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1 Activities and Findings

1.1 Reseach and Education

This projectaimsto provide end-to-endnfrastructurefor capture jnterpretatiorandacces®f datastreams
in sensorrich, penasive computingervironments. This subsectiordetailsthe researchaccomplishments
this pastyear(2002-03)aswell asplansfor thecomingyear(2003-04).

1.1.1 High Performance Distrib uted Applications

Onemajorcomponenbf our efforts continuego becenteredairounddevelopingtechnologiesor interactve,
high-performance]istributedapplications Ourwork in thisareahasbeenjointly fundedby NSFandDOE.
Duringthelastyear we have (1) developedrealisticapplicationgointly with endusers(2) createcadaptve
middlevaretechnologiedo bettercopewith dynamicchangesn resourceswvailableto suchapplications,
and(3) studiedapplicationexecutionandperformanceavith adaptve middlevareon representaie testbeds
(additionalfundingfrom HP andIntel).

The key problemaddressedby our researchs the dynamicnatureof distributed hardware resources
usedby high performanceapplicationscoupledwith the dynamicchangesn enduserneeds. Interactie
applicationswill be usefulto end usersonly if certainquality of service(QoS) needsare continuously
met,throughoutaninteractive sessionOnespeci ¢ examplestudiedby our group,jointly with researchers
from DOE Oakridge,is aninteractve moleculardynamicsapplication,describedn detailin [1] Thenovel
natureof this applicationlies in its ability to dynamicallycustomizeendusers'views of sharedscienti ¢
data,whethersuchdatais in storagejs beingproduceddy a runningsimulation,or is derived from remote



instrumentsin addition,enduserscancombinedatafrom any numberof remotesourcesaswell asdisplay
it on avariety of remotedevicesrangingfrom handhelds¢o immersve desks.

Creatingand experimentingwith this applicationhasresultedin interestingtechnicaloutcomes.One
outcomedemonstratetheimportancenf coordinatinghebehaior of adaptve middlevarewith thebehaior
of network protocolstacksjn orderto controltheway in which datais streamedo endusers.Without such
coordinationthe large datavolumestransferredoy scienti ¢ applicationscanresultin high levels of jitter
[2]. Theseresultswereattainedwith an Emulab-basedetwork testbedat Geogia Tech,usingsomeof the
clustermachinesacquiredwith RI funding. Resultsnowv beingattainedareusingremotenetwork links to
DOE collaborators.

Anothersetof outcomesoncernghe mannetin which scienti ¢ datais representedn orderto permit
it to be easilyinterchangedcrossscienti ¢ collaborators.We useXML asmetadatanarkup,augmented
with anefcient binaryrepresentationf scienti ¢ data,to provide datainteroperabilitywith reduceddata
sizeandtransmissiortosts.Thiswork is documentedh detailin several publicationg3, 4, 5, 6, 7, 8, 9].

Anothersetof techniquedinks network-level knowledgeaboutcurrentcommunicatiorpathsin mobile
systemgo middlewvarelevel actions suchasthe useof appropriateverlaynetworksin mobilesystemg10]
TheseJara-basedechnologiesnirror our ongoingC/C++-basedavork focusedon high endapplicationsin
suchwork, we arecreatingruntimetechniquegor binarycodegeneratiorthatdeplo/ appropriateeodemod-
ules,at runtime,onto the machineaisedby remotecollaborators. Suchcodemodulestypically implement
thedynamicdata Itering techniqueseededor remotesensingor visualization11].

Userlevel middlevarefor distributedapplicationscanprovide certainlevels of quality of serviceto end
users. However, without kernel-lerel support,QoS guaranteeare hardto provide, andresourceananage-
mentis inef cient or dif cult to perform. Substantialvork by our grouphascreatedkernel-level resource
managementechanismsior both mobile anddistributedembeddedystemsandapplications.This work
is documentedn multiple recentpublicationg12, 13, 14, 15].

1.1.2 Stampede-basedistrib uted SystemsTechnologies

In this sectionwe detaila numberof actiities relatedto the Stamped¢l6, 17, 18, 19] distributedprogram-
ming infrastructure.

Media Broker Architecture. Therewasatime whenthe world of sensorsaand sensotbasedprocessing
wasdistinctfrom mainstreanhigh-performanceomputing.lt hasbecoméncreasinglyclearthatthesetwo
worlds areinevitably memging as sensorsand embeddedystemsbecomemore ubiquitousin our ernviron-
ment. Thereis aninterestingphilosophicalcon ict in this meger The sensoriven DSP world knows
thevalueof “throwing away” dataasmuchasusingsensitve data. The mainstreantomputingworld, with
its bagof tricks for consisteng, check-pointinggtc.,is very muchconcernedaboutkeepingarounddata,
expectingeverythingto be used! Giventhe con uenceof sensodriven and mainstreancomputingthere
is a needto memge the technologiesf the two worlds and perhapsdiscorer unifying techniquedor the
meiged sensotbaseddistributed computingfabric. In this megedworld, interfacing andintegratingwith
the physicalernvironmentwill beakey propertyof high-performanceistributedcomputing.

We expectmoreandmoremainstreanmapplicationsof the futureto take ona“control loop” avorin the
following senseinputsfrom avarietyof distributedsensorsnaybegathered ltered, processed;orrelated,
andfusedto facilitate higherlevels of hypothesesindinferencegimplying heary duty processingyhich
may thenbe usedto drive distributed actuatordo affect the physicalworld in someapplication-speci ed
manner Exampleof suchapplicationdncludemobilerobots,smartvehicles avareenvironmentsdisaster
responsesuneillance, andervironmentalmonitoring.

We arebuilding a MediaBroker to provide adaptve naming,resourcediscovery anddatafusion. The
mediabroker (seeFigurel) actsasa clearinghouséor sensorandactuatorsfor datanamingandef cient



resourcaliscovery, andfor specifyingapplicationspeci ¢ behaiors suchassensofusion,andis beingbuilt
on top of the D-Stampedg17] system.We feel that namingandresourcediscovery shouldbe elevatedto
the level of programming. Datafusion is a naturalway to realizevirtual sensors.For example,one can
think of a virtual sensotthatfusescorrespondingnputsfrom two or morereal sensorgsuchasaudioand
video). In this sensegdatafusionis closelyrelatedto the namingproblem: namingandresourcediscorery
are commonissuesto be dealtwith for both real and virtual sensors.ldenti cation of the problemsin
constructingcomplex controlloop applicationsandInitial ideason addressinghemhave beenreportedin
[20]. Two undegraduatedartin Modahlandllya Bagrakhave beeninvolved in theimplementatiorof the
MediaBroker architecture.

Data Fusion. Technologicainnovationwill, in the nearfuture, deliver wireless,mobile sensor‘motes”
with the computationand communicationcapabilitiesof currenthandhelds.Thus, advancedmultimedia
applicationsthat usesophisticateacomputinginfrastructuregsoday may becomeviable for deploymentin
futurewirelessadhocsensometworks. Simplein-network dataaggregationtechniquegor sensonetworks
have beenthefocusof severalrecentresearctefforts. In this researchye extendthesetechniquedo future
sensonetworksandaskiwo relatedquestions(a) whatis theappropriatesetof dataaggreation(or fusion)
techniquesand (b) how do we optimally assignaggreation rolesto the nodesof a sensometwork. We
have developedan architecturalframenork, DFuse for answeringthesetwo questions. It consistsof a
datafusion APl and a distributed algorithm for enegy-awvare role assignment.The fusion API enables
an applicationto be speci ed asa coarse-grainedata ow graph. It also easesapplicationdevelopment
anddeplg/ment. Therole assignmenalgorithmmapsthe graphonto the physicalnetwork baseduponthe
network topologyandervironmentalconditions periodicallyadaptinghe mappingin caseof changesising
role migration. Extensve measurementsn aniPAQ handheldfarm” shav thatDFuseAPI callsincur low
overheadPreliminaryresultsfrom this researclarereportedn [21].

Migration of Computational Abstractions. A key technologythatis neededo supportthe DFusearchi-
tectureis on-demandnigrationof computationabbstractionso matchrole assignmentWe have designed
andimplementedacilitiesin Stampeddor dynamicallypackagingandmigratingStampedehannelswvith-

outdisruptingapplicationprogress.

Dead Timestamp Identi cation in Stampede. We are continuingjoint work [22] uith with Dr. Kath
Knobeof HP CRL, reportedn lastyears report,for identifying andeliminatingirrelevantitemsin a Stam-
pedecomputation. The measuremeninfrastructurecoupledwith the post-mortemanalysistechniquewe
have developedin Stampedallows usto askseveral“what if” questiondo validateor eliminatepossible
designdirectionsfor optimizingthe performancef the Stampedeuntimesystem.

Towards Aspect-Oriented Programming Support for Cluster Computing. This is continuationof an
effort to automatecertainaspect®f distributed programmingechnologiesin particularthe explorationof
parallelizationstratgies andthe plumbingamongthe computationakntities. We are extendingSTAGES
to provide thesefunctionalitiesfor clustercomputationso a fully distributed framevork with dynamic
join/leave capabilities We arealsousingthis asa startingpoint for providing higherlevel dehuggingfacili-
tiesin Stampede.

Stampede.NET An effort startedrecentlyextendsthe Stampederogrammingmodelto wide-areanet-
works usingthe Microsoft .NET infrastructure.The .NET substrateallows usto export Stampedeapabil-
ities to heterogeneouslientsacrosshe Internetasweb services. The web servicesparadigmis predomi-
nantlyusedn theB2B domainfor XML-baseddocumengxchange Usingthis paradignfor Stampede-style



distributedstreanmprocessingpensen opportunitiesor stresdestingthetransportayerandevolving nev
protocols..NET hasmechanisms$or supportinganguageheterogeneitandgarbagecollection. We areex-
ploring waysto exploit thesefeaturedor supportingthe runtimemodelof Stampede.

1.1.3 Mechanismsfor EmbeddedAr chitectures

Software Cachingfor EmbeddedSensorProcessing Thisis continuationof work reportedn the2001-
02 annualreportto reconcileprogrammabilitywith costfor embeddegbrocessingssociatedavith sensors
in adistributedsensingnfrastructure.

Using our initial implementation®of a SoftCachesystemfor both Sparcand ARM/XScale systems
[23, 24], optimizationefforts areundervay to reducethe penaltiesncurredby the SoftCache.Part of this
work is attemptingio characterizendpredictmaoving from steadystateto steadystatewithoutemulationof
blockinvalidateq[26] containssomeaspect®f thisworkin whichwe haveinvolvedafemaleundegraduate
Naila Farooqui).

Due to the compleity of dehuggingbinary rewriting andtranslationsystemswith no a priori source
codeknowledge,the ARM/XScaleversionwhich usesa client-serer methodologyhasbeenincorporated
into SimpleScala®/ARM andgdh SimpleScalahasbeenmodi ed to supporta large body of missing
kernel functions (soclets, mmap, etc.), while gdb hasbeenmodi ed suchthatit candirectly readand
manipulatethe sener datastructurego facilitatedehugging. In this mannertranslatecaddresseandcode
canbedirectly mappedbackto the original program,andgdb sessionganbe synchronizedo understand
the point of failure. Two undegraduategChristophei]. ParninandDavid Raemanhave beenat the center
of gettingthiswork done.

To addressheenepgy-delayissueghatthe SoftCachenodelforcesontargetdevices,work hasbegunon
addressinghe differentaffecteddimensions After a review of methodologywe obsered thatthe Enegy
Delay metric proposedby Gonzalezand Horowitz hasbeenappliedinconsistently After addressinghis
issueby publishinga study of the problems[30], we have performeda detailedanalysisof the enegy-
delayimpactwhenreplacinglocal memorywith remotenetwork accessesOur resultssuggesthat using
the network as a remotememory can be more enegy ef cient thanlocal memoryundera wide range
of conditions[25]. Additional analysishasbeenappliedto the reoganizationof the on-die structures,
consideringapplicationperformanceindenegy consumptiorof the processooverall [26].

Work is also moving forward on fully instrumentingan XScale platform (the ADI BRH from ADI
Engineering|nc.) to performlive power measurementshile allowing for dynamicvoltage-andfrequeng-
scaling. Oncecompletedthis instrumentatiorwill allow for hardwareveri cation a new analyticalmodel.
This modelingwill accountfor individual power contrikutionsto the overall systemof DRAM, network,
CPU,etc. Thiswill permitcorrelationof simulatedSoftCachepower savingsandnetwork enegy ef ciency
to typical hardware.

1.1.4 SensorTechnologies

SensorLab. We have provisioneda Sensoiab within the College of Computingto supportour research
into e xible softwareinfrastructurefor penasive, heterogeneousensomnetworks. Our labincludesmodest
guantitiesof awide varietyof devices,bothwired andwireless from simplecommerciallyavailable(COTS)
component$o comple researclprototypes.

In lastyears report,we describedn detail ve speci ¢ sensottechnologiesve plannedto deplo in-
cludingan IR tag-basedocationsystem passie temperaturesensorsultrasonicsensorsBerkeley Motes,
andHP SmartBadgeystemsAll have beenacquiredandall but the ultrasonicsensorandBerkeley Motes
have beendeplo/ed. In additionwe have madeextensie useof camerasmicrophonesandspealkrs and
will beacquiringsomeRFID equipmen&andproximity cardsfor usein the FutureLibrary project.



We have continuedout tting the SensoiLab within the College of Computingandhada groupof stu-
dentsdevelopademoapplicationthatexerciseahedeplo/ed sensoinfrastructure The SystemsStudioand
Systemd_ab, alongwith otherportionsof thesecondoor of the College of Computing,have beenout t-
tedwith a commerciallR/RF tag-basedracking system. This systemprovidesroom-granularitytracking
informationon participantscaringa trackingbadge. Low-level sensordatais processedy a proprietary
sener which thenemitstrackingdatain XML formatto our Stampedénfrastructurewhereit is published
for applications.The SensoiLab alsocontainsavariety of microphonesindcameraswith varyingcapabil-
ities, includinga pan-tilt-zoomcameraWe have contactsensor®n doorsandpassie temperatursensors.
We have alsobeenworking with iPAQsandprototypesof the HP SmartBadgewhichis a portable wireless
single-boarcomputemwith attachedensorshatrunsLinux. Finally we have startedvorkingwith Berkeley
Moteswhich provide arich rangeof capabilities.

Our demoapplicationinvolvestrackingatamgetindividual carryinganIR badge.This providescoarse
locationinformation (e.g. in the hallway, in the lab). we have sensorsnside and outsidedoorways to
detectentry/«it events. This datais furtherreinforced(via sensoffusion usingthe FusionChannelAPI in
Stampedeby door contactsensoreadings.Oncea tracked tametis con rmed asenteringthe lab, a pan-
tilt-zoom cameraorientsandtakesa snapshobf theindividual enteringtheroom. This is storedfor future
referenceTo tracklocationwithin thelab, we have deployed simplelogin monitorsonthevariousmachines.
Keystrole signaturesare usedto con rm that an individual loggedinto an accountis the actualtarget.
Usinga simplespatialmodelof the sensoredabsandspacesappropriatecamerasreidenti ed to provide
suneillance of the tracked target. This demois mostly completeand exercisesthe infrastructurewhile
providing aframework for furtherresearchFor example partof theworld modelincludesa sensor/actuator
device registry. We have exploredsimple XML encodingf device characteristicor discovery, all within
the Stampeddramevork. We look forward to augmentingthis demoin novel ways with the Berkeley
Motes. This demousedthe HP SmartBadgeas a computationalnode (althoughwe didn't emplo/ the
onboardsensorsjunningStampede.

ThewirelesstemperatursensorandHP SmartBadgelatformwerebothusedby studentsn Professor
Ramachandras'Penasive Computingseminar(8803E)during Springsemesteof 2003. We hopeto see
make the SensoiLab morewidely availableto classesandstudentsn thefuture.

We have donesomepreliminary evaluationof the Berkeley Motesbut await delivery of several dozen
nenv Motes and supportinginfrastructure. Expecteddelivery is mid-summer2003 and we hopeto gear
up quickly, training several undegraduateand graduatestudentsn the useof the Motesandthe TinyOS
programmingervironment. Dueto the e xibility of the Motes, mary projectsare possible. Early on we
hopeto developa minimal Stampedgrotocolstackto run on the Motes,allowing themto integrateeasily
into existing applicationsaandotherresearclefforts.

Two otherefforts arerelatedto the Sensot_ab. First,to facilitateongoinginteractiorwith ProfessoRon
Arkin andtheroboticsgrouphereat Geogia Tech,we plan on purchasinganddeploying robotscurrently
usedby RonArkin's MissionLab system.Robotsareeffectively autonomousmobilesensorandprovide a
goodapplicationof the Stampedenfrastructure Having our own dedicatedoboticshardwarewill allow us
to progresamorequickly with our efforts in this applicationdomain. Secondjn joint work with Professor
Rameshlain,wewill bedeplg/ing Stampedaspartof acampus-widéseogia TechEventWeb prototype.
This systemfacilitatesdevelopmentandaccesdo web-mediate@vents.In the Geogia Techprototype the
systemwill be usedto accesdalks, seminarsand conferenceseld on campus. This work will involve
out tting severalspace®n campuswith teleconferencingapabilities gffectively extendingthe Stampede-
managedsensolLabto a campus-widgresence.

Software Infrastructur e. Last years reportoutlined a variety of infrastructuretechnologieghat were
plannedor underdevelopmenincludingbasicsensosupportfusionchannelstime synchronizationpower



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

We have demonstrateaur ability to sampleand control sensorsand actuatorswithin the Stampede
framework with avarietyof applicationsanddemos We have integratedthe FusionChannebbstractiorninto
StampedeWe have undertaken a powver managemergtudyanddevelopedalgorithmsandinfrastructurefor
dynamicpower monitoringand managemenby task placemenand migration (DFuse). Transparentask
migrationin Stampedeequiredthe developmentof a channelmigrationmechanism.This mechanisnis
usefulindependenthandcanbeusedto implementioad-balancing@ndtrafc management.

Efforts on the Media Broker are ongoing. A preliminary implementationhas beenusedto support
andstructurethe Family Intercomapplicationin the AwareHome. This applicationallows the description
anddiscovery of microphonesand spealkrs throughoutthe Aware Home. Theseare often accessedh a
combinedform asa virtual sensofactuatorpair (ICombo). Informationaboutthe placementattributesand
statusof devicesis maintainedin an LDAP repository The LDAP repositoryalso functionsasa name
sener, allowing abstrachamedaccesdo Stampedanternalentities(e.g. channeldescriptorsgtc.). This
informationis augmentedy a locationtrackingsystemin the AwareHome,accessedia a Java interface
throughthe Context Toolkit. TheFamily Intercomsupportdrackingof listenersandspeakrsandactivation
of nearbyaudioresourcesUIltimately, userswill beableto move freelythroughouthehomewith automated
"switch-over" of audiodevicesastheuserentersandleasesvariousrooms.

Developmenton the Media Broker proceedson several fronts. We are addingmechanismgor stream
publishers(sensorsproducers}o specifythe variousdataformatsthey canproduceusinga lattice-based
typesystem.Datatypesarerelatedby possiblestreamtransformationgn thesdattices(for example,down-
sampling ratereductioncropping,clipping, compressionetc.). Streampublishersalsoexport acommand
setfor changingfrom oneformatto another Internally the Media Broker is ableto implementfurther
transformationshatarepartof alibrary of well-known transformationgr via transformghatare provided
by clients and dynamicallylinked on demand. The lattice structurehelpsthe Media Broker determine
a "greatestcommonformat" when con icting requestsare presented.We are also exploring additional
descriptionand discovery techniqguesand are consideringthe use of DSML (Directory ServiceMarkup
Languagefjor representind. DAP data.

We have alsoundertaknarefactoringandredesigrof Stampedéo provide e xibility andperformance
enhancemenndto addnew features.Thiswork involvescarefulobject-orientedlesignandmodelingand
is proceedingwith attentionto currentbestsoftware developmentpractices. This effort will yield anim-
provedandwell-documentedodebaseo supportfutureenhancements.hiswork proceedsynegistically
with anongoingStampede/.NETmplementatiorin which a C# versionof Stampedés beingimplemented
within the .NET framevork andexposedvia web services.We have begunfocusinginitially on aredesign
of the CLF communicatiorsubstratéo modularlysupporta variety of transporimechanismg§UDP, reliable
UDP, TCR, HTTR, etc.). We areredesigninghis layerto provide a secureand e xible deployment/startup
mechanisnmusing SSH.In additionwe aredesigninga dynamic, e xible groupmembershignanagemwith
basicfaulttolerance.Thiswill allow animproved, integratedimplementatiorof the D-Stampeddunction-
ality (currentlyimplementedrsia TCP proxying) aswell asclusterto-clusterinteractions.Theredesignwill
also supportheterogeneouaddressspacesegliminating the currentrequirementhat all Stampedecluster
participantshostcopiesof asinglestatically-linked addresspace.

1.1.5 Distributed Ubiquitous Displays.

The aim of this projectis solving someof the technicalchallengesn realizing a part of Marc Weisers
ubiquitouscomputingvision. The speci ¢ aspecbf the vision beinginvestigateds the ability to "whistle
up" adisplaywheneer andwherever. Thevision is clearly beyondrealizationthrougha one-yeaiproject.
The piecesof technologythatwere promisedinclude: (a) techniquedor a frontal multi-projectionsystem



that automaticallyaccountsfor occlusion; (b) implementingthis techniqueon the Stampeddistributed
systemframeawork; and(b) mechanismsor datafusionin Stampeddo allow multiple video streamgo be
combinedor displaypurposes.

We madesigni cant progressn increasingandassessinghe usability of projectorcameratechnology
The original versionof the systemfor occluderlight suppressiorfturning off pixelsthatfall on the user)
andshadev elimination(usingalternatdight pathsto compensatéor shadws) wasbasedon a nonlinear
feedbacKaw thatblendedthe outputsof multiple overlappingprojectorsto achiere a stable,occlusion-free
display While this procesgroducedaworking prototype it requiredapolling loop in which eachprojector
wastestedin sequencéo determineits effect on theimage. This resultedin slow performance We have
sincea developeda muchsimplerversionof the systembasedn a switchingcontroller Thekey innovation
is to assignall of thelight for a given pixel to one of the unoccludedrojectors. This eliminatesthe need
for complex perpixel gaincalculationsandresultsin muchfastermperformanceThecurrentsystenoperates
aroundl2-15Hz, afactorof 3-4improvementover the original system.A paperdescribinghe nevy method
waspresentedhis pastJuneatthe IEEE Conf. on Computelision andPatternRecognition[27].

A secondbasicissueis to assesshe usability of Virtual RearProjectiontechnology Therearea gamut
of techniqueswvhich could be emplored to achieve stableocclusionfree displays. On one extremeis the
switchingapproacltdescribedabore which reliesuponreal-timevisual feedbackand comples algorithms.
At the oppositeextremeis whatwe call passie VRP, in which two overlappingalignedprojectorsdisplay
the sameimageat half power. In this setupeachoccludercaststwo soft shadavs on the display surface.
The passie approacHies "between'corventionalsingle projectorsetupswhich createhardshadevs, and
an actve methodwhich can cancelshadas completely From a deployment perspectie this gamutof
approachesepresenta gamutof implementationcostsand compleities. We believe it is importantto
assestherelative valueof thesealternatves.

ThispastSpringJaySummetaPh.D.studentconductedhe rst userstudyof VRPtechnologiesSince
theactive VRPis still underdevelopmentJayfocusedon establishingabaselindoy comparingpassie VRP
andtwo single-projectodisplay solutionsalongwith true rearprojection. His studyassessedsability as
well asuserpreferenceshrougha variety of selectiontasks. The study wasimplementedusinga Smart
Board rear projectiondisplay with a touch sensitve screen. For VRP technologieslight was projected
ontothe SmartBoardsurface. For the rear projectioncomponenthe SmartBoardwasuseddirectly The
mostsigni cant nding from the studywasa stronguserpreferencdor VRP technologyover othersingle
projectorsolutions. This suggestdhat the addedcompl«ity and costof usinga secondprojectorcanbe
justi ed in termsof the userexperiencethatit provides. The studyandits resultsaredescribedn a paper
whichhasbeensubmittedo theFirstintl. Workshopon ProjectorCameraSystemgPROCAMS 03), which
will beheldthis Octoberin Nice, France29].

Onelimitation of the study wasthe needto usethe touch screensurface of the SmartBoard for all
interactions. Sincethe SmartBoard surfaceis designedfor back projectionuse, it is a relatvely poor
surfacefor front projection.This placedall of thefront projectionapproacheat a disadwantagewith regard
to theimagequality. We planto conducta moreinvolved studythis yearwhich will includethe switching
VRP technology This studywill usea new pen-basedaptureproductwhich is beingcustom-hilt for us
by SmartTechnologiesThis systemwill make it possibleto capturefrom ordinaryprojectionsurfaces.

A journal paperdescribingan overviewv of the Stampedeystemandan evaluationof its performance
wasrecentlyacceptedor publicationin the IEEE Transaction®n ParallelandDistributed Systemsspecial
issueon middlevare[16]. This evaluation,completedn Fall 2002,assessethe performancef two diverse
applicationson our Stampeddémplementationusing the Beawvulf clusterin CERCS.It demonstratethe
ability to achieve signi cant speedupsn streamingmediaapplicationsunderStampede.

An implementatiorof the coreprojectorcamerasystemunderthe Stampedesystemis currentlyunder
way by Xiang Song,a rst yearPh.D.student.Xiang is basinghis port on a Windows implementatiorof
Stampedavhich usesMPI asthe message-passingyetr The Windows versionis importantin orderto be



ableto usethemostrecentgraphicscardsin thesystemandto avoid extensve modi cation of thecode.We
have madesigni cant improvementsto the Windows versionof Stampedén responséo the needsof this
application.This portionof theprojectwill becompletedy theendof the Summer A preliminarydemoof
theWindows Stampedesystenusing.NET technologywill be presente@tthe Microsoft Researcisummit
in July.

1.1.6 Performance Study of StampedeRuntime System.

Emepging applicationdomainssuchasinteractve vision, animation,andmultimediacollaborationdisplay
dynamicscalableparallelism,and high computationatequirementsmakingthemgood candidatedor ex-
ecutingon parallelarchitecturesuchas SMPsor clustersof SMPs. Apart from their main algorithmic
componentstheseapplicationsneedspecializedsupportmechanismshat enableplumbingdifferentmod-
ulestogether crossmoduledatatransfer automaticbuffer managementynchronizatiorandso on. Such
supportmechanismsre usually part of the runtime system,andwe have developedtechniquego quan-
tify their performance.The runtimefor our evaluationis Stampedga clusterprogrammingsystemthatis
designedo meettherequirement®f suchapplications We have developeda cycle accuratdiming infras-
tructurethat helpsteaseout the time spentby an applicationin differentlayersof software,viz., the main
algorithmiccomponentthe supportmechanismsandthe raw messagingWe conductedour experiments
with two representate applicationsontwo avors of Unix, viz., SolarisandLinux. Thereareseveralin-
terestinginsightscomingfrom this study[28], publishedin the International Symposiunon Performance
Analysisof Systemsnd Softwag, 2003 First, memoryallocationdoesnot take up a signi cant amount
of the executiontime despitethe interactve and dynamicnatureof the applicationdomain. Secondthe
Stampedeuntime addsa minimal overheadover raw messagingor structuringsuchapplications.Third,
theresultssuggesthatthe threadscheduleon Linux may be moreresponsie thanthe oneon Solaris;we
guantify the effect of the scheduleresponsienessn termsof differencein bloding time for threadsand
time spentin synchronizationn the messagindayer Fourth,the messagindayerspendsjuiteabit of time
in synchronizatioroperationsPerhapshe mostinterestingesultof this studyis thatgeneral-purposeper
ating systemssuchasLinux andSolarisarequite adequatdo meetthe requirement®f emeging dynamic
interactve stream-orientedpplications.

1.1.7 SOLAR: Semantic-OrientedLow-power Ar chitecture

Semantics-Avare Multilateral Partitioning. This work [30, 31] exploresandimplementsa novel low
power memorytechniqueor a microprocessothroughanin-depthcharacterizatiostudyfor memoryref-
erenceébehaiors andlocality to reduceenegy consumptionn dataTLBs andcachesWe addresshemem-
ory enepy issueshy emplg/ing a streamlinedpartitioningtechnigueat architecturdevel that effectively
reducesnegy consumptiorin memorysubsystenwithout compromisingperformancelt is achieved by
decouplingthe d-TLB lookupsandthe datacacheaccessedyasedon the semantiaegionsde ned by the
corventionof programminganguage®n a given architecturejnto discretereferencesubstreamsg, stack,
globalstatic,andheap.It is obseredthatdatamemoryaccessesom eachsemantiaegion form a semantic
band. The heapbandis wider anddenseithanthe stackandglobal staticbandsindicatingthe substantially
highernumberof uniqgueheappagesaccessedAlso it is foundthatonly avery smallnumberof stackvirtual
pagesis neededccomparedo the requiremenfor global staticand heappages. While mappingall these
referenceso the samestructure unnecessargon ict missesamongdifferentsemantiaegionsdisturbboth
performanceandpower consumption.This motivatesusto redesigrthe memorysubsystenby emplo/ing
a semantic-arare multilateral (SAM) partitioning,which customizesa discretememorystructurefor each
semantiaegion to eliminatecon ict misses.The SAM memoryarchitecturexploits the locality andchar
acteristicdemonstrateth eachsemantiaegion by (1) Semantic-Avare TLBs (SAT), reoiganizingthe rst



level TLB structuranto two smallstructures- stackandglobalstaticmicro-TLBs,while leaving thesecond
level for all dataaddresseand(2) Semantic-Avare CacheqSAC), by decouplingthe rst level cacheinto
threecachelets.A Data AddressRouter(DAR), containingsemanticboundaryaddresses specialcon-
trol registers,wasimplementedo routeeachd-TLB lookupto theirrespectie SAT for addresdranslation.
Insteadof searchinghe entirefully associatie TLB entries,enegy canbe saved by eliminatingcon ict
missesand ltering out the lookupsby stackand global static regions with smallercontent-addressabl
memorystructuresas a major portion of the memoryaccesdistribution being skewed toward the much
smallerstack-TLBandglobal-TLB. Similar to SAT, SAC alsosavessubstantiaknegy by redirectingthe
majority of memoryreferenceso stack-Cacheleindglobal-Cacheletln addition,multi-portingthesmaller
yetfrequentlyaccesse®AT andSAC requiredessdie areaaswell asreducingtheaccessateng. Our ex-
perimentalresultsshav that an averageof 35% enegy canbe reducedn the d-TLB andthe datacache.
Furthermorean averageof 45% enegy canbe saved by selectvely multi-porting the Semantic-avare d-
TLBs anddatacachesagainstheir monolithiccounterparts.

Minimizing Energy using Multiple Supply and ThresholdVoltages. Thiswork [32] proposedan op-

timum methodologyfor assigningnultiple supplyandthresholdvoltagesto differentmodulesin a CMOS

circuit suchthat the overall staticand dynamicenegy consumptioris minimizedfor a given delay con-

straint. The theoreticalconditionsfor minimum enegy were identi ed mathematicallyby applying the

LagrangeMultiplier algorithmusingthe overall delay of the moduleson the critical path asa constraint
followedby our proposedyradientsearchalgorithmthatiteratively convergesto optimalsupplyandthresh-
old voltagesthatsatisfythe optimumenegy. We alsopresented clusteringalgorithmwhich clustershese
optimumvaluesinto a limited numberof supplyandthresholdvoltagesin a practicaldesignscenario.The

methodcanbe appliedto circuit modulesof ary kind, giventhe delayandenegy parameteror the mod-

ules. We appliedour algorithmsto using0.25 procesgechnologyandobsered up to 48% enegy savings

in ISCAS'85benchmarlanda 16-bit WallaceTreeMultiplier.

1.1.8 Efcient Network Emulation

This projectis concernedwith realizing novel, next-generationtechniqueghat will enablerapid emula-

tion/simulationof large-scalenetworks for usein on-line simulation-basedetwork managemenineth-

ods,andto facilitatedistributed applicationdevelopmentanalysisandtesting. The ultimateobjectie is to

demonstrat¢he useof thistechnologyin enablingnen capabilitiesn defensecommunicatiorapplications.
We aredevelopingkey technologiedo achieve our objectves:

A novel parallelsoftware backplanghatenablesnodelreusefrom differentnetwork simulationand
emulationtools

New paralleldiscreteaventsimulationtechniqueso enablesxecutionof massve simulationsof large-
scalenetwork models,on multiple platformsincluding supercomputers

New techniquesxploiting direct executionfor accurateandtransparentaptureand control of live
applicationnetwork actiity

Integrateddemonstrationsyith multiple NMS researchygroups actively identifyingandshaving mil-
itary relevance.

Recentaccomplishmentf33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44] include:



Hierarchical Time Synchronization Algorithm. Designedandimplementeda novel, hierarchicaltime
synchronizatioralgorithmthat canscaleto morethana thousandorocessors.Usedthis algorithmin our
supercomputesimulationgo achiere thefastessimulationsto date(106 million paclettransmissionsim-
ulatedin onewallclock second).Theimplementations includedin our backplanesoftware,the Large-scale
Network VisualizationTool. Developeda Java-basedscalablenetwork visualizationtool, NetAnim, for
rapidly visualizingthe topologyandanimatingthetrafc in very large network con gurations,with novel
algorithmsfor fastlayout. Unlike existingtools,our NetAnimtool scalego hundredof thousandef nodes,
links andpaclets. Usedthetool for visualizingmillion-nodemilitary enterprisenetworks.

GTNetS—New Network Simulator. New parallelnetwork simulatorwhich containanoredetailedmod-
els, is built for interoperabilityfrom the outset,is demonstratedo be highly scalable,and implements
memory-optimizednodelsfor large-scalecon gurations.

Hybrid Packet-Fluid Simulations. Developedahybrid approactio combinehigh delity of paclet-level
modelswith simulationspeedof uid simulations. Achieved a computationakpeeduf over twentyin
somecasesyvith little lossof accurag.

Multicast Nix Vectors. Developedanovel representatiotechniquahatgreatlyreducesnemoryrequire-
mentsfor routingin paclet-level multicastsimulations.Our representatioenableghe simulationof large
networks which werenot possibleto simulatebeforedueto very high memoryoverheadof traditionalrep-
resentationtechniques.

1.1.9 Headand GazeTracking for Effective Interaction

Headposeandeye gazeinformationareveryvaluablecuesin face-to-aceinteractiondetweerpeople.Such

informationis alsoimportantfor computersystemghat a personintendsto interactwith. The awareness
of eye gazeprovides contet to the computersystemthat the useris looking at it and thereforesupports
effective interactionwith theuser

Real-time Vision-basedEye Tracking System. We have developed[45] a real-timevision-basedsye
trackingsystemnto rohustly tracka users eyesandheadmaovements Our systemutilizesrobusteye tracking
datafrom multiple camerago estimate3D headorientationvia triangulation. Multiple camerasupporta
largertrackingvolumethanis possiblewith anindividual sensarwhichis valuablein anattentve erviron-
ment.Eachindividual eye tracler exploits thered-g/e effectto trackeyesrohustly usinganinfraredlighting
source Althoughour systenreliesoninfraredlight, it canstill trackreliablyin ervironmentssaturatedavith
infraredlight, suchasaresidentialiving roomwith muchsunlight. For thelatter, we have developeda new
FischerDiscriminantfor eyeimagesfrom IR cameras.

Spealer and Movement Tracking with Audio/Video Fusion. In addition, we have also studied[46]
several approachesor fusion of audio andvideo streamsto allow for real-timetracking of moving and
speakingpeople. This requiresbuilding off existing stampederchitectureandits relatedMedia Broker
to allow for efcient streamingand processingf theserich streams.We have built several phased-array
microphonesystemsandmultiple-camerdrackersin supportof this effort.

1.1.10 High-Performanceand Low-Power SOC and SOP Technologies

High-performanceandlow-power hardware substrates$acilitate penasie deplgymentof streamingmedia
systems.To this end, we have beenexploring logic synthesisand physicaldesignfor high performance,



low-power, andreliable SOC (system-on-chipand SOP (system-on-packagég¢chnologies.Threerecent
projectsaredescribedelaw.

Thermal-dri ven Cir cuit Partitioning and Floorplanning with Power Optimization. In thiswork [47],

we presenmethodologyto distribute thetemperaturef gatesavenly ona chipwhile simultaneouslyeduc-
ing the power consumptiorby usingnewly designedoartitioningand oorplanning algorithms. This new
partitioningalgorithmis designedo partition blockswith well-balancedemperaturedy alteringthe FM

algorithmto includethermalconstraints.Then, the suggestedoorplanning algorithmcanassignspeci ¢
geometridocationsto the blocksto re ne the quality of the thermaldistribution andto reducepower con-
sumption. The combinationof thesetwo new algorithms,called TPO, is comparedwith the resultsof a
corventionaldesignprocedure As a result,power is reducedoy up to 19onaverageanda well-distributed
thermalconditionis achieved.

SimultaneousDelay and Power Optimization for Multi-le vel Partitioning and Floorplanning with Re-
timing. Delay minimization and pover minimization are two importantobjectives in the designof the
high-performanceyortable andwirelesscomputingandcommunicatiorsystemsRetimingis avery effec-
tiveway for delayoptimizationfor sequentiatircuits. In thiswork [48], we proposeauni ed framework for
multi-level partitioningand oorplanning with retiming, targetingsimultaneouslelayandpower optimiza-
tion. We rst discussthe importanceof retiming delayandvisible power as opposedo the corventional
staticdelayandtotal power for sequentiatircuits. Thenwe proposeGEO-PDalgorithmfor simultaneous
delayandpower optimizationand provide smoothcutsize wirelength,powver anddelaytradeof. In GEO-
PD, we useretiming basediming analysisandvisible power analysisto identify timing andpower critical
netsandassignproperweightsto themto guidethe multi-level optimizationprocessin generaltiming and
power analysisaredoneat the original netlistwhile a recursve multi-level approactperformspartitioning
and oorplanning on the sub-netlistaswell asits coarsenedepresentationsWe shav an effective way to
translatehetiming andpower analysisresultsfrom the original netlistto a coarsenedub-netlistfor effec-
tive multi-level delayandpower optimization.To the bestof ourknowledge thisis the rst work addressing
simultaneouslelayandpower optimizationin multi-level partitioningand oorplanning.

Physical Layout Automation for System-On-Rickages. System-On-Bckage(SOP)paradigmproposes
a uni ed chip-plus-packageiew of the designprocesswhereheterogeneousystemcomponentsuchas
digital ICs, analog/RFICs, memory optical interconnectsMEMS, and passie elements(RLC) are all
packagednto a singlehigh speed/densitynulti-layer SOPsubstrate We proposea new chip/packageo-
designmethodologyf49] for physicallayoutunderthe new SOPparadigm.This nev methodologyenables
the physicallayout designandanalysisacrossall levels of the SOPdesignimplementationpridging gaps
betweenlC design,packagedesign,and packageanalysisto ef ciently addresgiming closureandsignal
integrity issuedor high-speediesigns.In orderto accomplisha rigorousperformanceandsignalintegrity
optimization,efcient statictiming analysis(STA), signalintegrity analysis(SIA), andthermalandpower
analysis(TPA) tools arefully integratedinto our co-designo w. Our uni ed wire-centricphysicallayout
toolsetthatincludeson-chip/packag®iire generationpn-chip/packageoorplanning, andon-chip/package
wire synthesigrovideswire solutionsfor all levels of the designhierarchy-includingcell, block, andchip
level for puredigital andmixed signalervironment.In addition,on-chiphard/softiP (IntellectualProperty)
integrationis supportedn our co-designo w for shorterdesigntimesthroughdesignreuse.To the bestof
our knowledge, this work is the rst to addresshe chip/packageco-designissuesin System-On-Bckage
(SOP)physicallayout.



1.2 Major Findings

We have hada signi cant numberof researchresultsin the scopeof the RI projectthat spandistributed
systemsuserinteraction clustercomputingandwide areascalabilityin applicationdomainssuchastelep-
resencande-commerceTheseresultshave oftenbeenin partnershipvith ourindustrialcollaboratorsuch
asIBM, Intel, HP, Microsoft, andWind River Systems.The referencesn the publicationsportion of this
annualreportgive pointersto someof theseresults.

1.3 Training and Development
1.3.1 Undergraduate Reseach Participation

We continueto attractbright andinterestecundegraduatedo RI-relatedresearctprojects.Undegraduate
participationin researchwithin the Collegeis facilitatedby the excellentUROC program(www.cc.gatech.-
edu/program/urocy;oordinatedy Amy Bruckmann A varietyof institute-wideprogramsarealsoavailable
(www.undergraduateresearghteh.edl) including a specialfund sponsoredy the presidentof Geogia
TechandseveralNSF-sponsoregrojects(URIP, SURF etc.).In addition,we sponsothe SystemdHackfest
groupeachsemestethatincludes5-10 undegraduategparticipatingin research-relategrojectsfor fun or
coursecredit.

1.4 Outreach

We have heldseveralopen-houseventsin 2002to acquaintesearcherBom within andoutsidethe College
of Computingto the high-endvisualizationand computationfacilities that are available throughthe Rl
award. The SystemsStudio hasbecomea centerfor demoand postereventsandis usedfrequentlyto
introduceandshavcaseour variousefforts to visitors.

In Fall 2001, the Geogia Tech Centerfor ExperimentalResearchin ComputerSystems(CERCS)
openedits doors. CERCSbrings togetherresearcherérom Geogia Techs College of Computingand
Schoolof Electricaland ComputerEngineeringwho sharea commonfocuson the designand evaluation
of computerand software systemshroughexperimentalmethods. CERCSresearchfocuseson comple
systemsincludingtheir hardware,communicationsindsystem-lgel software,andapplications By empha-
sizingthe experimentamethod we promotethe creationof knowledgethroughthedesignimplementation,
andmeasuremerdf potentiallylarge-scalgrototypesystems Constitutingoneof the largestexperimental
systemgrogramsn theU.S.,CERCShasa missionto:

promoteexperimentakresearchn ComputerandSoftware Systems

producehigh quality studentdrainedin the experimentalmethodof systemgesearchand develop-
ment

fosterhighimpactandmulti-disciplinaryresearclefforts usingsharedpersonneandfacilities,and
supportresearcherandeducatorat Geogia Techandits af liated institutions.

WerecevedanNSFIUCRC awardtowardtheformationof this center In Fall 2002,we heldtheformal
openingof the centeranddove-tailedit to the NSFIUCRC workshopon experimentakesearchn computer
systems.



1.4.1 Advisory Board

We heldavaluableresearcladvisoryboardfor theRI awvardin October2002. Theboardmembersttending
included:RogerHaskin(IBM Almaden),Kath Knobe(formerly at CompaqCRL), Jim Rowson(HP labs),
Rick Schlichting(AT & T), Willy Zwaenepoe(Rice), MargaretMartonosi(Princeton),andMary Vernon
(UW-Madison).This meetingprovidedvaluableexternalfeedbaclkandfocusto our efforts. Welook forward
to the next meetingof this group,tentatvely scheduledor Springof 2004.

2 Publications and Products

2.1 Publications

Seethereferencesittheendof this document.

2.2 WebSite

Pleasevisit the projectweb site at www.cc.gatech.edu/~rama/nsf-ri/

3 Contributions

Theactiitieswearecurrentlyundertakindhave resultedn asigni cant numberof publicationsandsoftware
artifacts. Thesearelistedin thereferencest the endof this report.

3.1 Human Resources

We have roughly 40 graduatestudents, 15 undegraduatestudents,and 7 researchscientistsworking in
areagelatedto this project. Threeresearctscientistsare supported part-time)directly from grantfunds.
Approximately30% of theseindividualscomefrom undefrepresentedroups.

3.2 Research and Education

Theresearclartifactsfrom the projectare nding theirwayinto graduateoursesProfessoRamachandran
taughta specialtopicscourseentitled,“Pervasive computingwith distributedsensors, (URL: www.cc.-
gatech.edu/clas ses/ AY2002/ cs8803e_sprin g). Someof the studentsn the courseusedD-
Stampedasanimplementatiorvehiclefor the courseproject.

CourseausingRI equipmentandupdatedn responsdo Rl-enabledresearch:.CS6210,CS6235,CS
6230,CS3210,CS4210,CS4220.

3.3 Laboratory and TestbedDevelopment

We have out tted alaboratory(the SystemsStudio)with avariety of resourceslescribedn previousannual
reports. We canreportongoingheary useof theseresourcedor a variety of grant-relatecprojects. This
"mediaspace'is usedfrequentlyfor interactve meetingsand presentationgnd hasbeenout tted asan
AccessGrid nodeandis usedregularly for this purposeby individualsfrom throughouthe Techcampus.

Thisyearwe have purchasea variety of additionalsensolcomponentsothatwe mayusethe Systems
Studioasa "sensorlab" aswell. We are experimentingwith both researc{HP Badge4,Berkeley Motes)
andcommerciakquipmen{Versus€chlocationsensorswirelesstemperaturesensors).

In addition,we areincreasingheintegrationof resourcesn the SystemsStudiowith similar resources
in the AwareHome.



3.4 Budget, Equipment Acquisition, and PersonnelSupport

Of the$300,018ncrementecevedthisyearfrom NSF, we reportexpense®f $285,643.82Thebulk of this
amount($225,000)wasspenton the purchaseof a large HP Itanium clusterwhich wasdescribedn detall
in lastyears report. The clusteris now operationabndin daily use. A secondexpenseof approximately
$34,000purchasea high-speedCiscoswitchwhich providesaccesgo the Itaniumcluster Theremaining
expenseapproximately$27,000)wasa combinationof smallerexpensedor small systemsmaintenance,
andpersonnel.

Thecurrentyears allocationof matchingfundscomesrom two sourcesnternallyandtotals$174,769.02
(College MatchingFund)and$86,000(Liotta MatchingFund). College matchingfundshave beenencum-
beredfor equipmenimaintenancen Rl purchasesndfor personnel(researctscientist)support. Approx-
imately $60,0000f the Liotta fundswereappliedto the Itanium clusterpurchasda large, multi-grantpur-
chase) We purchase@pproximately$12,0000f Berkeley Motesanddevelopmentsystemdrom Crossbav
Technologieslsofrom the Liotta funds. We purchased large tertiary storagesystemfrom SunMicrosys-
temsto supportbackupof RI-fundedstoragemediawith anadditionalunspent$60,000of Liotta matching
funds. Finally, an additional$34,0000f unspentiotta fundswereallocatedto smallequipmenpurchases
andmaintenance.

Threeresearctscientistsare currently partially supportedoy the RI funds: Neil Bright, Phillip Hutto
andMatthev Wolenetz.We projectthesethreeindividualswill remainfundedby the grant(primarily from
College MatchingFund)for the durationof thegrant.

4 SpecialRequirements

4.1 Plansfor the Coming Year

Projectssuchas StampedeECho, and InfoSpherewe have beenexploring several interestingdistributed
systemgechnologies.Now we area point wherewe canseethe impactof thesetechnologiesn various
applicationcontets. Suchcontets include the Media Broker applicationdescribedpreviously, a novel
applicationunderdevelopmentalledthe TV-Watcherthatmonitorsalargenumberof videoandtext streams
for contentcorrelation,andnon-occludingubiquitousinteractive displays.In addition,usingthe sensoiab
thatwe have out tted, we planon exploring sensomonitoringandfusiontechnologieso enablecapabilities
suchas location awareness.As mentionedpreviously we will continueour efforts at integrating sensor
infrastructuretechnologiesn the Aware Homeandthe SystemsStudio. We believe this effort will reveal
interestingrequirementslueto the variety of technologiesnvolved.
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