereis nodelayin theexecutionof thealgorithm.Theanimationof thereceiveeventis

delayeduntil thecorrespondingsendeventhasbeenanimated.

We now turn our attentionto mobile objectenvironments.The main differencesbetweenthis

modelandthedistributedenvironmentsmodel,in thecontext of consistency, are:

1. Assumption1 is violated.Bothcoresandobjectsmight join or leave thenetwork.

2. Objectsmightmovebetweencores.

3. Assumption4 is violated. Sinceobjectsmight move, messagessentby a singleobject to

anothermightbereceivedoutof order.

The �rst problemis addressedasfollows. Dynamiccreationanddeletionof coresandobjects

are modeledas internal messages.A core / object is introducedto the animationsystemafter

its internalcreateevent is received. A core/ objectis deletedfrom theanimationsystemoncea

deletioneventis receivedandall proceedingeventshavebeenanimated.
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To solve thesecondproblem,objectmovementbetweenlocationsis modeledasa methodcall

betweenthe sendingandreceiving cores. The parameterspassedincludethe stateandbehavior

(code)of the objectthat is beingmoved from onecoreto the other. This approachallows us to

synchronizetheeventsemittedby objects,evenwhenthey migrateto remotecores.It is ensured

that themovementeventwill beanimatedbeforeany eventsgeneratedat thedestinationcoreare

shown. Hence,whentreatingobjectmovementasa methodcall betweencores,we areable to

revert to usingexistingeventsynchronizationalgorithms.

Thethird problem,out-of-ordermessages,shouldbesolvedby themiddlewareor theapplica-

tion. It is not a visualizationproblem,but ratheran inherentproblem. Whenthis is solved, all

that remainsis to solve possibleout-of-orderreceptionof messagesby the visualizationsystem.

This canbedoneby addinganeventcounterto eachobjectandusingthereceivesynchronization

techniquedescribedabove for visualization.

Wehavechosento performsynchronizationat thecorelevel. Usinga�ner -grainedapproachre-

quiresextensive pro�ling of theapplicationwhich mayslow down executionconsiderably. Much

like regulardistributedapplications,eachcoreis viewedasa separateprocess,andeventsnotify-

ing aboutcommunicationbetweenseparatecoresandactivities internalto eachcoreareemitted

andsynchronized.Theinternaleventsin eachcoreareserialized.This mayaddredundantdepen-

denciesbetweenactivities that areindependentin a corebut is guaranteedto createa consistent

visualization.Thealternative of askingtheuserto explicitly de�ne dependenciesis not viable in

thecontext of ourproblem.

Messagessentbetweencoresaremodeledasmessagessentbetweenprocesses.Thedependency

betweenreceiving theparametersfor amessagecall andforwardingtheparametersto thenext core

on theway to thedestinationcoreis handledautomaticallysincethesearetwo eventsthatoccurat

thesamecore,oneafter theother. This is alsotruefor messagessendingthereturnvaluebackto

thecallercore.

Eventsshowing averageinformationthat is periodicallyupdatedarenot synchronized.For ex-

ample,in oursystemeventsnotifying theamountof communicationbetweencoresareperiodically

generated,yetnot synchronized.
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6 Visualization Scalability

As thenumberof objectsandcoresincreases,thevisualizationmight getclutteredwith informa-

tion. Gainingany insightfrom thevisualizationwill becomeincreasinglydif�cult. In this section

wepresentacontext sensitive focus+ context techniquethatalleviatesthisproblem.

6.1 Levelsof Detail

The visualizationshouldprovide the userwith an overview of the graphwhile at the sametime

allowing focusingon speci�c, user-de�ned areasin orderto getmoredetailedinformation[6,16].

To achieve thesegoals,a hierarchy of levels of detail is de�ned, allowing differentpartsof the

graphto bedisplayedin differentlevelsof detail.

At the highestlevel, full informationis displayed,asshown in Figure3(a). The next level of

thehierarchy omitsinformationabouttheobjectsresidingin eachcoreandthelogicalconnections

betweenobjects.Insteadof displayingaclusterfor eachcorein thenetwork, asinglenodeis used

to depicteachcore. As before,cluster–clusteredgesareusedto convey thephysicalconnections

to othercoresin the network, asdemonstratedin Figure3(b). The �nal level combinesseveral

coresinto onenodein thedisplay. This allows collapsingun-interestingpartsof thegraphinto a

smalldisplayareawhile still showing theusertheoverall structureof thegraph.Thesizeof such

nodesis proportionalto thenumberof coresthey depict.Figures3(c) and(d) demonstrategraphs

containingnodesof variouslevelsof detail.Notethestabilityof thelayoutsandthewaynodesare

collapsedasthelevel of detail is decreased.

The userhasseveral methodsto control which partsof the graphwill be displayedin which

level of detail. The �rst is selectingfocal nodes(cores)that areof primary interestto the user

andthusshouldbe displayedwith full detail. The secondmethodis navigating the graphusing

zoom-inandzoom-outoperations.Thethird is choosingthetotalnumberof nodesto bedisplayed

in thegraphandlettingthesystemclusterthegraphnodesaccordingly. Oncetheuserselectsfocus

nodes,a clusteringalgorithmis employedin orderto decideat what level of detaileachcorewill

bedisplayed,asdescribedin thenext subsection.
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(a)Originalgraph– 43clusters (b) Clusteringto 36clusters

(c) Clusteringto 25clusters (d) Clusteringto 15clusters

Figure3: Levels of detail. Several visualizationsof the samemobile objectnetwork areshown.

Partsof thegraphareprogressively collapsed.Notethestabilityin thelayoutsandtheconservation

of theoverall structureof thegraph.
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Zoom–inandzoom–outoperationsareanimatedsmoothly. Theold nodesfadeoutof thegraph

while thenew nodesfadein. Next, thenew nodessmoothlymoveto their �nal location.Thishelps

theuserunderstandthechangesto thegraph.A similaranimationis performedwhenre–clustering

is performed.Thelocationsof thenew clustersarecalculatedby thelayoutalgorithm,whichtakes

into accountthe previous locationsof the nodescomprisingthe cluster, thusmaintaininglayout

stability.

In orderto improve scalability, the synchronizationschemepresentedin Section5 canbe ex-

tendedto a hierarchy of synchronizationunits,which is constructedaccordingto thehierarchical

representationof thegraph.Eachlevel in thehierarchy containsasynchronizationunit. Eventsare

forwardedto thenext (higher)level only if they arenot containedin thecurrentlevel in thehier-

archy. Usingthis method,theamountof eventsreachingthehigherlevelsof thehierarchy (which

representmorecores)is signi�cantly reduced. In order to further reducethe volumeof events,

insteadof showing movementsof objectsusinganimation,this informationcanbetime-averaged

andvisualizedby changingthefrequency of thedashedlinesconnectingcores.

6.2 Clustering

A clusteringalgorithmis usedin order to computethe hierarchicalrepresentationof the graph.

Theclusteringis in�uenced by the focal nodes,which areinterestingnodesselectedby theuser.

A �sheye type effect is used,wherenodesfartheraway from the focal nodesaredisplayedwith

lessdetail. The algorithm, which is summarizedin Figure 4, is basedon an extensionof the

agglomerativeclusteringalgorithm.

Thealgorithmhasseveralinputs.The�rst is asetof focalnodes(e.g.,coresof interest),selected

interactively by theuser. The secondis the distancesbetweennodes,designatedD(u; v), which

correspondto theweightsof edgesin thegraph. They arecalculatedaccordingto the frequency

of methodcallsandobjectmovesbetweencores,asdescribedin Section4. Thethird input is the

desirednumberof clusters.Theoutputof thealgorithmis ahierarchicalclusteringof thegraph.

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

focal node,D f ocal(u), is calculated.This is doneusingDijkstra's algorithmon the focal nodes.
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Input: Setof focalnodes;distancesbetweennodes;numberof desiredclusters

Algorithm:

1. Calculateshortestdistancebetweeneachnodeandtheclosestfocusnode.

2. Updatedistancesbetweennodesaccordingto distanceto focusnode.

3. Performhierarchicalclustering.

Output: Clusteringhierarchy of thenodes

Figure4: Focus-basedclusteringalgorithm

Additionally, themaximumof theminimaldistancesis computedasdmax = maxv2 V f D f ocal(v)g;

whereV is thesetof nodesin thegraph.

In the secondstep,the distances,D(u; v), betweenevery pair of nodesu; v, areupdatedac-

cordingto their proximity to focal nodes.As opposedto the regular �sheye technique,in which

geometricdistortionis used,our methodmovesthedistortionto theclusteringphase.This results

in a betterlayout sincethe graphis not distortedafter layout. We set the initial, joint average

distanceof nodesu andv anda focusnodeto

D f ocal
avg (u; v) =

D f ocal(u) + D f ocal(v)
2

:

It shouldbe notedthat the focal nodeusedin D f ocal(u) may be different from the oneusedin

D f ocal(v). ThedistanceD(u; v) is distortedto form D distor ted(u; v), theupdateddistancebetween

nodesu andv, accordingto thefollowing formula:

D distor ted(u; v) =
D(u; v)

1 + C � D f ocal
av g (u;v )

dmax

:

The greaterthe averagedistancebetweenthe nodesand the closestfocal node, the bigger the

distortion.Thisbehavior mimicsthe�sheyeeffect. Nodesin theperipheryarelessinterestingand

thereforehaveahigherprobabilityof beingclusteredtogether, sincethey areperceivedto beclose.

In our implementationweuseC = 3. Anotheroptionis to haveC dependonthesizeof thegraph.

In thelaststepof thealgorithmtheactualclusteringis performed,usingthedistancescomputed

in theprevioussteps.A bottom–up,hierarchicalclusteringalgorithmis used.Thealgorithmstarts

16



with assigningevery nodeto its own singletoncluster. The algorithmthenrepetitively greedily

joins thetwo closestclusters.Thealgorithmterminateswhentherequirednumberof clustershave

beencreated.

ThedistancebetweenclustersCi andCj is calculatedusingamodi�ed averagedistancemetric.

Only edges(distances)in thesetE ij = f e = (u; v) 2 Gju 2 Ci ; v 2 Cj g, that is edgesdirectly

connectinga nodeu 2 Ci anda nodev 2 Cj (e.g.,edgescrossingthe boundarybetweenthe

clusters)aretakeninto account.Thedistanceis

Dist (Ci ; Cj ) =

P

(u;v )2 E ij

D distor ted(u; v)

j E ij j

e.g.,thesumof thelengthsof theedgesdividedby thenumberof edges.This formulais a tradeoff

betweenanexactcalculationanda rapid,approximatecalculation.

7 Graph Drawing Algorithm

Givena sequenceof clusteredgraphsG1; G2; : : : ; Gn , our goalis to computea sequenceof graph

layoutsL 1; L2; : : : ; L n , soasto adhereasmuchaspossibleto the following aestheticcriteria [5,

36,39,46]:

� Themovementof clustersbetweensuccessive drawingsshouldbesmall. Speci�cally, clus-

tersthatarenot modi�ed shouldremainin their previouspositionif possible.Thelocation

of clustersplaysanimportantrole in theuser'smentalmapof thegraph.

� Thechangein clustersizebetweensuccessivedrawingsshouldbeminimalwhenthenumber

of verticesin theclusteris similar. Unnecessarilylargedeviationsin sizecausetheuserto

bedistracted.

� Movementof verticesinsideaclustershouldbeminimized.This improveslayoutstability.

� Thesizeof eachclusterCi shouldbeproportionalto thenumberof verticesit contains.This

allows theuserto quickly understandhow themobileobjectsaredistributedbetweencores.
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� In orderto conservescreenspace,thedrawing of eachclusterCi shouldbecompact.

� In order to reducegraphcluttering, overlappingbetweenverticesshouldbe avoided and

overlappingbetweenclusterboundariesshouldbeminimal.

Among the different classesof graphdrawing algorithms,the force directedalgorithm class

seemsto bethenaturalchoicein ourcase[8,25,26,46]. Roughlyspeaking,thisapproachsimulates

a systemof forcesde�ned on theinput graphandoutputsa local minimumenergy con�guration.

An edgeis simulatedby a spring connectingits endpointvertices. Edgelength in�uences the

optimalspringlengthandedgeweightdeterminesits stiffness.Thealgorithmconvergestowardsa

minimumenergy position,startingfrom aninitial placementof thevertices.

Ouralgorithmutilizesthefollowing key ideas.First,dummyverticesandedgesareusedin order

to createaclusteredstructure.Sinceclustersaretreatedasvertices,theirmotioncanbecontrolled.

Second,invisibleplace-holderverticesareusedin orderto minimizethemovementof clustersand

of verticeswithin clusters.This is donewhile maintainingcompactnessandkeepingthe sizeof

theclustersproportionalto thenumberof verticesthey contain.Third, edgelengthandweightare

usedasa meansof controlling thechangesmadeto the layout. Fourth, to achieve bothdynamic

stabilityanddistinguishbetweenstableandmovablevertices,thesetof verticesis partitionedinto

two sub-sets– stableandmovable. Thesubsetsarelaid out in a structurethatapproximatestwo

concentriccirclesaroundthecenterof thecluster. Stableobjectsareplacedin theinnercircle and

movableobjectsin theouterone.Theseideasareelaboratedin thissection.

To computelayoutL i , only the last layout,L i � 1, andthe new graphthatneedsto be laid out,

Gi , areused.This is a fastandsimpleapproachthat�ts well with theview thatincrementallayout

performssomelocal changesin thegraph.Thepreviouslayoutis consideredagoodstartingpoint

for thenew layout,with someadjustmentsmadeaccordingto thechangesthatoccurred.

The �rst stepin computingthe new layout, describedin Section7.3, is a merge stage,which

mergeslayoutL i � 1 andgraphGi . In thesecondstage,anactuallayout,L 1
i , is computedusinga

staticforcedirectedlayoutalgorithmwith themodi�cationsdescribedin Sections7.1–7.2.In the

third stage,thequalityof this layoutis checked,asdescribedin Section7.4. If thelayoutis deemed

satisfactory, it is acceptedandL i = L1
i . Otherwise,asecondlayoutattemptis performed,producing
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layoutL 2
i . During this attempt,morefreedomis givento thelayoutalgorithmin termsof moving

vertices,at the expenseof weakeningthe connectionbetweenthe old andthe new layouts. The

betterof L 1
i andL 2

i is selectedasthe�nal drawing L i . The�nal stageof thealgorithmanimatesthe

changebetweenthedrawingsL i � 1 andL i in asmoothmanner. Figure5 summarizesthealgorithm.

procedureincrementaldrawing ( L i � 1; Gi ) f

Gm
i = merge graphs( L i � 1; Gi )

L1
i = layout graph( Gm

i )

if ( densitymetricof L 1
i < thr eshold )

L i = L1
i

else

L2
i = layout graph( modify graph( L 1

i ) )

L i = better( L 2
i , L1

i )

animatechange( L i � 1; L i )

g

Figure5: Layoutalgorithmoverview in pseudo-code

7.1 Supporting Clusters

In order to visualizethe clusteredstructureof the graph,an invisible dummyattractorvertex is

addedto eachcluster. All of the verticesin the clusterareconnectedwith invisible edgesto the

attractorvertex [26].

As opposedto existing algorithms,separationbetweenthe clustersandmeetingthe other re-

quirementsdescribedabove, is accomplishedthroughpropersettingsof edgelengthsandweights.

Higher edgeweights instruct the underlyingforce-directedalgorithm to try harderto generate

edgeswith lengthscloseto theoptimallengthssuppliedto thealgorithm.

Fivekindsof edgelengthsareutilizedandindicatetheexpectedlevel of proximity betweentheir

adjacentvertices.Theshortestlengthis assignedto the invisible edgesconnectingstaticvertices

to thedummyvertex of theclusterthey belongto. Theedgesconnectingmovableverticesandthe
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dummyvertex areassignedlonger lengths. This createsa layout that resemblestwo concentric

circles.Thenext typeof edgeis theedgebetweenvertices.If bothverticesat theendpointsof the

edgearecontainedin the samecluster, a shorterlengthis setthanif the verticesarein different

clusters.This increasestheseparationbetweenclusters.Thelastkind of edgesarecluster-cluster

edges. The length of theseedgesis variableand dependson the requestedproximity between

the differentclusters,which is determinedby the application,e.g.,by the amountof interaction

betweenclusters.

Inter-clusteredgesareassignedlower weightsthanintra-clusteredges.This is donein an at-

tempt to give inter-clusteredgeslessin�uence on the layout. This is importantwhen vertices

move betweenclusters.In suchcases,it is preferableto stretchor shortenthelengthof theedges

somewhat,ratherthandisplacevertices.

In our implementation,thelengthsassignedto theedgesconnectinga staticvertex to a dummy

vertex, a movable vertex to a dummy vertex, two regular verticesin the sameclusterand two

regularverticeslocatedin differentclusters,are1, 2, 1.5 and4 unitsof length,respectively. The

lengthsassignedto cluster-clusteredgesvarybetween5 and6 units,wherethedummyverticesare

usedasendpointsfor cluster-clusteredges.Theweightof intra-clusteredgesis setto 1 unit and

theweightof inter-clusteredgesis setto 2.5units. Thesevaluesrepresenta compromisebetween

stablelayoutsto aestheticones. Allowing the usercontrol over theseparameterswill tailor the

visualizationto theuser'spreferences.

7.2 Minimizing Visual Changes

Invisible vertices,calledspacervertices,areaddedto eachcluster, in an attemptto reducethe

changein clusters'outlinesandminimizethemovementof clustersbetweensuccessive layouts.

The spacerverticesare usedas place-holdersfor regular verticesin a cluster. Like regular

vertices,they areconnectedwith invisible edgesto thedummyvertex of theclusterto which they

belong.Whena vertex is removedfrom a cluster, a spacervertex is addedto theclusterinsteadof

it. Theinitial locationof thespacervertex is setto bethelocationof thevertex thatleft thecluster.

This is donein orderto keepthe sizeof the clusterconstantandin orderto reserve spacefor a
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new vertex thatmightbeaddedto theclusterin thefuture.Whenavertex moves(or is added)to a

cluster, thespacervertex thatis closestto its previouslocationis replacedby thisnew vertex.

However, whenaddingor removing spacers,the algorithmkeepsthe numberof spacersin a

clusterbetweenanupperanda lower fractionof thenumberof verticesin thecluster. This is done

in orderto give thealgorithmbreathingroomwhenmodifying clusters.Moreover, the limits are

setso asto avoid a casein which a clusterwith a very small numberof regular, visible vertices

occupiesa largeareadueto themany spacerverticesit contains.

Whencalculatingtheoutlineof eachcluster, which is oftensimply theboundingbox,thespacer

verticesaretakeninto accountasif they wereregularvisiblevertices.Obviously, thisminimization

of themovementscomesat theexpenseof extrascreenspace,which is occupiedby thespacers.

7.3 Merging Graphs

The�rst stepin performingtheincrementallayoutis merging thenew graphto bedrawn, Gi , and

thepreviousgraphdrawing, L i � 1. Theresultof themergestageis a partially laid out graph,Gm
i ,

in which someof the verticesareassignedinitial coordinates.After merging, the graphGm
i is

laid-outby thestaticlayoutalgorithm.Thequality of theresultingincrementallayoutdependson

theinitial conditionscomputedby themergingalgorithm.

Merging is performedin several steps. Unchangedand dummy verticesare assignedinitial

coordinatesfrom L i � 1. Then,clustersto whichverticeswerebothaddedandremovedarehandled.

Theaddedandremovedverticesof a clusterarepaired-up,andtheinitial coordinatesof anadded

vertex is setto thecoordinatesof a removedvertex.

Then,verticesthat wereaddedto a clusteror removed from it, but cannotbe paired-up,are

handled,asdiscussedin Section7.2. Next, theverticesin new clusters(who exist in Gi but not in

L i � 1), areinsertedinto thegraphwithout initial coordinates,alongwith new spacervertices.The

numberof thelatteris setto aconstantfractionof thenumberof verticesin thecluster.

Thelaststageof merging involvesvertex pinning,which restrictsvertex movement,allowing it

to move only asanindirectresultof themovementof anunpinnedvertex. We have experimented

with severalstrategiesfor computingthesetof verticesto bepinned.Ourconclusionis thatpinning
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all verticesthatwereassignedcoordinatesachievesgoodresultsin termsof layoutstability.

7.4 Avoiding bad local minima

Oneof thedisadvantagesof forcedirectedlayoutis thatit convergesto a local minimumof graph

energy. In somecases,this leadsto anunsatisfactorylayout. In orderto detectsuchconditions,we

de�ne, for clusterCi ,

density metr ic(Ci ) =
area(boundingbox(Ci ))
number of vertices(Ci )

:

For theentiregraphG wede�ne density metr ic(G) = maxCi 2 Gf density metr ic(Ci )g:

Experiencehasshown that a correlationexists betweenhigh densitymetric valuesandunaes-

theticlayouts,includingonesthatcontainoverlapsbetweenclusters.

When the graphdensitymetric exceedsa threshold,a secondlayout, L 2
i , is computed. The

restrictionson vertex movementarerelaxed– verticesarenot pinneddown. This givesthelayout

algorithmmorefreedomandallows it to convergeto abetterresult.Thelayoutalgorithmis re-run

with thepositionsof theverticesin L 1
i astheinitial condition.Thenew layoutL 2

i still resembles

L1
i becauseof the suppliedinitial condition. The �nal layout is selectedas the layout with the

lower densitymetricbetweenL 1
i andL 2

i . This demonstratesthe tradeoff betweenpreservingthe

mentalmapandcreatinganaestheticallypleasinglayout.

8 Implementation

MOVIS wasimplementedon top of FarGo [22], a Java-basedmobile objectframework. FarGo

containsextensive monitoringfacilities [40] andusesa source–to–sourcecompilercalledFargoc

for generatingproxiesandothercodeusedto implementsupportfor mobileobjects.Our imple-

mentationis Javabased.WeusetheJava3DAPI for generatingthevisualization.

Oursystemis composedof severalcomponents.In eachcore(machine),aspeciallocal pro�ling

object, usedto collect events,is instantiated.This objectlistensboth to eventsgeneratedby the

Fargo monitor andto eventsgeneratedby our modi�ed Fargoc compiler. The eventsgenerated
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by eachcoreareforwardedto a maineventcollectionobject. This objecteitherstorestheevents

for of�ine visualizationor forwardsthemto theeventsynchronizationunit, describedSection8.2.

After creatinga synchronizedevent list, from which a consistentrun of the applicationcanbe

constructed,theeventsaresentto thevisualizationcomponent.Eventsgeneratedby theuser, such

asrequestsfor re-clusteringor zoomin / zoomout operationsarefusedtogetherwith theevents

collectedfrom thesystem,in orderto form auni�ed eventqueuethatis visualized.

8.1 Event Generation

Oneof the goalsof a programvisualizationsystemis to generateeventswith minimal effort by

the programmerand the userof the applicationbeing visualized,while perturbingthe running

applicationaslittle aspossible.In thissectionwedescribehow this is achieved.

The interestingeventsarerelatedto communicationbetweenmobileobjectsandmovementof

objectsbetweencores.Sincelocationtransparency needsto bemaintainedwhencommunication

is performedbetweenmobile objects,somekind of proxy needsto be usedin order to forward

the methodcall to the actualdestinationobject. This proxy is generatedeitherstatically[22] or

dynamically[1,42]. This is wheretheeventgenerationcodeis (automatically)inserted.

In orderto tracemethodcalls, the Fargoc compilerwasmodi�ed to transparentlygeneratean

event eachtime executionentersan interfacemethodof a mobile object. Generatingeventsfor

movementof objectsbetweencoresis implementedby piggybackingonto the migration code

suppliedby themiddleware.Othertypesof actionsfor which eventsneedto begeneratedinclude

thecreationanddestructionof mobileobjectsandcores(e.g.,connecting/disconnectingfrom the

applicationnetwork). This is handledby tappinginto anexistingpro�ling interface.

8.2 Event Synchronization Component

Theeventsynchronizationcomponentreceiveseventsfrom all of theeventcollectionobjectslo-

catedat thedifferentcoresthatconstitutetheapplicationto bemonitored.It reorderstheeventsin

orderto generateasequenceof eventsthatis consistent.Thisstreamof eventsis thenvisualized.
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The implementationof the synchronizationcomponentfollows several rulesandobservations

madein this paper. The �rst is thatall eventsgeneratedat a corearereportedin FIFO orderand

eacheventdependson thepreviousevent. Thesecondis thata sendeventshouldbereported(to

thevisualization)before(dependson) thereceiveevent.Thealgorithmis describedin Figure6.

procedurehandleevent(evente) f procedureBFS unblockcore(corec) f

if (e's coreis blocked) active coreslist  f cg

queueevent(e) while (active coreslist 6= ; )

else c = remove �rst(active coreslist)

if (e is asendor internalevent) if (c hasmorequeuedevents)

commit event(e) ec = c.nextEvent()

else//e is a receiveevent if (ec canbesent)

if (e dependsonacommittedevent) sendto vis(ec)

commit event(e) if (ec is asendevent)

else dest(ec) = ec destinationcore

queueevent(e) if (dest(ec) blockedonec)

g adddest(ec) to active coreslist

procedurecommit event(evente) f addc to active coreslist

sendto vis(e) g

if (e canunblockacore)

BFS unblockcore(e.getCore())

g

Figure6: Eventsynchronizationalgorithm

For eachcore,thesynchronizationcomponentmaintainsaqueueof events.Thisqueuecontains

receivedeventsthatcannotbe forwardedto thevisualizationcomponent,sincea dependentsend

event wasnot received yet by the synchronizationcomponent.We will call the act of sending

an event to the visualizationcomponentcommittingthe event. Committinga sendevent may be

delayedsinceit in itself is dependantonapreviouseventthathasnotbeencommitted,yet.
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Whenanew eventis receivedby thesynchronizationcomponent,thefollowing is done.First,a

checkis madeif thecorefrom which theeventwassentis blocked,e.g.waiting for events.If this

is thecase,theevent is addedat theendof theeventqueueof thecore. If thecoreis not queuing

eventsandthe event is a sendevent - it is committed. A checkis madeif thereis anothercore

that is blockedon this event. If this is thecase,eventsfrom theblockedcoremaybecommitted,

accordingto theirorderin thequeue.If thenewly receivedeventis areceiveevent,acheckis made

to determineif thesendevent that it dependson wasalreadysent. If this is thecase,theevent is

committed.If this is not thecase,theeventis queuedandits coreenterstheblockedstate.

Whena coreunblocks,thequeuedeventsarecommitted.This, in turn may causeothercores

to becomeunblocked (dueto committinga sendevent that the blocked coredependson). A list

of active coresis maintained.Eachtime oneeventis committedfrom a core,theactivity switches

over to the next corein the list. This is similar to advancingin a graphusinga BFS algorithm.

Themotivationof usingthismethodis to createastreamof eventsthatwill produceanimationthat

is maximallyparallel. Switchingfrom onecoreto an otherwhile committingeventsattemptsto

exposethepossibleparallelismto thevisualizationcomponent.Thesynchronizationcomponent

canbemodi�ed to produceavarietyof interestingorderings,asdescribedin [29].

9 Results

Oursystemhasbeenusedfor visualizingseveralapplications,includingamobileobjectsimulator,

ane-commerceapplication[24] anda distributede-mailsystem(abbreviatedDEM) [2]. We �rst

presentvisualizationsof our mobileobjectsimulatorandthenproceedto discusstheapplication

of MOVIS to theDEM system.

Mobile object simulator In orderto testourvisualizationsystem,amobileobjectsimulatorwas

implemented.Thesimulatorusesacon�guration�le whichgovernstheactivitiesof mobileobjects

it creates.Thenumberof objects,theircreationanddestructiontimeandlocation,theirmovement

andcommunicationpatternsareall speci�ed in thecon�guration �le. In thenext paragraphswe

useasamplerunof thesimulatorin orderto demonstratethequalityof our layoutalgorithm.
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Figure7: Sampleanimationsequence(from left to right andtop to bottom)

Figure7 demonstratesananimationsequencecreatedwith ourvisualizationalgorithm.To mea-

surethequalityof theresultinglayouts,we identify severalcriteria.Thedensitymetric, discussed

in Section7.4, is usedto measurethe compactnessof the layout. The sumof displacementof

clusters betweeneach pair of successivelayouts, is usedto measurethe stability of the layout.

The percentage of clusters with the samesizebetweensuccessivelayoutshelpsdemonstratethe

effectivenessof usingspacerverticesin minimizingvisualchangesto thegraph.
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The performanceof our algorithm is comparedto two other algorithms. The �rst is a non-

incrementalalgorithm which computeseachlayout from scratchusing force-directedmethods.

Thesecondis a variantof our incrementalalgorithmin which verticesareassignedinitial coordi-

natescomputedin the merge stage,but vertex pinning andspacerverticesarenot used. We use

thissecondalgorithmin orderto show thatsimplyreusingtheinitial coordinatesfrom theprevious

graphdoesnotyield satisfactoryresults.Figure8 showsacomparisonof thelayoutscomputedby

thethreealgorithms.Notethatonly ouralgorithmmanagesto computestablelayouts.

(a)Non-incrementallayout

(b) Incrementallayoutwithoutusingpinningandspacers

(c) Our incrementallayout

Figure8: Comparingthethreelayoutalgorithms

Table1 summarizestheaveragevaluesof eachof theabovemetricsonthesequencein Figure7.

All algorithmsproducesimilar clusterdensities.Theclusterdisplacementof our algorithmis by

farsuperiorto thenon–incrementalalgorithm,averagingaboutonethirtiethof thenon-incremental

algorithm.Reducingthemovementof clustershasindeedbeenoneof themaindesigngoalsof the

algorithm. While thenon-incrementalalgorithmfrequentlymodi�es thesizeof clustersbetween

layouts,theincrementalalgorithmmanagesto conserve thesizeof clustersalmosteightypercent

of the time. This is facilitatedby thespacerverticesthatareusedto minimizevisualchangesto
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thegraph.As seenin thetable,theotherincrementalalgorithm,whichdoesnotusevertex pinning

andspacernodesproducesresultswhicharebetterthanthenon–incrementalalgorithmandworse

thanour incrementalalgorithm.Finally, therunningtimeof theincrementalalgorithmis about1.5

timestherunningtimeof thenon-incrementalalgorithm,which is reasonable.

In summary, it hasbeendemonstratedthatthealgorithmcomputesacompactandspaceef�cient

graphlayout,while minimizingthedisplacementandchangesto clustersbetweenlayoutiterations.

This is turnhelpstheusermaintainthementalmapof themobileobjectsystem.

Average= Algorithm non-incremental novertex pinning with vertex pinning

densitymetric[area=vertices] 1:8557� 104 1:7269� 104 1:5316� 104

clusterdisplacement[distance] 13.7 5.53 0.339

fractionof clusterswith thesamesize 0.048 0.104 0.770

runningtime [ms.] 260 573 368

Table1: Averageresultsof ananimationsequence

Mobile-object basedE-mail application E-mail is oneof the mostpopularInternetapplica-

tions. Nowadays,e-mail architecturesaregovernedby a server-centricdesign,which implies a

handfulof weaknessessuchasa singlepoint of failure,storageandprocessingstress,bottlenecks

andinef�ciency.

Thegoalof theDEM systemis to overcomethesedrawbacks.Theserviceis providedthrough

theuseof theparticipants'resources.Lightweightserversandusers'mailboxesall scatterbetween

participants'computersinsteadof residingon a singleserver (or cluster).Throughtheuseof the

mobileobjectsparadigm,themailboxesandserversareableto travel onthe“li ve” network, sothat

they continuetheiroperationdespitethefactthatparticipantsconstantlyjoin andleavethenetwork.

Most of thecommunicationis donedirectly betweenusers,thusremoving thebottleneckscaused

by mail servers.Thesystem'scomponentsarereplicatedacrossnumeroushosts,eliminatingsingle

point of failure problems.Storageandprocessingstressis reducedasparticipantstake an even

shareof theburden. All of this yieldsa reliableandscalablesystem,with negligible operational

andmaintenancecost.
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Visualizationhasbeenusedduringthedevelopmentof thisapplication– for debuggingpurposes

aswell asfor managingandmonitoringits deploymentacrossthenetwork. Dueto thecomplexity

of the architecture,its developerexpresseda needfor visualizationat the very early stagesof

implementation.Usingvisualization,severalproblemswerequickly discovered. For example,a

casewhereanobjectdoesnot �ee from acorethatis shuttingdown wasuncovered.

In this application,iconshave beenusedto representtheobjects,insteadof thedefault rectan-

gles. The mailboxesaredisplayedusinga mailbox icon. Serversarerepresentedasgray disks.

Yellow poolsrepresentmailboxplaceholders.Finally, theGUI is representedby a mailbox icon

with awhitebackground.

(a)Beforemovement (b) A new corewascreatedandamailboxmigratedto it

Figure9: Mailbox mobility in theDEM system

Figure9 showsavisualizationof themovementof amailboxbetweencomputers.In Figure9(a)

thereis onemailboxin eachcore.In Figure9(b)amailboxmovedto anew corethatconnectedto

theservice,shown at thebottom.

Filtering of methodcalls wasusedin orderto show speci�c interestingevents. For example,

Figure10 shows ane-mailmessagebeingsentfrom thesourcemailboxdirectly to thedestination

mailbox. The message,in transit, is drawn insidea red circle. An accompanying movie canbe

foundathttp://www.ee.technion.ac.il/� ayellet/Movies/FrishmanTal.mov.
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Figure10: Sendingane-mailin theDEM system

10 Conclusion

WehavepresentedMOVIS – asystemfor visualizingmobileobjectframeworks.Thekey features

of theseframeworks– objectmobility, locationtransparency, anddistributedoperation– aread-

dressedby our system.A clusteredgraphis usedto concurrentlyshow thephysical connections

betweencoresandthelogicalconnectionsbetweenobjects.A clusteringalgorithm,which is in�u-

encedby theareasof interestto theuser, is usedto provide a hierarchical,scalablecontext+focus

visualization.Theoverallcomplexity of thegraphis usercontrolled.Thevisualizationis dynamic:

incrementalgraphlayoutandanimationareusedto depictchangesin a smooth,comprehensible

manner.

MOVIS hasbeenusedfor monitoringanddebuggingaswell as for presentingsystemarchi-

tectures.It hasbeenusedin severalscenarios,includingsimulators,e-commerceanddistributed

e-mail.

Thereareseveralavenuesof future research.Additional levelsof detail canbe integratedinto

thevisualization.Theexisting pro�ling infrastructurecanbeusedto supplyobject-speci�cinfor-

mationsuchasmemoryusageandcreationtime. Informationaboutthecoresthemselves,suchas

threadcount,memoryusageandCPUusagecanalsobeintegratedinto thevisualization.
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