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1 Activities and Findings

1.1 Research and Education

This projectaimsto provide end-to-endinfrastructurefor capture,interpretationandaccessof datastreams
in sensor-rich, pervasive computingenvironments. This subsectiondetailsthe researchaccomplishments
thispastyear(2002-03)aswell asplansfor thecomingyear(2003-04).

1.1.1 High PerformanceDistributed Applications

Onemajorcomponentof oureffortscontinuesto becenteredarounddevelopingtechnologiesfor interactive,
high-performance,distributedapplications.Ourwork in thisareahasbeenjointly fundedby NSFandDOE.
During thelastyear, wehave(1) developedrealisticapplicationsjointly with endusers,(2) createdadaptive
middlewaretechnologiesto bettercopewith dynamicchangesin resourcesavailableto suchapplications,
and(3) studiedapplicationexecutionandperformancewith adaptive middlewareon representative testbeds
(additionalfundingfrom HPandIntel).

The key problemaddressedby our researchis the dynamicnatureof distributed hardware resources
usedby high performanceapplicationscoupledwith the dynamicchangesin enduserneeds.Interactive
applicationswill be useful to end usersonly if certainquality of service(QoS) needsare continuously
met,throughoutaninteractive session.Onespeci�c examplestudiedby ourgroup,jointly with researchers
from DOE Oakridge,is aninteractive moleculardynamicsapplication,describedin detail in [1] Thenovel
natureof this applicationlies in its ability to dynamicallycustomizeendusers'views of sharedscienti�c
data,whethersuchdatais in storage,is beingproducedby a runningsimulation,or is derivedfrom remote
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instruments.In addition,enduserscancombinedatafrom any numberof remotesources,aswell asdisplay
it on avarietyof remotedevicesrangingfrom handheldsto immersive desks.

Creatingandexperimentingwith this applicationhasresultedin interestingtechnicaloutcomes.One
outcomedemonstratestheimportanceof coordinatingthebehavior of adaptivemiddlewarewith thebehavior
of network protocolstacks,in orderto controltheway in whichdatais streamedto endusers.Withoutsuch
coordination,the largedatavolumestransferredby scienti�c applicationscanresultin high levelsof jitter
[2]. Theseresultswereattainedwith anEmulab-basednetwork testbedat Georgia Tech,usingsomeof the
clustermachinesacquiredwith RI funding. Resultsnow beingattainedareusingremotenetwork links to
DOE collaborators.

Anothersetof outcomesconcernsthemannerin which scienti�c datais represented,in orderto permit
it to be easilyinterchangedacrossscienti�c collaborators.We useXML asmetadatamarkup,augmented
with anef�cient binaryrepresentationof scienti�c data,to provide datainteroperabilitywith reduceddata
sizeandtransmissioncosts.This work is documentedin detail in severalpublications[3, 4, 5, 6, 7, 8, 9].

Anothersetof techniqueslinks network-level knowledgeaboutcurrentcommunicationpathsin mobile
systemsto middlewarelevel actions,suchastheuseof appropriateoverlaynetworksin mobilesystems[10]
TheseJava-basedtechnologiesmirror ourongoingC/C++-basedwork focusedon highendapplications.In
suchwork,wearecreatingruntimetechniquesfor binarycodegenerationthatdeploy appropriatecodemod-
ules,at runtime,ontothemachinesusedby remotecollaborators.Suchcodemodulestypically implement
thedynamicdata�ltering techniquesneededfor remotesensingor visualization[11].

User-level middlewarefor distributedapplicationscanprovidecertainlevelsof qualityof serviceto end
users.However, without kernel-level support,QoSguaranteesarehardto provide, andresourcemanage-
mentis inef�cient or dif�cult to perform. Substantialwork by our grouphascreatedkernel-level resource
managementmechanisms,for bothmobileanddistributedembeddedsystemsandapplications.This work
is documentedin multiple recentpublications[12, 13, 14, 15].

1.1.2 Stampede-basedDistributed SystemsTechnologies

In thissectionwedetailanumberof activities relatedto theStampede[16, 17, 18, 19] distributedprogram-
ming infrastructure.

Media Broker Ar chitecture. Therewasa time whentheworld of sensorsandsensor-basedprocessing
wasdistinctfrom mainstreamhigh-performancecomputing.It hasbecomeincreasinglyclearthatthesetwo
worldsareinevitably merging assensorsandembeddedsystemsbecomemoreubiquitousin our environ-
ment. Thereis an interestingphilosophicalcon�ict in this merger. The sensor-driven DSPworld knows
thevalueof “throwing away” dataasmuchasusingsensitive data.Themainstreamcomputingworld, with
its bagof tricks for consistency, check-pointing,etc., is very muchconcernedaboutkeepingarounddata,
expectingeverythingto beused! Given thecon�uenceof sensor-driven andmainstreamcomputing,there
is a needto merge the technologiesof the two worlds andperhapsdiscover unifying techniquesfor the
mergedsensor-baseddistributedcomputingfabric. In this mergedworld, interfacingandintegratingwith
thephysicalenvironmentwill bea key propertyof high-performancedistributedcomputing.

Weexpectmoreandmoremainstreamapplicationsof thefutureto takeona“control loop” �a vor in the
following sense:inputsfrom avarietyof distributedsensorsmaybegathered,�ltered, processed,correlated,
andfusedto facilitatehigherlevelsof hypothesesandinferences(implying heavy duty processing)which
may thenbe usedto drive distributedactuatorsto affect the physicalworld in someapplication-speci�ed
manner. Examplesof suchapplicationsincludemobilerobots,smartvehicles,awareenvironments,disaster
response,surveillance,andenvironmentalmonitoring.

We arebuilding a MediaBroker to provide adaptive naming,resourcediscovery anddatafusion. The
mediabroker (seeFigure1) actsasa clearinghousefor sensorsandactuators,for datanamingandef�cient



resourcediscovery, andfor specifyingapplicationspeci�c behaviorssuchassensorfusion,andis beingbuilt
on top of theD-Stampede[17] system.We feel thatnamingandresourcediscovery shouldbeelevatedto
the level of programming.Datafusion is a naturalway to realizevirtual sensors.For example,onecan
think of a virtual sensorthat fusescorrespondinginputsfrom two or morerealsensors(suchasaudioand
video). In this sense,datafusionis closelyrelatedto thenamingproblem:namingandresourcediscovery
are commonissuesto be dealt with for both real and virtual sensors.Identi�cation of the problemsin
constructingcomplex control loop applicationsandInitial ideason addressingthemhave beenreportedin
[20]. Two undergraduatesMartin ModahlandIlya Bagrakhave beeninvolved in theimplementationof the
MediaBroker architecture.

Data Fusion. Technologicalinnovation will, in thenearfuture,deliver wireless,mobile sensor“motes”
with the computationandcommunicationcapabilitiesof currenthandhelds.Thus,advancedmultimedia
applicationsthat usesophisticatedcomputinginfrastructurestodaymay becomeviable for deployment in
futurewirelessadhocsensornetworks.Simplein-network dataaggregationtechniquesfor sensornetworks
have beenthefocusof severalrecentresearchefforts. In this research,weextendthesetechniquesto future
sensornetworksandasktwo relatedquestions:(a)whatis theappropriatesetof dataaggregation(or fusion)
techniques,and(b) how do we optimally assignaggregationrolesto the nodesof a sensornetwork. We
have developedan architecturalframework, DFuse, for answeringthesetwo questions. It consistsof a
datafusion API and a distributed algorithm for energy-aware role assignment.The fusion API enables
an applicationto be speci�ed asa coarse-graineddata�ow graph. It alsoeasesapplicationdevelopment
anddeployment. Therole assignmentalgorithmmapsthegraphontothephysicalnetwork baseduponthe
network topologyandenvironmentalconditions,periodicallyadaptingthemappingin caseof changesusing
role migration.Extensive measurementson aniPAQ handheld“f arm” show thatDFuseAPI callsincur low
overhead.Preliminaryresultsfrom this researcharereportedin [21].

Migration of Computational Abstractions. A key technologythatis neededto supporttheDFusearchi-
tectureis on-demandmigrationof computationalabstractionsto matchrole assignment.We have designed
andimplementedfacilitiesin Stampedefor dynamicallypackagingandmigratingStampedechannelswith-
outdisruptingapplicationprogress.

Dead Timestamp Identi�cation in Stampede. We arecontinuingjoint work [22] uith with Dr. Kath
Knobeof HPCRL, reportedin lastyear's report,for identifyingandeliminatingirrelevant itemsin aStam-
pedecomputation.The measurementinfrastructurecoupledwith the post-mortemanalysistechniquewe
have developedin Stampedeallows us to askseveral “what if ” questionsto validateor eliminatepossible
designdirectionsfor optimizingtheperformanceof theStampederuntimesystem.

Towards Aspect-OrientedProgramming Support for Cluster Computing. This is continuationof an
effort to automatecertainaspectsof distributedprogrammingtechnologies,in particulartheexplorationof
parallelizationstrategiesandthe plumbingamongthe computationalentities. We areextendingSTAGES
to provide thesefunctionalitiesfor clustercomputationsto a fully distributed framework with dynamic
join/leave capabilities.Wearealsousingthisasastartingpoint for providing higherlevel debuggingfacili-
tiesin Stampede.

Stampede.NET. An effort startedrecentlyextendsthe Stampedeprogrammingmodelto wide-areanet-
worksusingtheMicrosoft .NET infrastructure.The.NET substrateallows usto export Stampedecapabil-
ities to heterogeneousclientsacrossthe Internetaswebservices.Thewebservicesparadigmis predomi-
nantlyusedin theB2Bdomainfor XML-baseddocumentexchange.Usingthisparadigmfor Stampede-style



distributedstreamprocessingopensnew opportunitiesfor stresstestingthetransportlayerandevolving new
protocols..NET hasmechanismsfor supportinglanguageheterogeneityandgarbagecollection.Weareex-
ploringwaysto exploit thesefeaturesfor supportingtheruntimemodelof Stampede.

1.1.3 Mechanismsfor EmbeddedAr chitectures

SoftwareCachingfor EmbeddedSensorProcessing. This is continuationof work reportedin the2001-
02 annualreportto reconcileprogrammabilitywith costfor embeddedprocessingassociatedwith sensors
in a distributedsensinginfrastructure.

Using our initial implementationsof a SoftCachesystemfor both Sparcand ARM/XScale systems
[23, 24], optimizationefforts areunderway to reducethepenaltiesincurredby theSoftCache.Part of this
work is attemptingto characterizeandpredictmoving from steadystateto steadystatewithoutemulationof
blockinvalidates([26] containssomeaspectsof thiswork in whichwehaveinvolvedafemaleundergraduate
NailaFarooqui).

Due to the complexity of debuggingbinary rewriting andtranslationsystemswith no a priori source
codeknowledge,theARM/XScaleversionwhich usesa client-server methodologyhasbeenincorporated
into SimpleScalar4/ARM andgdb. SimpleScalarhasbeenmodi�ed to supporta large body of missing
kernel functions(sockets, mmap,etc.), while gdb hasbeenmodi�ed suchthat it can directly readand
manipulatetheserver datastructuresto facilitatedebugging. In this manner, translatedaddressesandcode
canbedirectly mappedbackto theoriginal program,andgdbsessionscanbesynchronizedto understand
thepointof failure. Two undergraduates(ChristopherJ.ParninandDavid Raeman)have beenat thecenter
of gettingthiswork done.

To addresstheenergy-delayissuesthattheSoftCachemodelforcesontargetdevices,work hasbegunon
addressingthedifferentaffecteddimensions.After a review of methodology, we observed that theEnergy
Delay metric proposedby GonzalezandHorowitz hasbeenappliedinconsistently. After addressingthis
issueby publishinga study of the problems[30], we have performeda detailedanalysisof the energy-
delayimpactwhenreplacinglocal memorywith remotenetwork accesses.Our resultssuggestthat using
the network as a remotememorycan be more energy ef�cient than local memoryundera wide range
of conditions[25]. Additional analysishasbeenappliedto the reorganizationof the on-die structures,
consideringapplicationperformanceandenergy consumptionof theprocessoroverall [26].

Work is also moving forward on fully instrumentingan XScaleplatform (the ADI BRH from ADI
Engineering,Inc.) to performlivepowermeasurementswhile allowing for dynamicvoltage-andfrequency-
scaling.Oncecompleted,this instrumentationwill allow for hardwareveri�cation a new analyticalmodel.
This modelingwill accountfor individual power contributions to the overall systemof DRAM, network,
CPU,etc.Thiswill permitcorrelationof simulatedSoftCachepowersavingsandnetwork energy ef�ciency
to typical hardware.

1.1.4 SensorTechnologies

SensorLab. Wehave provisionedaSensorLab within theCollegeof Computingto supportour research
into �e xible softwareinfrastructurefor pervasive,heterogeneous,sensornetworks.Our lab includesmodest
quantitiesof awidevarietyof devices,bothwiredandwireless,from simplecommerciallyavailable(COTS)
componentsto complex researchprototypes.

In last year's report,we describedin detail � ve speci�c sensortechnologieswe plannedto deploy in-
cludingan IR tag-basedlocationsystem,passive temperaturesensors,ultrasonicsensors,Berkeley Motes,
andHPSmartBadgesystems.All have beenacquiredandall but theultrasonicsensorsandBerkeley Motes
have beendeployed. In additionwe have madeextensive useof cameras,microphonesandspeakersand
will beacquiringsomeRFID equipmentandproximity cardsfor usein theFutureLibrary project.



We have continuedout�tting theSensorLab within theCollegeof Computingandhada groupof stu-
dentsdevelopademoapplicationthatexercisedthedeployedsensorinfrastructure.TheSystemsStudioand
SystemsLab, alongwith otherportionsof thesecond�oor of theCollegeof Computing,have beenout�t-
ted with a commercialIR/RF tag-basedtrackingsystem.This systemprovidesroom-granularitytracking
informationon participantscaringa trackingbadge.Low-level sensordatais processedby a proprietary
server which thenemitstrackingdatain XML format to our Stampedeinfrastructurewhereit is published
for applications.TheSensorLabalsocontainsavarietyof microphonesandcameras,with varyingcapabil-
ities, includinga pan-tilt-zoomcamera.Wehave contactsensorson doorsandpassive temperaturesensors.
Wehavealsobeenworkingwith iPAQsandprototypesof theHPSmartBadge,which is aportable,wireless
single-boardcomputerwith attachedsensorsthatrunsLinux. Finally wehavestartedworkingwith Berkeley
Moteswhichprovide a rich rangeof capabilities.

Our demoapplicationinvolvestrackinga target individual carryinganIR badge.This providescoarse
location information (e.g. in the hallway, in the lab). we have sensorsinside and outsidedoorways to
detectentry/exit events.This datais furtherreinforced(via sensorfusionusingtheFusionChannelAPI in
Stampede)by doorcontactsensorreadings.Oncea tracked target is con�rmed asenteringthe lab, a pan-
tilt-zoom cameraorientsandtakesa snapshotof the individual enteringtheroom. This is storedfor future
reference.To tracklocationwithin thelab,wehavedeployedsimpleloginmonitorsonthevariousmachines.
Keystroke signaturesare usedto con�rm that an individual loggedinto an accountis the actual target.
Usinga simplespatialmodelof thesensoredlabsandspaces,appropriatecamerasareidenti�ed to provide
surveillanceof the tracked target. This demois mostly completeand exercisesthe infrastructurewhile
providing aframework for furtherresearch.For example,partof theworld modelincludesasensor/actuator
device registry. Wehave exploredsimpleXML encodingsof device characteristicsfor discovery, all within
the Stampedeframework. We look forward to augmentingthis demoin novel ways with the Berkeley
Motes. This demousedthe HP SmartBadgeas a computationalnode(althoughwe didn't employ the
onboardsensors)runningStampede.

ThewirelesstemperaturesensorsandHPSmartBadgeplatformwerebothusedby studentsin Professor
Ramachandran's Pervasive Computingseminar(8803E)during Springsemesterof 2003. We hopeto see
make theSensorLabmorewidely availableto classesandstudentsin thefuture.

We have donesomepreliminaryevaluationof theBerkeley Motesbut await delivery of several dozen
new Motes and supportinginfrastructure. Expecteddelivery is mid-summer2003 and we hopeto gear
up quickly, training several undergraduateandgraduatestudentsin the useof the Motesandthe TinyOS
programmingenvironment. Due to the �e xibility of the Motes,many projectsarepossible.Early on we
hopeto developa minimal Stampedeprotocolstackto run on theMotes,allowing themto integrateeasily
into existingapplicationsandotherresearchefforts.

Twoothereffortsarerelatedto theSensorLab. First,to facilitateongoinginteractionwith ProfessorRon
Arkin andtheroboticsgrouphereat Georgia Tech,we planon purchasinganddeploying robotscurrently
usedby RonArkin'sMissionLabsystem.Robotsareeffectively autonomous,mobilesensorsandprovidea
goodapplicationof theStampedeinfrastructure.Having ourown dedicatedroboticshardwarewill allow us
to progressmorequickly with our efforts in this applicationdomain.Second,in joint work with Professor
RameshJain,wewill bedeploying Stampedeaspartof acampus-wideGeorgiaTechEventWebprototype.
This systemfacilitatesdevelopmentandaccessto web-mediatedevents.In theGeorgia Techprototype,the
systemwill be usedto accesstalks, seminars,andconferencesheld on campus. This work will involve
out�tting severalspaceson campuswith teleconferencingcapabilities,effectively extendingtheStampede-
managedSensorLab to acampus-widepresence.

Software Infrastructur e. Last year's reportoutlineda variety of infrastructuretechnologiesthat were
plannedor underdevelopmentincludingbasicsensorsupport,fusionchannels,timesynchronization,power



management,and the Media Broker. We have madeprogresson several fronts and somenew research
directionshave crystallizedin theinterveningyear.

We have demonstratedour ability to sampleand control sensorsand actuatorswithin the Stampede
framework with avarietyof applicationsanddemos.WehaveintegratedtheFusionChannelabstractioninto
Stampede.Wehaveundertakenapowermanagementstudyanddevelopedalgorithmsandinfrastructurefor
dynamicpower monitoringandmanagementby taskplacementandmigration(DFuse). Transparenttask
migrationin Stampederequiredthe developmentof a channelmigrationmechanism.This mechanismis
usefulindependentlyandcanbeusedto implementload-balancingandtraf�c management.

Efforts on the Media Broker are ongoing. A preliminary implementationhasbeenusedto support
andstructuretheFamily Intercomapplicationin theAwareHome. This applicationallows thedescription
anddiscovery of microphonesandspeakers throughoutthe AwareHome. Theseareoften accessedin a
combinedform asa virtual sensor-actuatorpair (ICombo). Informationabouttheplacement,attributesand
statusof devices is maintainedin an LDAP repository. The LDAP repositoryalso functionsas a name
server, allowing abstractnamedaccessto Stampedeinternalentities(e.g. channeldescriptors,etc.). This
informationis augmentedby a locationtrackingsystemin theAwareHome,accessedvia a Java interface
throughtheContext Toolkit. TheFamily Intercomsupportstrackingof listenersandspeakersandactivation
of nearbyaudioresources.Ultimately, userswill beableto movefreelythroughoutthehomewith automated
"switch-over" of audiodevicesastheuserentersandleavesvariousrooms.

Developmenton the MediaBroker proceedson several fronts. We areaddingmechanismsfor stream
publishers(sensors,producers)to specifythe variousdataformatsthey canproduceusinga lattice-based
typesystem.Datatypesarerelatedby possiblestreamtransformationsin theselattices(for example,down-
sampling,ratereduction,cropping,clipping,compression,etc.).Streampublishersalsoexport a command
set for changingfrom one format to another. Internally, the Media Broker is able to implementfurther
transformationsthatarepartof a library of well-known transformation,or via transformsthatareprovided
by clients and dynamically linked on demand. The lattice structurehelpsthe Media Broker determine
a "greatestcommonformat" when con�icting requestsare presented.We are also exploring additional
descriptionand discovery techniquesand are consideringthe useof DSML (Directory ServiceMarkup
Language)for representingLDAP data.

Wehave alsoundertakena refactoringandredesignof Stampedeto provide �e xibility andperformance
enhancementsandto addnew features.Thiswork involvescarefulobject-orienteddesignandmodelingand
is proceedingwith attentionto currentbestsoftwaredevelopmentpractices.This effort will yield an im-
provedandwell-documentedcodebaseto supportfutureenhancements.Thiswork proceedssynergistically
with anongoingStampede/.NETimplementationin whichaC# versionof Stampedeis beingimplemented
within the.NET framework andexposedvia webservices.We have begunfocusinginitially on a redesign
of theCLF communicationsubstrateto modularlysupportavarietyof transportmechanisms(UDP, reliable
UDP, TCP, HTTP, etc.). We areredesigningthis layer to provide a secureand�e xible deployment/startup
mechanismusingSSH.In additionwe aredesigninga dynamic,�e xible groupmembershipmanagerwith
basicfault tolerance.This will allow animproved,integratedimplementationof theD-Stampedefunction-
ality (currentlyimplementedvia TCPproxying)aswell ascluster-to-clusterinteractions.Theredesignwill
alsosupportheterogeneousaddressspaces,eliminating the currentrequirementthat all Stampedecluster
participantshostcopiesof asinglestatically-linkedaddressspace.

1.1.5 Distributed Ubiquitous Displays.

The aim of this project is solving someof the technicalchallengesin realizinga part of Marc Weiser's
ubiquitouscomputingvision. Thespeci�c aspectof thevision beinginvestigatedis theability to "whistle
up" a displaywhenever andwherever. Thevision is clearlybeyondrealizationthrougha one-yearproject.
Thepiecesof technologythatwerepromisedinclude: (a) techniquesfor a frontal multi-projectionsystem



that automaticallyaccountsfor occlusion; (b) implementingthis techniqueon the Stampededistributed
systemframework; and(b) mechanismsfor datafusionin Stampedeto allow multiple videostreamsto be
combinedfor displaypurposes.

We madesigni�cant progressin increasingandassessingtheusabilityof projector-cameratechnology.
The original versionof the systemfor occluderlight suppression(turning off pixels that fall on the user)
andshadow elimination(usingalternatelight pathsto compensatefor shadows) wasbasedon a nonlinear
feedbacklaw thatblendedtheoutputsof multiple overlappingprojectorsto achieve a stable,occlusion-free
display. While thisprocessproducedaworkingprototype,it requiredapolling loop in whicheachprojector
wastestedin sequenceto determineits effect on the image. This resultedin slow performance.We have
sinceadevelopedamuchsimplerversionof thesystembasedonaswitchingcontroller. Thekey innovation
is to assignall of the light for a givenpixel to oneof theunoccludedprojectors.This eliminatestheneed
for complex perpixel gaincalculationsandresultsin muchfasterperformance.Thecurrentsystemoperates
around12-15Hz, a factorof 3-4 improvementover theoriginalsystem.A paperdescribingthenew method
waspresentedthispastJuneat theIEEEConf. on ComputerVisionandPatternRecognition[27].

A secondbasicissueis to assesstheusabilityof Virtual RearProjectiontechnology. Therearea gamut
of techniqueswhich could be employed to achieve stableocclusionfree displays. On oneextremeis the
switchingapproachdescribedabove which reliesuponreal-timevisual feedbackandcomplex algorithms.
At theoppositeextremeis whatwe call passive VRP, in which two overlappingalignedprojectorsdisplay
the sameimageat half power. In this setupeachoccludercaststwo soft shadows on the displaysurface.
Thepassive approachlies "between"conventionalsingleprojectorsetupswhich createhardshadows, and
an active methodwhich can cancelshadows completely. From a deployment perspective this gamutof
approachesrepresentsa gamutof implementationcostsandcomplexities. We believe it is importantto
assesstherelative valueof thesealternatives.

ThispastSpringJaySummet,aPh.D.student,conductedthe�rst user-studyof VRPtechnologies.Since
theactiveVRPis still underdevelopment,Jayfocusedonestablishingabaselineby comparingpassiveVRP
andtwo single-projectordisplaysolutionsalongwith true rearprojection. His studyassessedusabilityas
well asuserpreferencesthrougha variety of selectiontasks. The studywasimplementedusinga Smart
Board rear projectiondisplay with a touch sensitive screen. For VRP technologies,light was projected
onto theSmartBoardsurface. For therearprojectioncomponenttheSmartBoardwasuseddirectly. The
mostsigni�cant �nding from thestudywasa stronguserpreferencefor VRP technologyover othersingle
projectorsolutions. This suggeststhat the addedcomplexity andcostof usinga secondprojectorcanbe
justi�ed in termsof theuser-experiencethat it provides. Thestudyandits resultsaredescribedin a paper
whichhasbeensubmittedto theFirst Intl. WorkshoponProjector-CameraSystems(PROCAMS03),which
will beheldthisOctoberin Nice,France[29].

One limitation of the studywas the needto usethe touchscreensurfaceof the SmartBoard for all
interactions. Sincethe SmartBoard surface is designedfor back projectionuse, it is a relatively poor
surfacefor front projection.Thisplacedall of thefront projectionapproachesatadisadvantagewith regard
to the imagequality. We planto conducta moreinvolved studythis yearwhich will includetheswitching
VRP technology. This studywill usea new pen-basedcaptureproductwhich is beingcustom-built for us
by SmartTechnologies.Thissystemwill make it possibleto capturefrom ordinaryprojectionsurfaces.

A journalpaperdescribingan overview of the Stampedesystemandan evaluationof its performance
wasrecentlyacceptedfor publicationin theIEEE Transactionson ParallelandDistributedSystemsspecial
issueonmiddleware[16]. Thisevaluation,completedin Fall 2002,assessedtheperformanceof two diverse
applicationson our Stampedeimplementationusing the Beowulf clusterin CERCS.It demonstratesthe
ability to achieve signi�cant speedupsonstreamingmediaapplicationsunderStampede.

An implementationof thecoreprojector-camerasystemundertheStampedesystemis currentlyunder-
way by Xiang Song,a �rst yearPh.D.student.Xiang is basinghis port on a Windows implementationof
Stampedewhich usesMPI asthemessage-passinglayer. TheWindows versionis importantin orderto be



ableto usethemostrecentgraphicscardsin thesystem,andto avoid extensivemodi�cation of thecode.We
have madesigni�cant improvementsto theWindows versionof Stampedein responseto theneedsof this
application.Thisportionof theprojectwill becompletedby theendof theSummer. A preliminarydemoof
theWindows Stampedesystemusing.NET technologywill bepresentedat theMicrosoftResearchSummit
in July.

1.1.6 PerformanceStudy of StampedeRuntime System.

Emerging applicationdomainssuchasinteractive vision, animation,andmultimediacollaborationdisplay
dynamicscalableparallelism,andhigh computationalrequirements,makingthemgoodcandidatesfor ex-
ecutingon parallel architecturessuchas SMPsor clustersof SMPs. Apart from their main algorithmic
components,theseapplicationsneedspecializedsupportmechanismsthatenableplumbingdifferentmod-
ulestogether, crossmoduledatatransfer, automaticbuffer management,synchronizationandsoon. Such
supportmechanismsareusuallypart of the runtimesystem,andwe have developedtechniquesto quan-
tify their performance.The runtimefor our evaluationis Stampede, a clusterprogrammingsystemthat is
designedto meettherequirementsof suchapplications.We have developeda cycle accuratetiming infras-
tructurethathelpsteaseout the time spentby anapplicationin differentlayersof software,viz., themain
algorithmiccomponent,thesupportmechanisms,andthe raw messaging.We conductedour experiments
with two representative applicationson two �a vorsof Unix, viz., SolarisandLinux. Thereareseveral in-
terestinginsightscomingfrom this study[28], publishedin the InternationalSymposiumon Performance
Analysisof Systemsand Software, 2003. First, memoryallocationdoesnot take up a signi�cant amount
of the executiontime despitethe interactive anddynamicnatureof the applicationdomain. Second,the
Stampederuntimeaddsa minimal overheadover raw messagingfor structuringsuchapplications.Third,
theresultssuggestthatthethreadscheduleron Linux maybemoreresponsive thantheoneon Solaris;we
quantify the effect of the schedulerresponsivenessin termsof differencein blocking time for threadsand
timespentin synchronizationin themessaginglayer. Fourth,themessaginglayerspendsquiteabit of time
in synchronizationoperations.Perhapsthemostinterestingresultof thisstudyis thatgeneral-purposeoper-
atingsystemssuchasLinux andSolarisarequiteadequateto meettherequirementsof emerging dynamic
interactive stream-orientedapplications.

1.1.7 SOLAR: Semantic-OrientedLow-power Ar chitecture

Semantics-Aware Multilateral Partitioning . This work [30, 31] exploresandimplementsa novel low
power memorytechniquefor a microprocessorthroughanin-depthcharacterizationstudyfor memoryref-
erencebehaviorsandlocality to reduceenergy consumptionin dataTLBs andcaches.Weaddressthemem-
ory energy issuesby employing a streamlinedpartitioningtechniqueat architecturelevel that effectively
reducesenergy consumptionin memorysubsystemwithout compromisingperformance.It is achieved by
decouplingthed-TLB lookupsandthedatacacheaccesses,basedon thesemanticregionsde�ned by the
conventionof programminglanguageson a given architecture,into discretereferencesubstreams¿stack,
globalstatic,andheap.It is observedthatdatamemoryaccessesfrom eachsemanticregionform asemantic
band.Theheapbandis wider anddenserthanthestackandglobalstaticbandsindicatingthesubstantially
highernumberof uniqueheappagesaccesses.Also it is foundthatonly averysmallnumberof stackvirtual
pagesis neededcomparedto the requirementfor global staticandheappages.While mappingall these
referencesto thesamestructure,unnecessarycon�ict missesamongdifferentsemanticregionsdisturbboth
performanceandpower consumption.This motivatesusto redesignthememorysubsystemby employing
a semantic-awaremultilateral(SAM) partitioning,which customizesa discretememorystructurefor each
semanticregion to eliminatecon�ict misses.TheSAM memoryarchitectureexploits thelocality andchar-
acteristicsdemonstratedin eachsemanticregion by (1) Semantic-AwareTLBs (SAT), reorganizingthe�rst



level TLB structureinto two smallstructures– stackandglobalstaticmicro-TLBs,while leaving thesecond
level for all dataaddressesand(2) Semantic-AwareCaches(SAC), by decouplingthe�rst level cacheinto
threecachelets.A DataAddressRouter(DAR), containingsemanticboundaryaddressesin specialcon-
trol registers,wasimplementedto routeeachd-TLB lookupto their respective SAT for addresstranslation.
Insteadof searchingthe entirefully associative TLB entries,energy canbe saved by eliminatingcon�ict
missesand �ltering out the lookupsby stackand global static regions with smallercontent-addressable
memorystructuresasa major portion of the memoryaccessdistribution beingskewed toward the much
smallerstack-TLBandglobal-TLB. Similar to SAT, SAC alsosavessubstantialenergy by redirectingthe
majorityof memoryreferencesto stack-Cacheletandglobal-Cachelet.In addition,multi-portingthesmaller
yet frequentlyaccessedSAT andSAC requireslessdiearea,aswell asreducingtheaccesslatency. Ourex-
perimentalresultsshow that an averageof 35% energy canbe reducedin the d-TLB andthe datacache.
Furthermore,an averageof 45% energy canbe saved by selectively multi-porting the Semantic-awared-
TLBs anddatacachesagainsttheirmonolithiccounterparts.

Minimizing Energy using Multiple Supply and Thr esholdVoltages. This work [32] proposedan op-
timum methodologyfor assigningmultiple supplyandthresholdvoltagesto differentmodulesin a CMOS
circuit suchthat the overall staticanddynamicenergy consumptionis minimizedfor a given delaycon-
straint. The theoreticalconditionsfor minimum energy were identi�ed mathematicallyby applying the
LagrangeMultiplier algorithmusingthe overall delayof the moduleson the critical pathasa constraint
followedby ourproposedgradientsearchalgorithmthatiteratively convergesto optimalsupplyandthresh-
old voltagesthatsatisfytheoptimumenergy. Wealsopresentedaclusteringalgorithmwhichclustersthese
optimumvaluesinto a limited numberof supplyandthresholdvoltagesin a practicaldesignscenario.The
methodcanbeappliedto circuit modulesof any kind, giventhedelayandenergy parametersfor themod-
ules.We appliedour algorithmsto using0.25̧t processtechnologyandobservedup to 48%energy savings
in ISCAS'85benchmarkanda16-bitWallaceTreeMultiplier.

1.1.8 Ef�cient Network Emulation

This project is concernedwith realizing novel, next-generationtechniquesthat will enablerapid emula-
tion/simulationof large-scalenetworks for use in on-line simulation-basednetwork managementmeth-
ods,andto facilitatedistributedapplicationdevelopment,analysisandtesting.Theultimateobjective is to
demonstratetheuseof this technologyin enablingnew capabilitiesin defensecommunicationapplications.

Wearedevelopingkey technologiesto achieve ourobjectives:

� A novel parallelsoftwarebackplanethatenablesmodelreusefrom differentnetwork simulationand
emulationtools

� New paralleldiscreteeventsimulationtechniquesto enableexecutionof massivesimulationsof large-
scalenetwork models,onmultipleplatformsincludingsupercomputers

� New techniquesexploiting direct executionfor accurateandtransparentcaptureandcontrol of live
applicationnetwork activity

� Integrateddemonstrations,with multipleNMS researchgroups,actively identifyingandshowing mil-
itary relevance.

Recentaccomplishments[33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44] include:



Hierarchical Time Synchronization Algorithm. Designedandimplementeda novel, hierarchicaltime
synchronizationalgorithmthat canscaleto morethana thousandprocessors.Usedthis algorithmin our
supercomputersimulationsto achieve thefastestsimulationsto date(106million packet transmissionssim-
ulatedin onewallclocksecond).Theimplementationis includedin ourbackplanesoftware,theLarge-scale
Network VisualizationTool. Developeda Java-basedscalablenetwork visualizationtool, NetAnim, for
rapidly visualizingthe topologyandanimatingthe traf�c in very large network con�gurations,with novel
algorithmsfor fastlayout.Unlikeexistingtools,ourNetAnimtool scalesto hundredsof thousandsof nodes,
links andpackets.Usedthetool for visualizingmillion-nodemilitary enterprisenetworks.

GTNetS– NewNetwork Simulator. New parallelnetwork simulatorwhichcontainsmoredetailedmod-
els, is built for interoperabilityfrom the outset,is demonstratedto be highly scalable,and implements
memory-optimizedmodelsfor large-scalecon�gurations.

Hybrid Packet-Fluid Simulations. Developedahybridapproachto combinehigh�delity of packet-level
modelswith simulationspeedof �uid simulations.Achieved a computationalspeedupof over twenty in
somecases,with little lossof accuracy.

Multicast Nix Vectors. Developedanovel representationtechniquethatgreatlyreducesmemoryrequire-
mentsfor routing in packet-level multicastsimulations.Our representationenablesthesimulationof large
networkswhich werenot possibleto simulatebeforedueto very high memoryoverheadof traditionalrep-
resentationtechniques.

1.1.9 Headand GazeTracking for Effective Interaction

Headposeandeyegazeinformationareveryvaluablecuesin face-to-faceinteractionsbetweenpeople.Such
informationis alsoimportantfor computersystemsthat a personintendsto interactwith. The awareness
of eye gazeprovidescontext to the computersystemthat the useris looking at it andthereforesupports
effective interactionwith theuser.

Real-time Vision-basedEye Tracking System. We have developed[45] a real-timevision-basedeye
trackingsystemto robustly trackauser'seyesandheadmovements.Oursystemutilizesrobusteyetracking
datafrom multiple camerasto estimate3D headorientationvia triangulation.Multiple camerassupporta
largertrackingvolumethanis possiblewith anindividual sensor, which is valuablein anattentive environ-
ment.Eachindividualeyetrackerexploits thered-eyeeffect to trackeyesrobustlyusinganinfraredlighting
source.Althoughoursystemreliesoninfraredlight, it canstill trackreliably in environmentssaturatedwith
infraredlight, suchasa residentialliving roomwith muchsunlight.For thelatter, wehavedevelopedanew
FischerDiscriminantfor eye imagesfrom IR cameras.

Speaker and Movement Tracking with Audio/Video Fusion. In addition,we have also studied[46]
several approachesfor fusion of audioand video streamsto allow for real-timetrackingof moving and
speakingpeople. This requiresbuilding off existing stampedearchitectureand its relatedMedia Broker
to allow for ef�cient streamingandprocessingof theserich streams.We have built several phased-array
microphonesystemsandmultiple-cameratrackersin supportof thiseffort.

1.1.10 High-Performanceand Low-Power SOCand SOPTechnologies

High-performanceandlow-power hardwaresubstratesfacilitatepervasive deploymentof streamingmedia
systems.To this end,we have beenexploring logic synthesisandphysicaldesignfor high performance,



low-power, andreliableSOC(system-on-chip)andSOP(system-on-package)technologies.Threerecent
projectsaredescribedbelow.

Thermal-dri ven Cir cuit Partitioning and Floorplanning with Power Optimization. In thiswork [47],
wepresentmethodologyto distributethetemperatureof gatesevenlyonachipwhile simultaneouslyreduc-
ing thepower consumptionby usingnewly designedpartitioningand�oorplanning algorithms.This new
partitioningalgorithmis designedto partitionblockswith well-balancedtemperaturesby alteringthe FM
algorithmto includethermalconstraints.Then,the suggested�oorplanning algorithmcanassignspeci�c
geometriclocationsto theblocksto re�ne thequality of thethermaldistribution andto reducepower con-
sumption. The combinationof thesetwo new algorithms,calledTPO, is comparedwith the resultsof a
conventionaldesignprocedure.As a result,power is reducedby up to 19onaverageanda well-distributed
thermalconditionis achieved.

SimultaneousDelayand Power Optimization for Multi-le vel Partitioning and Floorplanning with Re-
timing. Delay minimizationandpower minimizationare two importantobjectives in the designof the
high-performance,portable,andwirelesscomputingandcommunicationsystems.Retimingis averyeffec-
tivewayfor delayoptimizationfor sequentialcircuits. In thiswork [48], weproposeauni�ed framework for
multi-level partitioningand�oorplanning with retiming,targetingsimultaneousdelayandpower optimiza-
tion. We �rst discussthe importanceof retiming delayandvisible power asopposedto the conventional
staticdelayandtotal power for sequentialcircuits. Thenwe proposeGEO-PDalgorithmfor simultaneous
delayandpower optimizationandprovide smoothcutsize,wirelength,power anddelaytradeoff. In GEO-
PD,we useretimingbasedtiming analysisandvisible power analysisto identify timing andpower critical
netsandassignproperweightsto themto guidethemulti-level optimizationprocess.In general,timing and
power analysisaredoneat theoriginal netlistwhile a recursive multi-level approachperformspartitioning
and�oorplanning on thesub-netlistaswell asits coarsenedrepresentations.We show aneffective way to
translatethetiming andpower analysisresultsfrom theoriginal netlist to a coarsenedsub-netlistfor effec-
tivemulti-level delayandpoweroptimization.To thebestof ourknowledge,this is the�rst work addressing
simultaneousdelayandpower optimizationin multi-level partitioningand�oorplanning.

PhysicalLayout Automation for System-On-Packages. System-On-Package(SOP)paradigmproposes
a uni�ed chip-plus-packageview of the designprocess,whereheterogeneoussystemcomponentssuchas
digital ICs, analog/RFICs, memory, optical interconnects,MEMS, and passive elements(RLC) are all
packagedinto a singlehigh speed/densitymulti-layerSOPsubstrate.We proposea new chip/packageco-
designmethodology[49] for physicallayoutunderthenew SOPparadigm.This new methodologyenables
thephysicallayoutdesignandanalysisacrossall levelsof theSOPdesignimplementation,bridginggaps
betweenIC design,packagedesign,andpackageanalysisto ef�ciently addresstiming closureandsignal
integrity issuesfor high-speeddesigns.In orderto accomplisha rigorousperformanceandsignalintegrity
optimization,ef�cient statictiming analysis(STA), signalintegrity analysis(SIA), andthermalandpower
analysis(TPA) toolsarefully integratedinto our co-design�o w. Our uni�ed wire-centricphysicallayout
toolsetthatincludeson-chip/packagewire generation,on-chip/package�oorplanning,andon-chip/package
wire synthesisprovideswire solutionsfor all levelsof thedesignhierarchy-includingcell, block, andchip
level for puredigital andmixedsignalenvironment.In addition,on-chiphard/softIP (IntellectualProperty)
integrationis supportedin our co-design�o w for shorterdesigntimesthroughdesignreuse.To thebestof
our knowledge,this work is the �rst to addressthe chip/packageco-designissuesin System-On-Package
(SOP)physicallayout.



1.2 Major Findings

We have hada signi�cant numberof researchresultsin the scopeof the RI project that spandistributed
systems,userinteraction,clustercomputing,andwideareascalabilityin applicationdomainssuchastelep-
resenceande-commerce.Theseresultshaveoftenbeenin partnershipwith our industrialcollaboratorssuch
asIBM, Intel, HP, Microsoft, andWind River Systems.The referencesin thepublicationsportionof this
annualreportgive pointersto someof theseresults.

1.3 Training and Development

1.3.1 UndergraduateResearch Participation

We continueto attractbright andinterestedundergraduatesto RI-relatedresearchprojects.Undergraduate
participationin researchwithin theCollegeis facilitatedby theexcellentUROCprogram(www.cc.gatech.-
edu/program/uroc),coordinatedby Amy Bruckmann.A varietyof institute-wideprogramsarealsoavailable
(www.undergraduateresearch.gatech.edu) including a specialfund sponsoredby the presidentof Georgia
TechandseveralNSF-sponsoredprojects(URIP, SURF, etc.).In addition,wesponsortheSystemsHackfest
groupeachsemesterthat includes5-10undergraduatesparticipatingin research-relatedprojectsfor fun or
coursecredit.

1.4 Outr each

Wehaveheldseveralopen-houseeventsin 2002to acquaintresearchersfrom within andoutsidetheCollege
of Computingto the high-endvisualizationand computationfacilities that are available throughthe RI
award. The SystemsStudio hasbecomea centerfor demoand postereventsand is usedfrequentlyto
introduceandshowcaseourvariousefforts to visitors.

In Fall 2001, the Georgia Tech Centerfor ExperimentalResearchin ComputerSystems(CERCS)
openedits doors. CERCSbrings togetherresearchersfrom Georgia Tech's College of Computingand
Schoolof ElectricalandComputerEngineeringwho sharea commonfocuson the designandevaluation
of computerandsoftwaresystemsthroughexperimentalmethods.CERCSresearchfocuseson complex
systems,includingtheirhardware,communicationsandsystem-level software,andapplications.By empha-
sizingtheexperimentalmethod,wepromotethecreationof knowledgethroughthedesign,implementation,
andmeasurementof potentiallylarge-scaleprototypesystems.Constitutingoneof thelargestexperimental
systemsprogramsin theU.S.,CERCShasamissionto:

� promoteexperimentalresearchin ComputerandSoftwareSystems

� producehigh quality studentstrainedin the experimentalmethodof systemsresearchanddevelop-
ment

� fosterhigh impactandmulti-disciplinaryresearchefforts usingsharedpersonnelandfacilities,and

� supportresearchersandeducatorsat Georgia Techandits af�liated institutions.

WereceivedanNSFIUCRCawardtowardtheformationof thiscenter. In Fall 2002,weheldtheformal
openingof thecenteranddove-tailedit to theNSFIUCRCworkshoponexperimentalresearchin computer
systems.



1.4.1 Advisory Board

Weheldavaluableresearchadvisoryboardfor theRI awardin October2002.Theboardmembersattending
included:RogerHaskin(IBM Almaden),Kath Knobe(formerly at CompaqCRL), Jim Rowson(HP labs),
Rick Schlichting(AT & T), Willy Zwaenepoel(Rice),MargaretMartonosi(Princeton),andMary Vernon
(UW-Madison).Thismeetingprovidedvaluableexternalfeedbackandfocusto ourefforts. Welook forward
to thenext meetingof thisgroup,tentatively scheduledfor Springof 2004.

2 Publicationsand Products

2.1 Publications

Seethereferencesat theendof thisdocument.

2.2 WebSite

Pleasevisit theprojectwebsiteatwww.cc.gatech.edu/~rama/nsf-ri/

3 Contributions

Theactivitieswearecurrentlyundertakinghaveresultedin asigni�cant numberof publicationsandsoftware
artifacts.Thesearelistedin thereferencesat theendof this report.

3.1 Human Resources

We have roughly 40 graduatestudents,15 undergraduatestudents,and 7 researchscientistsworking in
areasrelatedto this project. Threeresearchscientistsaresupported(part-time)directly from grantfunds.
Approximately30%of theseindividualscomefrom under-representedgroups.

3.2 Research and Education

Theresearchartifactsfrom theprojectare�nding theirwayinto graduatecourses.ProfessorRamachandran
taughta specialtopicscourseentitled,“Pervasive computingwith distributedsensors,” (URL: www.cc.-
gatech.edu/clas se s/ AY2002/ cs 8803e_s pr in g). Someof the studentsin the courseusedD-
Stampedeasanimplementationvehiclefor thecourseproject.

CoursesusingRI equipmentandupdatedin responseto RI-enabledresearch:CS6210,CS6235,CS
6230,CS3210,CS4210,CS4220.

3.3 Laboratory and TestbedDevelopment

Wehaveout�tted a laboratory(theSystemsStudio)with avarietyof resourcesdescribedin previousannual
reports. We canreportongoingheavy useof theseresourcesfor a variety of grant-relatedprojects. This
"mediaspace"is usedfrequentlyfor interactive meetingsandpresentationsandhasbeenout�tted asan
AccessGrid nodeandis usedregularly for thispurposeby individualsfrom throughouttheTechcampus.

Thisyearwehave purchasedavarietyof additionalsensorcomponentssothatwemayusetheSystems
Studioasa "sensorlab" aswell. We areexperimentingwith both research(HP Badge4,Berkeley Motes)
andcommercialequipment(VersusTechlocationsensors,wirelesstemperaturesensors).

In addition,we areincreasingtheintegrationof resourcesin theSystemsStudiowith similar resources
in theAwareHome.



3.4 Budget,Equipment Acquisition, and PersonnelSupport

Of the$300,018incrementreceivedthisyearfrom NSF, wereportexpensesof $285,643.82.Thebulk of this
amount($225,000)wasspenton thepurchaseof a large HP Itaniumclusterwhich wasdescribedin detail
in last year's report. Theclusteris now operationalandin daily use. A secondexpenseof approximately
$34,000purchaseda high-speedCiscoswitchwhich providesaccessto theItaniumcluster. Theremaining
expense(approximately$27,000)wasa combinationof smallerexpensesfor small systems,maintenance,
andpersonnel.

Thecurrentyear'sallocationof matchingfundscomesfromtwosourcesinternallyandtotals$174,769.02
(CollegeMatchingFund)and$86,000(Liotta MatchingFund).Collegematchingfundshave beenencum-
beredfor equipmentmaintenanceon RI purchasesandfor personnel(researchscientist)support.Approx-
imately$60,000of theLiotta fundswereappliedto theItaniumclusterpurchase(a large,multi-grantpur-
chase).Wepurchasedapproximately$12,000of Berkeley Motesanddevelopmentsystemsfrom Crossbow
Technologiesalsofrom theLiotta funds.We purchaseda largetertiarystoragesystemfrom SunMicrosys-
temsto supportbackupof RI-fundedstoragemediawith anadditionalunspent$60,000of Liotta matching
funds.Finally, anadditional$34,000of unspentLiotta fundswereallocatedto smallequipmentpurchases
andmaintenance.

Threeresearchscientistsarecurrentlypartially supportedby the RI funds: Neil Bright, Phillip Hutto
andMatthew Wolenetz.We projectthesethreeindividualswill remainfundedby thegrant(primarily from
CollegeMatchingFund)for thedurationof thegrant.

4 SpecialRequirements

4.1 Plansfor the Coming Year

ProjectssuchasStampede,ECho,andInfoSpherewe have beenexploring several interestingdistributed
systemstechnologies.Now we area point wherewe canseethe impactof thesetechnologiesin various
applicationcontexts. Suchcontexts include the Media Broker applicationdescribedpreviously, a novel
applicationunderdevelopmentcalledtheTV-Watcherthatmonitorsalargenumberof videoandtext streams
for contentcorrelation,andnon-occludingubiquitousinteractive displays.In addition,usingthesensorlab
thatwehaveout�tted, weplanonexploringsensormonitoringandfusiontechnologiesto enablecapabilities
suchas locationawareness.As mentionedpreviously we will continueour efforts at integrating sensor
infrastructuretechnologiesin theAwareHomeandtheSystemsStudio. We believe this effort will reveal
interestingrequirementsdueto thevarietyof technologiesinvolved.
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Figure1: MediaBroker Architecture


