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Abstract

Thisfirst white paperof therelationalGrid informationservicestaskgroupoutlinesanapproachto Grid informa-
tion services(GIS) that is basedon therelationaldatamodel. While conceivedasoperatingstand-alone,thesystem
proposedhereincould alsobe viewed asa complementarysystem,or asa setof servicesthat would complement
andinteroperatewith systemsbuilt accordingto thestandardsemerging from theGrid InformationServicesworking
groupandtheGrid Performanceworking group.

Thereis muchthat is excellentabouttheevolving standardsof thesetwo groups.Their datamodelsaresimple,
their implementationswill beeasyto use,andthedatathey will containwill decomposenaturallyacrossadministra-
tive domains.However, therearemany formsof highly desirablequeriesthatwill bedifficult or expensive to support
in thesesystems.Generally, suchqueriesinvolve constraintson compositionsof information(“joins”). “Give me
n hoststhat togetherhave a total memoryof onegigabyte”is an example. In addition,we expectthat querieswill
evolve astheGrid evolves,soit is vital thatthesetof efficient queriesnot bedecideda priori, asit is with thecurrent
models.We alsoseethat therearetwo evolving standards—two incompatiblewaysat gettingat informationabout
Grid resources.Finally, it is essentiallythecasethathighly dynamicinformationis not representedin theGISsystem
becausethelatteris unlikely to beableto supportthenecessaryupdaterates.

Weintendto addresstheseconcernsby aunifiedrelationalapproachto Grid InformationServices.By “relational”
we meanthatwe will startwith thefull functionalityof a relationaldatabasesystemand“build down” to a practical
GIS systemthat still providesmostof the benefitsof the RDBMS, andin the processanalyzethe desirabilityand
feasibility of suchfeaturesastransactionsandACID properties.Existing approachesto building GIS systemshave
essentiallybeento start from a directory servicewith a hierarchicaldatamodeland“build up” to a practicalGIS
system.We believe thata “build down” approachwill resultin a fastandflexible GIS system.By “unified” we mean
thatwe will provide onehighly flexible querymodelandlanguagefor Grid information,bothinsideandoutsidethe
formal boundsof thedatastoragestructure.no matterhow dynamic.

We envision thata unifiedrelationalGIS systemwill consistof thefollowing components:
� Appropriateextensibleschemasandindicesfor Grid information,including an extensibletype hierarchyfor

dataobjects,andthedefinitionof a setof coretypes.
� Supportfor high updateratesandfreshnessconstraintsrequiredof any GIS system,including streamingup-

dates.
� Supportfor sophisticatedcompositionalqueriesinvolving joins,includinganew primitive,thenon-deterministic,

time-boundedquery.
� Supportfor datastreamsasrelations,including“SQL queriesover datastreams”functionality.
� Decentralizedadministration,multiple administrative domains,anddistributeddata.
� Cannedqueriesto make thesystemusablefor non-SQLusers.
Thiswhitepaperis bothahighlevel roadmapof wherearelationalapproachwouldtakeus,andanimplementation

basedon existing softwareartifactsandsystems.Early feedbackon the whitepaperhasindicatedthat splitting the
paperalongtheselinesmight beadvantageous.

1 Intr oduction

The proliferationof bandwidthand computationalcycles is driving rapid changein high performanceparalleland
distributedcomputing,makingpossiblea sharedlargescalewide-areacomputationalinfrastructure,a conceptwhich
hasbeennamedthe Grid [18, 19]. Simultaneously, traditionalapplicationsaregrowing increasinglyambitious,and
new kindsof applicationsarepoisedto dramaticallyexpandtheuserpool of theGrid.

As the scaleand diversity of the Grid’s resources,applications,and userscontinuesto explode, the amountof
informationneededto keeptrackof themgrowscommensuratelyandbecomesincreasinglydynamic.Simultaneously,
applicationsneedto poseand answerincreasinglypowerful queriesover this information in order to exploit Grid
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resourceswell andsatisfyusers.We believe that therapidly rising tensionbetweentheseopposingtrendsdemandsa
new way of managing,updating,andqueryingGrid information.

Weintendto addressthesetrendsthroughaunifiedrelationalapproachto thisimportantdirectoryservicesproblem.
Our approachis unifiedin thatwe treatthewholespectrumof Grid information,from staticto dynamic,in thesame
way from theperspectiveof usersandmanagers.Our approachis relationalin thatwe applytherelationaldatamodel
to Grid information,andthatweleverageexistingrelationaldatabaseandtransactionprocessingtechnologyto achieve
our goals.We believe that this approachholdsthekey to meetingthefollowing fundamentalrequirementsfor a Grid
informationservice:

� Efficientandscalablesupportfor a largeanda rapidly growing numberof dataobjects,
� Elegantrepresentationof complex evolving relationshipsbetweendataobjects,
� High performancesupportfor frequentandcomplex updatesto dataobjects,their attributes,andtheir relation-

ships,includingfor objectsthatmaybelongto differentadministrativedomains,
� High performancesupportfor complex andevolving queriesondataobjectsandtheirrelationships,in particular

for compositionalqueries,and
� High performance,integratedsupportfor datastreams.

Althoughour focusis on Grid information,we believe thatwork in this areawill generalizebeyondtheGrid asother
directoryservicesproblemsfacesimilar trends. We alsobelieve that our approachis complementaryto the LDAP
approachalsounderconsiderationin theGrid InformationSystemsandGrid Performanceworking groups.Although
we intend to develop our approachindependently, we are quite willing to explore ways in which a relationalGIS
systemcaninteroperatewith moretraditionaldirectoryservicemodels.

2 Grid information asa dir ectory service

“The Grid” wasenvisionedseveralyearsagoasa globalcomputeplatformfor large-scaleapplicationswheretypical
barriersto using thousandsof resourcessimultaneously, suchasadministrative domaindifficulties, are loweredby
communityconsensusandsupportfor Grid technologiesbasedon openstandards[16]. Much of the work of Grid-
basedcomputingis doneby researcherstied to theGlobalGrid Forum[19] (GlobalGF),a community-initiatedforum
of individual researchersandpractitioners.Analogouswith theInternet/internetconvention,“a grid” (notelowercase)
refersto a distributed systemthat usesGrid standardswhile not necessarilybeing a part of “the Grid.” Also, we
will oftenreferto “computationalgrids” or “grid-basedcomputing”,by which we meangridsusedfor computational
purposes,asopposedto for otherpurposessuchasdataaccess.This is not intendedto beexclusionary, but ratherto
focusdiscussionon thekind of grid thatwe know best.Grid informationservicesarea necessarycomponentof other
kindsof gridsandgrid-basedprocesses.

Grids arenecessarilyawashin information. Applicationsmustbe ableto locatedatasourcesandsuitablecom-
putationalnodeson which to run. Schedulersrequireinformationaboututilization andload in order to make their
decisions.Theownersof someresourcesneedsupplyanddemandinformationin orderto setprices.Grid information
occupiesa spectrum:someinformationis relatively static(hostconfigurations,for example),while otherinformation
is quite dynamic(hostload, for example). We refer to an item of Grid informationasa dataobject,or object. We
intensionallyusethis generaltermto avoid too rapidly bindingto a specificmodelof informationrepresentation.

A Grid InformationService(GIS) is a directory servicethat consistsof a setof objects,relationshipsbetween
objects,andsystemsneededto queryandupdatethe objectsandrelationships.An objectdescribesan entity in the
Grid. It hasa uniqueidentifier, possiblya timestamp,and a set of attributes. The relationshipsbetweenobjects
vary dependingon the datamodelusedto structurethe objects. A hierarchical(tree)or object-orienteddatamodel
makesextensive useof the parent-child(“is-a”) relationship. For example,an organizationand a personworking
for the organizationarerelatedvia a parent-childrelationship.The flat-tableorganizationof the relationaldatabase
managementlendsitself to strongerrelianceon thepeer-to-peer(“part-of”) relationshipbetweentables.For example,
two computersandthe network paththatconnectsthemarerelatedvia a peer-to-peerrelationship.An updateto the
attributesof anobjectcausestheirrecoverablereplacementof theexisting attributevalues.

An objectexistsin theGIS on behalfof anentity if theentity meetsthefollowing four criteria:

1. Theentity canbedescribedsuccinctly.

2. Theentity canbeuniquelydescribedby a setof attributes.
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Grid entity Description
organizations accountablebodiesandownersof resources
people resourceadministrators,resourceproviders,GIS administrators

computeresources
memory, CPUinformation,cache,benchmarkresults,heart-
beat,boottime,numberof users,load

communicationresources link capacity, switchcapacity, errorrate,droprate
softwarepackages BLAS, LAPACK, etc.
eventproducers generatorsof eventstreams
eventchannels propagatorsof eventstreams
eventdictionaries databasesof commonlyusedeventtypes
instruments radarsystems,telescopes,etc
network paths availablebandwidthandexpectedlatency
network topologies hosts,switches,routers
wirelessdevices wirelesshosts,wavepoints,cells,etc.
virtual organizations groupsof collaborators
... ...

Figure1: Non-exhaustivelist of Grid entitieswith dataobjectsin GIS.

3. Theentity is long lasting.

4. Theentity hasvalueto thebroadercomputationalgrid community.

Thefirst criterionassurestheobjectis useful,thatit actuallycaptureskey attributesaboutanentityin thecomputational
grid, thatauserof theGIScanfigureout whatit is. Thesecondcriterionassuresthattheusercandistinguishbetween
entitieswith similar properties. In combination,thesecriteria assurethat a usercan intelligently selectone entity
or groupof entitiesover another. By the third criterion, we meanthat we only captureentitiesthat persistbeyond
the lifetime of any one application. It is importantto note, however, that the propertiesof an object may change
very frequently. For example,a host is an entity for which we would include an object in the GIS. However, the
“load” propertyof thatobjectmaychangevery frequently. Thefinal criterionensuresthattheentity representedin the
informationserviceprovidesvalueto morethanoneapplication.Many Grid entitiesmeetthesecriteriaanda number
of specificentitiesalreadyeitherexist or have beenproposed.Thesearelistedin Figure1.

Althoughthecriteriadescribedaboveseemorientedto definingexclusion,they moreimportantlydefineinclusion
aswell. Any describable,uniqueentity thathaslastingvalueto thebroadercomputationalgrid communityshouldbe
representedin the GIS. This inclusionis irrespective of qualitieslike frequentupdateratethat might hinderperfor-
manceof someimplementations.Unfortunately, thelimitationsof thedirectoryservicessystemsuponwhich current
GIS systemsarebasedmake it difficult to achievethis ideal.

3 The needsof Grid applications

Although therearemany consumersof Grid information,it is parallelanddistributedapplicationsandthe software
systemsthat mapthemto the Grid that make the mostdemandsof the GIS. In the following, we’ll talk aboutthese
demandsin thecontext of traditionalparallelanddistributedscientificandbusinessapplications,non-traditionalinter-
activeapplications,andotherGrid softwaresystemssuchasschedulersandpredictionservices.In effect,thefollowing
presentsa seriesof use-casesthat areill-served by existing GIS systemsandfor which we believe a relationalGIS
systemis moreappropriate.

3.1 Traditional parallel applications

Grid-basedcomputingallowsscientiststo attackfar largerproblemsthancouldbeaddressedon traditionalsupercom-
putersor clusters.Their applicationsmustexploit parallelism,partitioningtheir tasksor dataandmappingthemto
Grid resources.Decidinghow to do so requiresdetailedinformationabouttheseresources,their connectivity, and
their load.

Considereven a simple,but commonplacedatadecompositionproblemin data-parallelSPMD programs—how
to partition the rows of a matrix into blocks, andthen assignthoseblocks to processorsso that computationdone
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on the matrix accordingto the owner-computesrule will achieve high levels of speedup.On a dedicatedparallel
machineor cluster, thestaticpropertiesof theresourcesthatareneededto solvethisproblemareknownimplicitly—the
programmerknows whatprocessorstheclusterusesandthetopologyandcapabilitiesof its communicationnetwork.
Thedynamicpropertiesof theresourcesareanon-issuein adedicatedcluster. Onanon-dedicatedcluster, life is more
complex, but still, thescopeof theinformationthatis neededis limited.

On a computationalgrid, thestaticpropertiesof thecomputeandcommunicationsresourcesarenot implicit, and
their dynamicpropertiesusuallynecessitaterun-timeadaptation.Both to initially mapitself onto the grid, andthen
to adaptits behavior asit runs,the applicationneedsdetailedinformationabouttheseresources.Furthermore,it is
generallynot interestedin individual resourcesperse,but ratherin compositionsof them.For example,if it hasbeen
codedto run on four processors,then,at startup,it will wantto saythingssuchas“find mea setof four uniquehosts
which in total have between0.5 and1 GB of memoryandwhich areconnectedby network pathsthat canprovide
at least2 MB/s of bandwidthwith no morethan100 millisecondsof latency.” As it runs,it will want to saythings
suchas“tell mewhentheloadon any oneof thesefour hostsis at least25%differentfrom theaverageacrossall the
machines”sothatit cantriggera loadbalancingstepwhenthis occurs.

Thereare threethings to notice from this example. First, the application’s queriescomposeinformationabout
multiple resources(dataobjectsin theGIS) in unique,application-specificways. Second,the dataobjectson which
the queriesdependaredynamicto differentdegrees.Host memorychangesmoreslowly thanupgradesto network
paths,while hostloadfluctuatesfarmorequickly thaneither. Theimplicationis thatsomedataobjectsin theGISwill
be updatedquite frequently. Finally, this applicationneedsto queryinformationstreams(e.g., for hostload values)
in additionto informationin a database.Noneof theserequirementsinteractswell with thedirectoryservicesystems
uponwhich currentGIS systemsarebased.

3.2 Traditional distrib uted applications

At first glance,it mayappeartraditionaldistributedapplications(thosebasedon distributedtransactions,RPC,and/or
virtual synchrony) placelessstringentdemandson a GIS system.It might appear, for example,that without paral-
lelism,theneedfor compositionalqueriesis ameliorated.However, this is not thecase—infact,traditionaldistributed
applicationsalsoplacestringentdemandson GIS.

In thesamemannerasa task-parallelparallelapplication,a workflow-styledistributedapplicationneedsto create
a virtual datapathfor requestson top of thegrid’s resources.This inducesa mappingprocessvery similar to whatwe
discussedabove. Theapplicationwill asksuchthingsas“find mefour processorssuchthatif I mapmy datapathonto
themin this mannerthenI canachieve a throughputof n requestspersecondwhile still keepingthelatency below 10
seconds.” Of course,the applicationmustbe ableto predictits performanceon eachof the processors,a non-trivial
problemto besure.A detailedcompositionalqueryis not sufficient for success,but it is necessary.

3.3 Non-traditional applications

Non-traditionalapplications,especiallythosethathave interactivity demandsthatcanbeexpressedasreal-timecon-
straints,areemerging to take advantageof the explosionof resourcesprovidedby grid-basedcomputing.Examples
of theseinclude interactive scientific visualization,distributed laboratories,and computer-aideddesign. Theseap-
plicationsarecomposedof interactingprograms,actuators,sensors,remotedatasources,anddistributedusersand
typically have high I/O or computationdemandsnecessitatingthe inclusionof at leastonehigh-endcomputational
resourcesuchasanSMP-nodecluster.

Onesuchapplicationis CMU’s Dv [2, 26], a framework for constructinginteractive scientificvisualizationsfor
wide-areaenvironments. The Dv programmercan trivially (almostmechanically)transforma sequentialC++ vtk
(vtk [38] is anextremelypopulartoolkit for building visualizations)programinto aDv program.Thelogicalview of a
Dv programis asaflowgraph.Whentheuserrequeststhatsomeregionof interestin aremotedatabasebetransformed
via theflowgraphto a displayon his workstation,an“active frame” is sentto theremotedatabase.Embeddedin the
active frame is the codethat implementsthe flowgraph,and a schedulerthat knows how to assignnodeson the
flowgraphto hostsin the Grid. The active framereadsthe region of interestfrom the database,andthenpropagates
backto the user, executingflowgraphnodesandreevaluatingits scheduleaseachflowgraphnodeis executed.The
goalof thescheduleris to choosewhereto executetheflowgraphnodessuchthatandend-to-enddeadlinecanbemet
with high probability.
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Figure2: RPSsystem:(a) conceptualview, (b) constellationof componentsthatmustbemanaged.

Many kindsof schedulersarepossiblein Dv. Indeed,theframework wasdesignedto make it easyto evaluatedif-
ferentschedulers.With a staticscheduler, onethatmakesall decisionsat instantiationtime, theGIS needsaresimilar
to thoseof the workflow-style applicationsdiscussedabove. With a highly dynamicscheduler, onethat reevaluates
the scheduleon eachhop of the active frame,stream-orientedinformationon multiple hosts,muchlike in the load-
balancingdata-parallelprogramdescribedabove, is needed.We have alsoexploredpredictive real-timeschedulers,
which requirethatwe beableto find predictionpipelines,asdescribedbelow.

Beyond visualization,the global connectivity of grid-basedcomputinghasmadepossible“distributedlaborato-
ries” [33] wherescientistscollaborateby joint controlof scientificinstruments,suchascomputermodels,usedduring
investigation.Achieving real-timebehavior on computationalgrids is evenmorecritical whenphysicalinstruments
areinvolved,andit inducesthesamerequirementsfor GIS systems.

3.4 Other Grid software systems

In addition to queryingthem directly, applicationsalso rely on GIS systemsindirectly, making useof other Grid
softwarethat usesGIS. We give two importantexampleshere:systemsthat provide a view on highly dynamicGrid
informationthatis not within thepurview of GIS,andschedulersthatmapapplicationsto Grid resources,bothwithin
individualsitesandacrossthem.

Someimportantgrid informationdoesnot fall within the modelwe introducedin Section2, eitherbecauseit is
too ephemeralor is of interestonly to a small setof applicationsat any onetime. Furthermore,someinformationis
exceedinglyfine grain andthusvery difficult to incorporateinto any GIS system. A numberof systemshave been
proposedor developedto provide this information,including NWS [46], RPS[12], andRemos[27]. Currently, the
Grid PerformanceWorking Group[21] is attemptingto createstandardssothatsuchsystemscaninteroperate.

While the datageneratedby thesesystemsmaynot be in the domainof the GIS, the structureandlocation(s)of
their instancesoftenis. For example,RPSis a systemthatprovidestime-seriespredictionsof fine-grainmeasurement
streams.While RPSis conceptuallyquite simple(SeeFigure2(a)), it is designedto be highly flexible in termsof
whereits componentsrun andhow they communicate.Whenconfiguredto predict(for example)the loadon a host,
thecomponentsform a “predictionpipeline” suchascanbeseenin Figure2(b). Eachcomponent(box) in thefigure
canbe run on a differenthost,andeachcommunicationpath(arrow) canusea differentunderlyingprotocol. This
flexibility is importantbecausethecostsof measurementandpredictionvarywidely with theresourcebeingmonitored,
makingit absolutelynecessaryto beableto say(for example)“run the(expensive)predictoron that machine.”

With this flexibility comesthe needto managetheseconstellationsof componentsandtheir relationships.This
taskis clearlywithin thepurview of aGISsystem.RPSis notalonein its needs.RemosandNWSalsoneedto manage
largenumbersof componentswith complex relationships.

Grid schedulersareperhapsthe mostcommoninterfacethat applicationshave andwill have to the Grid. To do
their work of mappingapplicationsto Grid resources,Grid schedulersgeneratefrequentandcomplex queriesover
diverseresources.At leastoneGrid schedulingresearcherhastakenit uponherselfto developasystem,GridSearcher,
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thatcananswerasmallsubsetof suchqueriesby basicallyproviding extradatabasefunctionalityoveranexistingGIS
systemthatprovidesno suchfunctionality[37].

3.5 Resourceowners

Theownerof a supercomputer, fastnetwork path,softwarelibrary, dataset,or otherresourcemustbeableto advertise
the resourceto potentialconsumers.This is true regardlessof the economicmodel(or lack thereof)placedon Grid
resources.Furthermore,hemustbeableto quickly updatethedescriptionof his resource,regardlessof administrative
domain. Indeed,the moreaccurateandup-to-datethe descriptionof the resource,the morelikely the resourceis to
beusedby others.Conversely, thebetterthepictureonehasof competingresources,themoreableoneis to quickly
adjustto changingmarket realities.Finally, theresourceownermustbeableto controlaccessto andevenvisibility of
theresourcedependingon theprospectiveuser.

4 Limitations of curr ent dir ectory services

As currentGIS systems[15] andproposals[20] arelayeredon top of generalpurposedirectoryservicessystems,it is
importantfor thereaderto understandthelimitationsof thesesystemsandhow they affect whata GIS systemcando
for applicationsandotherconsumersof Grid information.

Traditionally, directorieswereemployedto managedescriptiveinformationaboutrelatively staticobjects,ranging
from hostname/IP-addressmappingsto theoffice locationsandtelephonenumbersof company employees.Thedata
in directory servicestoday is frequentlyaccessedbut rarely updated. The storagemodel is typically hierarchical,
that is, dataobjectsarerelatedto their “parent” objects. A pathexists from the root objectto eachleaf object. We
againintensionallyusethegeneralterm“dataobject” to avoid too rapidly bindingto a specificmodelof information.
A dataobjectin a hierarchicalmodel is a relative path,beginning with possiblya non-rootnode,anda terminating
node. In an object-orientedmodel, it is an object accessedvia somepath. In a relationalmodel, it is a row of a
table.Commonlyusedwide-areadirectorystandardsincludetheX.500DirectoryService[43], LightweightDirectory
AccessProtocol[32], Internet’sDomainNameSystem(DNS)[3] andDEC’s GlobalNameService(GNS)[25]. More
recentproposalsincludeIntentionalNamingSystems[1] andActive Names[44].

As Grid resourcesandapplicationsevolve, they areplacingincreasingdemandson directoryservices,demands
thatcurrentdirectoryservicesarenot equippedto handle.Thesedemandstake thefollowing five forms.

1. Rapidlygrowing numbersof dataobjects.

2. Increasinglycomplex relationshipsamongdataobjects.

3. Increasinglyfrequentupdatesto objectsandtheir relationships(i.e.,more“dynamicobjects”.)

4. Rapidlyescalatingdemandfor sophisticatedqueries,especiallyover relatedobjects.

5. Growing interestin queryingdatastreams.

Given the inclusion criteria for Grid entitiesthat we laid out in Section2 and the rapid growth of interestin
Grid computing,it is clear that the numberof dataobjectsis exploding. Furthermore,the successof systemslike
Globus [17], aswell asad hoc large scalecomputationalefforts suchasDESCHALL [7] and SETI@HOME[41]
suggestthattheGrid (andthusthenumberof objectsin theGIS) is poisedfor evenmorerapidexpansion.Economics
are also beginning to comeinto play, for example,in suchsystemsas Legion [22]. The efficiency of a computa-
tional economy, regardlessof whetherfollows a traditionalmodel [45, 5] or the currently-in-vogue“gift economy”
model[36] is stronglydependenton thequality andquantityof informationthattheGIS systemcanoffer. Traditional
directoryservicesarenot designedto supportsuchlargedatasets.Perhapsthelargestof thesesystems,DNS,contains
only abouta hundredmillion hostobjects,eachwith oneattribute (their IP address).By our criteria, a GIS should
supportqueriesovermany moreattributesof eachhost,aswell asover thenetwork pathsthatconnectthem.

As the numberof objectsstoredin the GIS grows, the relationshipsbetweenthemalsogrow in complexity, and
new relationshipsarefound to have valueandthereforemustbe represented.For example,it hasbeenshown that
link-level informationaboutnetworks, which canbe collectedscalablyandefficiently, canbe composedinto good
estimatesof path-level characteristicsthatthemselvescannotbecollectedscalablyor efficiently [28]. This introduces
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a new, extremelyimportantrelationshipthatlinks objectsin theGIS.Othersuchrelationshipsmayappearasresearch
continues. Unfortunately, most directory servicessupportonly the hierarchicalmodel, which meansthat the GIS
designermustdecidewhich relationshipsareimportantearly andencodethemasan explicit link in the datamodel.
Woeto theGIS designerwho is not prescient,becausemodifying a schemaafter-the-factcanbebroadlydisruptive.

Updatesto Grid dataobjectsarebecomingincreasinglyfrequentbothbecausetherearesimply moredataobjects
(andrelationships)andbecausemoreandmoredynamickinds of dataarebeingintroduced.The updatefrequency
of dataobjectsmustbe determinedby the needsof applications—withinthe limits of what the directoryservicecan
support.We anticipatethatfrequentlyupdated,or dynamicobjects,will eventuallyform themajority of objectsa GIS
systemhandles.Unfortunately, theexisting directoryservices(i.e., LDAP v3 [32]) arewell known to performpoorly
in thepresenceof frequentupdates.

A relatedproblemwith usingexisting directoryservicesasthebasisof GIS systemsis their limited andrestrictive
querylanguage:thelanguageis procedural,lackssophisticatedprocessingsemantics,andrequiresthat theuserhave
explicit knowledgeof thetreestructure.First,a proceduralquerylanguageembodiesanexecutionorderin thequery,
whereasa declarative querylanguage,suchasSQL, stateswhat is to beretrievedbut leavesthehowup to thequery
engine.Thussignificantgainsin queryefficiency via queryoptimizationcanberealizedby thelatter thataredenied
to theformer. Second,usersof theGISwill increasinglyrequiremoresophisticatedqueriesthatextractdatafrom over
theentiredatadomain.Hierarchicalquerylanguageslack theability to do suchsophisticatedprocessingon thedata.
Key aretheneedto join tableson a userspecifiedcondition,andperformanaggregatecomputationover theresults.
Placingtheonusof processingcomplex queryresults(i.e., a join) on a userseemsto beanunnecessarythrowbackto
anearliertime. Finally, theusermusthaveexplicit knowledgeof thestructureof thetree.Thesyntaxof anLDAP-style
querylanguagerequiresthattheuserstatethestarting,or top-most,nodeof a query’s domain(i.e. searchspace).The
attributesappearingin the querymuststatedin termsof a pathnamerelative to that startingnode. Writing accurate
queriesbecomesdifficult, andchangesto thetreetopologycanhavea broadandcostlyimpacton users.

Existingdirectoryservicesalsodo not providesupportfor datastreams,a typeof datathatwe expectwill become
increasinglycommonastheGrid evolves.For example,asnetworksimprove,Grid schedulerswill probablywantto
schedulesmallerandsmallerunitsof work. To decidewhereto placethatwork, they will makeuseof increasinglydy-
namicinformation,includingsuchinformationaspredictionstreamsfor RPS-like systems.Why shouldthescheduler
developerhave to dealwith an entirelydifferentdatamodelandquerymodelfor suchstreamdata?We believe that
datastreamsshouldbeunifiedwith otherGrid informationto thegreatestextentpossiblewhenthemeettheinclusion
criteriawe outlinedpreviously.

5 Proposedapproach

At thehighestlevel of abstraction,our plan is to investigateandbuild Grid informationservicesthat meettheappli-
cationneedsandavoid the limitations thatwe laid out earlier. We intendto do soby usinga differentstartingpoint.
Insteadof startingwith commoditydirectoryservicesand“working our way up” to a GIS system,we will startwith
a full-strengthcommodityrelationaldatabasesystemand“work our way down” to a practicalGIS systemthat can
bettermeettheneedsof applicationsthanextantsystemsandproposals.We believe thatdoingso,while challenging,
is entirelyfeasibleandwill furthermoreleadto researchresultsthatwill generalizebeyondGIS.

5.1 Prototype system

We will begin by implementinga proof-of-conceptGIS systemthat is basedon a scalablecommodityrelational
databasemanagementsystem(RDBMS) thatsupportstransactionsanddistribution of data.At this point, we believe
this will likely beOracle.However, neitherour designor our researcharespecificto theunderlyingRDBMS system.
Thesystemwe build will providethebasisfor trying out our researchresultsin practice.

By building on a powerful databasesystem,we will be startingon the traditional databasehigh ground,only
shunningfeatureswhenabsolutelynecessary. In particular, we shallstartwith thefollowing features.

� Full ACID properties.
� Atomicity: Updatesareall-or-nothing(transactions).
� Consistency: Theintegrity of dataandrelationshipsis alwayspreserved.Thedatabaseis transformedfrom

onevalid stateto another.
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(a)

select 
ed. pr ot ocol ,  h. name,  ed. por t ,  m. name

from 
host as h, module as m, 
endpoints as e, endpointdata as ed

where
h.name = “kanga” and
ed. datatype = LOAD_MEASUREMENT and
h. ip = m. ip and 
m.mid = e.mid and e. epid = ed. epid

(b)
select nondeterministically

host 1. name,  host 2. name,  host 3. name,  host 4. name,  
hd1. mem+hd2. mem+hd3. mem+hd4. mem as TotalMem ,  

from  
hosts as host1, hostdata as hd1, 
hosts as host2, hostdata as hd2, 
hosts as host3, hostdata as hd3,
hosts as host4, hostdata as hd4

where  
host1. ip =hd1. ip and  host2. ip =hd2. ip and 

host3. ip =hd3. ip and host4. ip =hd4. ip and
hd1. mem+hd2. mem+hd3. mem+hd4. mem>=512 and  
hd1. mem+hd2. mem+hd3. mem+hd4. mem<=1024 and  
host1. ip !=host2. ip and host1. ip !=host3. ip and  

host1. ip !=host4. ip and host2. ip !=host3. ip and
host2. ip !=host4. ip and host3. ip !=host4. ip

order by 
TotalMem desc

limit 
1

inlessthan
5 seconds

usingheuristic
prefer_depth_first

(c)

Figure3: Schemaand queries:(a) a schemafor hosts,switches,network properties,andRPS-like software,(b) a
simple deterministicquery that finds all sourcesof load information on a particularhost, and (c) a time-bounded
non-deterministicqueryusinga heuristic.

� Isolation: Queriesandupdatesseea consistentpictureof the database,independentof otherqueriesand
updates.

� Durability: Committedtransactionsarepermanent.
� Full SQL querysupport:Queriesarewritten usingthe expressivenessof the full relationalcalculus(arbitrary

setoperations,to a first approximation).
� Efficientqueryoptimizationandevaluation:queriesareplannedandevaluatedasefficiently aspossible.
� Scalabilityto extremelylargetransactionprocessingenvironments.
� Supportfor distributeddatabases.

In supportof the last point, we plan to replicatethe prototypesystemat leastonce. At the presenttime, we have a
smallOraclesystemdescribedin thefollowing sectionandin theappendix.

5.2 A schemaand indicesfor Grid information

The focusof this part of our work will be to work out a suitableschemafor representingcomputationalgrid data,
aswell asa reasonablesetof indicesto make commonqueriesfast. Designingthe schemawill requirethoughtful
considerationto currentGrid resourcesandhow they areevolving. Fortunately, aswe arebothmembersof theGrid
Forum,we arewell poisedto answerthequestionsthatarisehere.

A tentative schemais presentedin Figure3(a). The appendixprovidesa detaileddescriptionof this schema,as
well asof thesystemandRDBMSsoftwareonwhichit is currentlyimplemented.Thisschemawasinitially developed
to supportthemanagementof RPScomponentsfor hostloadandnetwork bandwidthprediction.We arenot wedded
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to this schema.We presentit to make specificour discussionand to provide the basisfor examples. The schema
structuresinformationabouthosts,network switches,aswell assoftwaresystemscomposedout of RPScomponents.
This schemais, at this point, only a designstudy. Figure3(b) shows an examplequeryon the schema.The query
is trying to find all sourcesof load informationfor the hostkanga.This is anexampleof whatwe call deterministic
query. Figure3(c) shows a time-boundednon-deterministicquery, oneof focusesof our approach.We will discuss
this further in a later section,but we noteherethat it is very importantto our goal of makingit practicalto usean
RDBMS asthebasisfor a GIS system.

With the schemain place,we plan to populatethe databaseusingdataavailablefrom GlobusMDS, NWS, RPS,
Remos,andothersources.We alsoplan to examinethe queriesandupdatestypically providedto thesesystems,as
well as to test the demandfor more sophisticatedqueriesin the Grid community. The goal is to develop a set of
benchmarkqueriesandupdates,or, ideally, a workloadgeneratorfor the system. Basedon the benchmarksor the
workloadgenerator, we will developa setof appropriateindicesfor theschema.Dependingon thenatureof queries,
wemayalsodevelopasystemthatautomaticallychoosesappropriateindicesto generategivendifferentconstraintson
resource,etc. Oncewe have the baselineRDBMS-basedGIS system,schema,data,andindices,we will investigate
thescalabilityof thesystem,comparingit to themorecommonLDAP-basedsystemsandproposals.We envisionfour
levelsof scaling:lab,department,school,andmulti-site.

5.3 Type hierarchy

Therelationaldatamodelprovidesonly primitivedatatypes(columntypes)suchasintegers,strings,andblobs.More
complex typesareproducedby creatingrelationsbetweenthesetypes,either implicitly (rows) or explicitly (via set
operations).While this lets us build arbitrarily complex types(andprovidesa mechanismfor type extensibility—
we canaddnew columnsto tables),the typesareall implicit. We intendto provide a mechanismfor makingtypes
explicit, evenfor primitivedata.Thetentativeschemadiscussedabovealreadyhassomesupportfor this, in thatrows
or columnshave explicit typetags.

Definingthetypesandtheir relationships,aswell asproviding a community-basedprocessfor extendingtypesis
oneaspectof our planthatoverlapsconsiderablywith theGrid InformationServicesandGrid Performanceworking
groups.At this point,we believe thatwe canuseandhelpdefinethehierarchicaltypesbeingdefinedin thesegroups.

5.4 Dynamic objects

As notedearlier, a principle challengeto GIS systemsis the rapid growth in the numberandfrequency of updates
to objectsin the database.We plan to empirically studysupportableupdateratesfor the relationalimplementation
comparedto a hierarchicalimplementation.We alsoplan to studyhow an RDBMS-basedGIS systemcansupport
higherupdaterates.At thispoint,webelievethatmany updateswill comein theform of streams,andthatweoughtto
beableto exploit thisstreamnatureto achievehigherupdaterates.How thisapproachmight interactwith transactions
is anopenquestion.

UpdatingtheGIS is theprocessof changingtheattributesof oneor moreobjects.In theremainderof this section,
we shall limit our discussionto updatesto a singleobject. It is importantto note,however, that atomicupdateto
multiple objectsdemandstransactionalproperties;thesecomplex updatetransactionshave thepotentialto drastically
slow thesystem.We intendto expandtheinvestigationdescribedbelow to explorethetradeoffs betweentransactions
andupdaterates. We categorizethe entitiesrepresentedin the GIS accordingto the how frequentlytheir attributes
changeandaccordingto the timelinesspropertiesneededof their attribute data. At this point, we believe thereare
essentiallytwo categories:stablegrid entities,anddynamicgrid entities.

Stablegrid entitiesaremajorresources,suchascomputeengines,organizations,etc.Theseentitiesarevery long-
lived,changesto theirattributesareinfrequent.andchangesin theirattributescanbepropagatedrelatively slowly. For
instance,additionalmemoryis addedto asupercomputerquiteinfrequently. Whenmemoryis added,thatinformation
neednot be propagatedto consumersasrapidly asother informationfor schedulingbasedon availablememoryis
likely to occuronly over relatively long timescales.Updatesto theobjectsof stableentitiesandpropagationof those
updatesin a distributeddatabasesystemcanbe thusbe doneat a lower priority thanupdatesto objectsthat change
morefrequentlyor requiremorerapiddisseminationof their changes.Also, from a userinterfacepoint of view, these
updatescanprobablybeaccomplishedrelatively simply via a “canned”or interactiveprogramor script.

Dynamicgrid objects,on the otherhand,have eithermorefrequentupdatesor requiremorerapid dissemination
of their changes.As anextremeexample,considera network path:theend-to-endpathbetweentwo machinesclearly
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meetsthe criteria for inclusionin the GIS asit is of interestto a broadsetof usersandthe choiceof onepathover
anothercanhave significantperformanceimplications.Relevantpathattributesmight includecurrentbandwidthand
predictedbandwidth,both valuescould seeupdateswith a frequency matchingthe entities’ ability to generatenew
values:ontheorderof milliseconds.Furthermore,aprogramis not interestedin staleupdatesof network information,
evenif thoseupdatescomeatahighfrequency. TheGISmustassurethatupdatesarerapidlypropagatedto consumers.

We posit thatthetotal numberof highly dynamicobjectswill far exceedthenumberof stableobjectsandtherate
of updateto theseobjectsmustbeflexible to meetthe needsof thetimelinessof thedatacontainedin theattributes.
A delayof 12 hoursin updatingtheavailability of LAPACK on a machineis far lessa sin thanis a 15 min. delayin
updatingthecurrentbandwidthof a network path.Basedon this supposition,we maintainthefollowing.

� Theupdatingmechanismssupportedby GIS mustgo beyondhand-codedprogramsor scripts.
� Becauseof theprojectednumberof dynamicobjects,updatesto objectsmustbepushedto theGIS, not pulled

by GIS.
� TheGIS mustbepreparedto pushupdatesto consumers,or at leastprovidetriggerconditions.
� TheGIS mustimposelimits on the rateat which datais pushedto it. Too frequentupdateswill resultin stale

databeingprovidedto applications.
� Processingto filter updatemessagesto reduceupdatefrequency mustbedoneupstreamof theGIS.
� TheGIS couldbenefitfrom theCORBA-lik e eventstreammodelproposedby theGrid PerformanceWorking.

Thepublish/subscribemodelinherentin eventchannelscouldbeusedto allow GIS to selectively subscribeto
theeventchannelsof producerspublishingupdatemessages.

With theschemain place,we will explorehow to supportdynamicobjectswell. We intendto begin by explaining
and quantifying the tensionbetweenthe user’s needfor timely dataand the realistic updateratesthat a GIS can
handle.We planto studythis tensionnot only in thecontext of our RDBMS-basedsystem,but alsoin thecontext of
a traditionalLDAP-basedsystem.This is animportantcomparisonasdirectoryservicesof thefutureneedto support
higherupdateratesandthoughLDAP is known to suffer poorperformanceunderfrequentupdates[39] andit hasbeen
shown in [4] that a relationaldatabasecanbe tunedto attainvery goodperformanceat extremelyhigh updaterates,
theapples-to-applescomparisonwill provide invaluableinsightto theGrid community.

We will extendthe servicesprovided by our prototypesystemto includesupportfor updatingdynamicobjects.
We envision a servicebasedon datastreamsimplementedon top of anevent-channelcommunicationinfrastructure.
We anticipatethat somechangesto the schemalanguage(how to describea schemasuchasthat of Figure3(a) to a
databasesystem)will berequiredto expresstheupdatefrequency of dynamicobjects.Wewill testourwork by scaling
our prototypedatabaseto realisticgrid computingworkloadsto determinerealisticupperboundson input processing.

5.5 Time-boundednon-deterministic querieswith optional heuristics

Thenatureof GIS querieswill besomewhatdifferentfrom thatof morecommonplacequeriesin relationaldatabase
systems.In particular, weexpectthatGISquerieswill requirejoinsovernumeroustablesatdistributedlocations.This
hasthe potentialfor introducingseriousperformanceproblems,bothfor particularqueriesandalsofor the GIS asa
whole.However, thenatureof theanswersthatGIS queriersrequireis alsodifferent.

Our planis to exploit thesedifferentpropertiesto achieveefficiency bothfrom thepoint of view of thesystemand
theuser. Therewill befrequentoccasionswhena GIS userwill bemoreinterestedin a timely responsethanin seeing
all the resultsfrom a query. Similarly, therewill be many timeswhenthe GIS systemis overburdenedandcannot
permit a queryto continue,but would prefernot to disposeof the resultsit hascomputedthusfar. To capturethese
userconstraintsandsystemlimits, we planto extendthequerymodel.Our extensionis quitesimple: we will permit
thedatabaseto respondto a querynon-deterministicallyin exchangefor a deadlineon thesearchprocess.

A typicalGISuserwill probablybelessinterestedin gettingall theanswersfrom aquerythanin gettingananswer
within a limited time. Theproblemis how to expresstheseconstraints.We planto extendtheSQL querymodeland
selectstatementto do so. First, we will allow theuserto statethata queryis non-deterministic.This meansthat the
databaseis permittedto returnany subsetof thefull queryresults.Thesecondextensionis to introducea time bound,
an upperlimit on how muchtime the databaseshouldwork in constructingits non-deterministicanswer. The final
extensionis to allow the userto specifyan optionalsearchheuristic. The searchheuristicandnon-determinismare
not intendedto be at loggerheads—theheuristicmay only guidesearch,the systemmay still returndifferentresults
eachtime a queryis issuedwith the sameheuristic. Figure3(c) shows an exampleof a querythat usesall of these
extensions.Wewill alsopermitthesystemto returnpartialresultsfor adeterministicquery, aslongasit makesit clear
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to theuserthathis deterministicqueryhasbeendowngradedto a time-boundednon-deterministicquery.
The resultof a time-boundednon-deterministicqueryis a non-deterministicsubsetof the full queryresultsthat

would have beenreturnedhadthequerybeenallowedto run its duration.Thesubsetcouldbea randomsample,or it
couldreflectpreferencesprovidedby theuser. Thedeclarativenatureof SQL is animportantenablerfor this research
in thatit describeswhatis wanted,andnot how to find it. We believethattime-boundednon-deterministicqueriescan
beimplementedasheuristically-guidedstochasticsearchon top of anexisting databasesystem.While work hasbeen
donein thedatabasecommunityon returningpartial results,particularlyin extendingSQL to enablequerywritersto
explicitly limit the cardinalityof a result[6], to “get someanswersquickly, andperhapsmorelater” [42], andto do
statisticalrandomsamplingof databases[31], we aresurethatby focusingon thespecificneedsof GIS systemsand
users,we canproducespecificsolutionsthatprovidebetterperformanceandmoreflexibility with lessoverhead.

It is importantto notethatwe arenot promisinga solutionapplicableto databasequeryprocessingin general,but
ratherto specificqueryproblemsthatarisein thecontext of applyingdatabasetechnologyto thespecificapplication
of a GIS system.In additionto theneedfor time-boundedqueries,queryprocessingfor GIS systemsdiffersradically
from typical databasesin thequerycostmetricusedto measuretheperformanceof thequeryprocessing.Whereasin
a typical database,thecostmetric is to minimizethetotal cost(CPUandI/O cost),in a GIS systemwe furthermust
minimizeor boundthebandwidthconsumed,andtheresponsetime to theuser.

We believe thattheseextensionscanbedonewithout modificationto theunderlyingRDBMS system,asmany of
thesesystemsalreadyprovidesupportfor randomness.Weenvisionare-writingstagein whichqueriesin ourextended
SQL will betransformedinto (perhapsmuchlarger)queriesin ANSI SQL.

5.6 Unified query model

Therearetimeswheninformationis neededfrom entitiesthat eitherfail to meetthe criteria for inclusionin a GIS
system,or elsewhoseinclusionappearsimpractical.Datastreams,a prominentexample,area commonlyoccurring
grid entity that doesnot meetthe strict criteria,but hashigh valueto a small setof users.A datastreamis an event
flow from one or more suppliers,usually a single consumer, and possiblyintermediatecomputationto transform,
aggregate,or filter data.Underneathadatastreamaresuppliers,consumers,andeventchannelsasinterveningobjects,
usingtheCORBA eventchannelterminology. Datastreamstypically exist for thedurationof a particularapplication,
andsupportvisualization(Dv active framesform sucha stream),performancemeasurement(RPSmeasurementsand
predictionsform suchstreams),or generalevent-basedcommunication[30].

Thegrid community, particularlytheGrid PerformanceWorking Group,is working on schemesfor extract infor-
mationfrom eventstreams.Theseschemesareconceptuallyquitedifferentfrom thoseusedto extractinginformation
from a GIS system.We proposea simpler, unifiedmodelthatviews datastreamsasdataobjectsthathappennot to be
residentin theGIS. TheseobjectscanthenbequeriedusingSQL just asotherobjectsin theGIS.We planto accom-
plish this by viewing a datastreamasa setof relations,wherean event is a tuple belongingto oneof the relations.
This work leveragesoff thedQUOB system[34], whereinanSQL queryis evaluatedpurelyoverdatastreamsinstead
of tablesin a database.Queriescanbemanagedremotely, insertedinto a streamat runtime,andoptimizedat runtime
in responseto informationgatheredaboutthedataandfrom theenvironment.

We will designa unified relationalmodel objectsinside the GIS and datastreamsoutsidethe GIS, and imple-
mentthemodelwithin our GIS system.Thesedynamicqueriesover datastreamswill alsoprovide supportfor non-
deterministic,time-boundedqueriesdiscussedabove.

It will be possibleto associatecomputationwith eachqueryto refineor transformthe data. In this way, a query
cancreatea “view”, thatis, a new typeof relationthatcanserve asinput to anotherquery, thusallowing multiple and
successively refinedviews on thedata.Thebeautyof theunifiedmodelcomesin theenhancedtiesbetweenviews on
dataobjectsin theGIS anddatastreamsoutsidetheGIS.Sinceaneventchannelis definedasa relation,a datastream
hasadescriptionof thecompositeof relations,hencehasa naturaldescriptionin relationalterms.If it meetstheother
criteriafor inclusion,it shoulditself beanentity with objectrepresentationin theGIS.

Ontheflip side,anSQLquerycouldbewrittenoveracombinationof GISrelationsanddatastreamrelations,since
theinterfaceto thetwo is thesame.It is not thegoalof thiswhitepaperto undertakethequestionof supportingqueries
simultaneouslyrequestinginformationfrom a databaseanddatastream,but we do intendto exploretheimplications
of representingdatastreamsin theGIS.

11



Dinda,Plale
GWD-GIS-012-1

GIS-WG
Unified RelationalApproachto Grid InformationServices

Page:12
February2001

5.7 Decentralizedadministration

Oneclearbenefitto thehierarchicaldatamodelusedin currentandproposedGIS systemsis that it naturallydecom-
posesacrossadministrativeboundaries.Indeed,LDAP evenhasthenotionof delegatingaqueryto aserverresponsible
for a particularsubtree.RDBMS systemsarenot designedwith this kind of decentralizedadministration,or eventhe
notionof multiple administrative domainsin mind. We acknowledgethat this is an issuethat requiresconsideration.
We areonly beginningto considerit.

5.8 Interoperability

Our approachenvisionsa unifiedrelationalGIS systemasa relatively stand-alonesystem,providing bothhigh speed
updatesandsophisticatedcompositionalqueriesto all users.However, we fully expectthat this will not be theonly
modeof operation.We envision two otherwaysin which thesystemcouldbeused.Thefirst is asan indexing node
within the context of the GIS working group’s evolving standard.The secondis a value-addservice,which would
collect datafrom otherGIS andperformancemonitoringsystemsandthenprovide morepowerful queryserviceon
thatdata.

6 Conclusion

TherelationalGrid informationservicestaskgroupis in theearlystagesof developinga systemanda standardfor a
unifiedrelationalGIS.We believe thattheapproachwe haveoutlinedhereis a powerful andproductiveone.

Thisfirst whitepaperof thetaskgroupoutlinesanapproachto Grid informationservices(GIS)thatis basedonthe
relationaldatamodel.While conceivedasoperatingstand-alone,thesystemproposedhereincouldalsobeviewedasa
complementarysystem,or asasetof servicesthatwouldcomplementandinteroperatewith systemsbuilt accordingto
thestandardsemergingfrom theGrid InformationServicesworking groupandtheGrid Performanceworking group.

We areinterestedin expandingtaskgroupmembershipandwelcomeideasanddiscussion.For moreinformation,
pleasecheckout our webpage:http://www.cs.nwu.edu/� pdinda/relational-gis.

Appendix A: Discussionof schema

Figure3 presentedour tentative schemain graphicalform. In this appendix,we show how a databasecanbecreated
from the schemausingthe SQL language.The specifictarget databasehereis Oracle,although,to the bestof our
knowledge,theseSQL callsshouldwork on any databasethatsupportsANSI-standardSQL.

Perl scriptsfor creatingand performingsimple queriesagainstthis databaseare available from our web page
(http://www.cs.nwu.edu/� pdinda/relational-gis). It is importantto note that this is a rapidly evolving schema,and
thuswill changesoon.In addition,it currentlyhasonly minimal integrity constraintsandothersanitychecks.Tables
with similarly or identicallynamedcolumnsareimplicitly associated.

In thisschema,eachrow of eachtableis auniquedataobjectwith atimestampnotingits insertion.Theuniqueifiers
tablekeepstrackof theGUIDs,andmapsthemto their timestampanda shortnote:

CREATE TABLE uniqueifiers
(

id NUMBER(12) NOT NULL PRIMARY KEY,
ts CHAR(15),
note VARCHAR2(255)

);

Thenetwork topologyis representedby threetables,consistingof nodes,links, andpaths.

CREATE TABLE networknodes
(

ip NUMBER(12),
hors CHAR(1),
id NUMBER(12) NOT NULL PRIMARY KEY
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);

CREATE TABLE networklinks
(

ip1 NUMBER(12),
ip2 NUMBER(12),
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE networkpaths
(

ip1 NUMBER(12),
ip2 NUMBER(12),
id NUMBER(12) NOT NULL PRIMARY KEY

);

In theabove,a network nodeidentifieswhetherit is a hostor a switchusingthe“hors” field.
Hostsaredescribedby two tables:

CREATE TABLE hosts
(

ip NUMBER(12),
name VARCHAR(256),
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE hostdata
(

ip NUMBER(12),
numproc NUMBER(10),
mhz NUMBER(10),
arch CHAR(16),
os CHAR(16),
osv NUMBER(10),
mem NUMBER(10),
vmem NUMBER(10),
dasd NUMBER(10),
loc VARCHAR(256),
usr VARCHAR(256),
id NUMBER(12) NOT NULL PRIMARY KEY

);

The hoststablecontainsa minimal setof informationaboutthe host,merelyits nameandIP address.The hostdata
tablecontainsanextensiblesetof informationaboutthehost,suchasits computationalcapacity, diskstorage,versions
of differentsoftware,its location,andits owner. TheIP addressof thehostassociatesit with its network nodeentry
andwith dataaboutthehost.

Network switchesaredescribedby threetables.

CREATE TABLE switches
(

ip NUMBER(12),a
name VARCHAR2(255),
id NUMBER(12) NOT NULL PRIMARY KEY

);
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CREATE TABLE switchports
(

ip NUMBER(12),
portip NUMBER(10),
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE switchdata
(

ip NUMBER(12),
type NUMBER(10),
loc VARCHAR2(255),
usr VARCHAR2(255),
id NUMBER(12) NOT NULL PRIMARY KEY

);

Like a host,a switchis consideredto have a distinguishedip address,but it mayalsohave severalotherip addresses,
onefor eachof its ports. The distinguishedip addressof a switch associatesit with its network nodeentry, with its
otherports,andwith its entry in theswitchdatatable,which providesmoreinformationabouttheswitch,suchasits
typeandlocation.

A particularkind of switchor hostmayhave certainperformancecharacteristics,or benchmarkinformationthat
couldbeshared.Theswitchbenchmarksandhostbenchmarkstablesassociatetheresultsof suchbenchmarkswith the
hardwareandsoftwareused:

CREATE TABLE switchbenchmarks
(

bt NUMBER(10),
type NUMBER(10),
perf NUMBER(10),
perfblob BLOB,
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE hostbenchmarks
(

bt NUMBER(10),
numproc NUMBER(10),
mhz NUMBER(10),
arch CHAR(16),
os CHAR(16),
osv NUMBER(10),
mem NUMBER(10),
vmem NUMBER(10),
dasd NUMBER(10),
perf NUMBER(10),
perfblob BLOB,
id NUMBER(12) NOT NULL PRIMARY KEY

);

In theabove,“bt” refersto abenchmarktype,whichis sometypewithin afuturestandardizedhierarchyof benchmarks.
Furthermore,a benchmarkmustcollapseits performancemeasurementinto a floatingpoint number, perf. It mayalso
providemoredetailedinformationwithin anopaquebinarylargeobject.

In addition,specifichostsandswitchesmayhave beenbenchmarkedat certainpointsin time:

CREATE TABLE hostspecificbenchmarks
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(
bt NUMBER(10),
ip NUMBER(12),
perf NUMBER(10),
perfblob BLOB,
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE switchspecificbenchmarks
(

bt NUMBER(10),
ip NUMBER(12),
perf NUMBER(10),
perfblob BLOB,
id NUMBER(12) NOT NULL PRIMARY KEY

);

It is importantto notethatboththemappingfrom hardwaretypeto benchmarkandfrom specificnodeto benchmark
is many-to-many.

Analogously, therearealsobenchmarksfor specificlinks andpathswithin thenetwork. Thesearelikely eventually
to bedynamicinformationprovidedthrougha streaminginterface.

CREATE TABLE linkbenchmarks
(

bt NUMBER(10),
ip1 NUMBER(12),
ip2 NUMBER(12),
type NUMBER(10),
perf NUMBER(10),
perfblob BLOB,
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE pathbenchmarks
(

bt NUMBER(10),
ip1 NUMBER(12),
ip2 NUMBER(12),
type NUMBER(10),
perf NUMBER(10),
perfblob BLOB,
id NUMBER(12) NOT NULL PRIMARY KEY

);

Theremainderof thetablesin theschemaaredesignedfor managingtheconfigurationsof stream-orientedsoftware
suchasRPSpredictionsystems.

Streamsaresourcedfrom datasources:

CREATE TABLE datasources
(

dsid NUMBER(10),
dst NUMBER(10),
id NUMBER(12) NOT NULL PRIMARY KEY

);

A datasourcehasa typeandanidentifier. Dstsaretypesin a futurestandardizedhierachy.
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Two currentexamplesof datasourceswithin the context of RPSareflow sources,which aremeasurementsof
network bandwidthusingRemos,andnodesources,which aremeasurementsof hostloadusingRPS-internalsensors.

CREATE TABLE flowsources
(

dsid NUMBER(10),
ip1 NUMBER(12),
ip2 NUMBER(12)
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE nodesources
(

dsid NUMBER(10),
ip NUMBER(12)
id NUMBER(12) NOT NULL PRIMARY KEY

);

RPS-likesystemsconsistof components,or modules,thatattachto eachotherin variousways.Themodulestable
providesa list of thecurrentlyrunningmodules:

CREATE TABLE modules
(

mid NUMBER(10),
mt NUMBER(10),
dsid NUMBER(10),
id NUMBER(12) NOT NULL PRIMARY KEY

);

Eachruning modulehasa uniqueidentifier, a type, andthe identifier of the underlyingdatasourceon whosedata
streamit is operating.Again,moduletypesaretypeswith a futurestandardizedtypehierarchy. Modulescanbefound
in the moduleexecstable, which hasexecutableblobs of the differentmoduletypesfor differentarchitecturesand
systemsoftware:

CREATE TABLE moduleexecs
(

mt NUMBER(10),
arch CHAR(16),
os CHAR(16),
minosv NUMBER(10),
ver NUMBER(10),
execblob BLOB,
id NUMBER(12) NOT NULL PRIMARY KEY

);

Modulesinterfaceto therestof theworld throughendpoints.Endpointsarelistedseparatelyin a tablethatasso-
ciatesendpointids with moduleids,andanothertablethatassociatesendpointids with a descriptionof theendpoints.

CREATE TABLE endpoints
(

mid NUMBER(10),
epid NUMBER(10)
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE endpointdata
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(
epid NUMBER(10),
ct NUMBER(10),
ip NUMBER(12),
port NUMBER(10),
fn VARCHAR(256),
id NUMBER(12) NOT NULL PRIMARY KEY

);

Endpointsmaysupportdiffernt communicationtypes(udp,tcp),andusuallyhavea port associatedwith them.
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