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A Unified RelationalApproachto Grid InformationServices

Abstract

Thisfirst white paperof therelationalGrid informationservicegaskgroupoutlinesanapproacho Grid informa-
tion serviceq GIS) thatis basedon the relationaldatamodel. While conceved asoperatingstand-alonethe system
proposechereincould also be viewed as a complementarysystem,or asa setof servicesthat would complement
andinteroperatevith systemsuilt accordingo the standardemeging from the Grid InformationServicesvorking
groupandthe Grid Performancevorking group.

Thereis muchthatis excellentaboutthe evolving standard®f thesetwo groups. Their datamodelsaresimple,
theirimplementationsvill be easyto use,andthedatathey will containwill decompos@aturallyacrossadministra-
tive domains .However, therearemary formsof highly desirablequerieshatwill bedifficult or expensve 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 asthe Grid evolves,soit is vital thatthe setof efficient queriesnot bedecideda priori, asit is with thecurrent
models. We alsoseethattherearetwo evolving standards—tw incompatiblewaysat gettingat informationabout
Grid resourcesFinally, it is essentialljthe casethathighly dynamicinformationis notrepresentedh the GIS system
becausehelatteris unlikely to be ableto supportthe necessarypdaterates.

Weintendto addressheseconcerndy aunifiedrelationalapproacho Grid InformationServices By “relational”
we meanthatwe will startwith thefull functionality of a relationaldatabaseystemand“build dowvn” to a practical
GIS systemthat still provides mostof the benefitsof the RDBMS, andin the processanalyzethe desirability and
feasibility of suchfeaturesastransactionand ACID properties.Existing approacheso building GIS systemshave
essentiallybeento startfrom a directory servicewith a hierarchicaldatamodeland “build up” to a practicalGIS
system We believe thata“build down” approactwill resultin afastandflexible GIS system By “unified” we mean
thatwe will provide onehighly flexible querymodelandlanguagefor Grid information,bothinsideandoutsidethe
formal boundsof the datastoragestructure no matterhowv dynamic.

We ervision thata unifiedrelationalGIS systemwill consistof thefollowing components:

e Appropriateextensibleschemasndindicesfor Grid information,including an extensibletype hierarchyfor

dataobjectsandthedefinitionof a setof coretypes.

e Supportfor high updateratesandfreshnesconstraintsequiredof arny GIS system,including streamingup-

dates.

e Supporffor sophisticatedompositionajueriesgnvolving joins,includinganew primitive,thenon-deterministic,

time-boundedjuery

e Supportfor datastreamsasrelations,including“SQL queriesover datastreams’functionality

e Decentralizechdministrationmultiple administratve domains anddistributeddata.

e Cannedjueriesto male the systemusablefor non-SQLusers.

Thiswhitepapeis botha highlevel roadmaof wherearelationalapproachwould take us,andanimplementation
basedon existing software artifactsand systems.Early feedbackon the whitepaperthasindicatedthat splitting the
paperalongthesdinesmightbe advantageous.

1 Intr oduction

The proliferation of bandwidthand computationakyclesis driving rapid changein high performanceparalleland
distributedcomputing,makingpossiblea sharedarge scalewide-areacomputationalnfrastructure a conceptwhich
hasbeennamedthe Grid [18, 19]. Simultaneouslytraditionalapplicationsare growing increasinglyambitious,and
new kindsof applicationsarepoisedto dramaticallyexpandthe userpool of the Grid.

As the scaleand diversity of the Grid’s resourcesapplications,and userscontinuesto explode, the amountof
informationneededo keeptrackof themgrows commensuratelgndbecomesncreasinglydynamic.Simultaneously
applicationsneedto poseand answerincreasinglypowerful queriesover this informationin orderto exploit Grid
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resourcesvell andsatisfyusers.We believe thatthe rapidly rising tensionbetweertheseopposingtrendsdemands
new way of managingupdating,andqueryingGrid information.

Weintendto addresshesdrendsthroughaunifiedrelationalapproacho thisimportantdirectoryservicegproblem.
Our approachs unifiedin thatwe treatthe whole spectrumof Grid information,from staticto dynamic,in the same
way from the perspectie of usersandmanagersOur approachis relationalin thatwe applytherelationaldatamodel
to Grid information,andthatwe leverageexisting relationaldatabasandtransactiorprocessingechnologyto achiere
our goals.We believe thatthis approacholdsthe key to meetingthe following fundamentatequirements$or a Grid
informationservice:

o Efficientandscalablesupportfor alargeandarapidly growing numberof dataobjects,

¢ Elegantrepresentationf complex evolving relationshipdetweerdataobjects,

e High performancesupportfor frequentandcomplex updatego dataobjects their attributes,andtheir relation-

ships,includingfor objectsthatmay belongto differentadministratve domains,

e High performancesupportfor complex andevolving querieson dataobjectsandtheirrelationshipsin particular

for compositionabueriesand

¢ High performanceintegratedsupportfor datastreams.

Althoughourfocusis on Grid information,we believe thatwork in this areawill generalizéoeyondthe Grid asother
directory servicesproblemsfacesimilar trends. We also believe that our approachs complementaryo the LDAP
approactalsounderconsiderationn the Grid InformationSystemsandGrid Performanceavorking groups.Although
we intendto develop our approachindependentlywe are quite willing to explore waysin which a relational GIS
systemcaninteroperatevith moretraditionaldirectoryservicemodels.

2 Grid information asa dir ectory service

“The Grid” waservisionedseveralyearsagoasa global computeplatformfor large-scaleapplicationsvheretypical
barriersto usingthousand®of resourcesimultaneouslysuchas administratve domaindifficulties, are loweredby
communityconsensugndsupportfor Grid technologieshasedon openstandardg$16]. Much of the work of Grid-
baseccomputingis doneby researchertedto the Global Grid Forum[19] (Global GF),acommunity-initiatedorum
of individual researcherandpractitioners Analogouswith the Internet/internetornvention,“a grid” (notelowercase)
refersto a distributed systemthat usesGrid standardsvhile not necessarilybeing a part of “the Grid.” Also, we
will oftenreferto “computationalgrids” or “grid-basedcomputing”,by which we meangrids usedfor computational
purposesasopposedo for otherpurposesuchasdataaccess.Thisis notintendedto be exclusionary but ratherto
focusdiscussioronthekind of grid thatwe know best.Grid informationservicesarea necessargomponenbdf other
kinds of gridsandgrid-basegrocesses.

Grids are necessarilyawashin information. Applicationsmustbe ableto locatedatasourcesand suitablecom-
putationalnodeson which to run. Schedulersequireinformationaboututilization andload in orderto make their
decisions.Theownersof someresourcesieedsupplyanddemandnformationin orderto setprices.Grid information
occupiesa spectrum:someinformationis relatively static(hostconfigurationsfor example),while otherinformation
is quite dynamic(hostload, for example). We referto anitem of Grid informationasa dataobject, or object. We
intensionallyusethis generatermto avoid too rapidly bindingto a specificmodelof informationrepresentation.

A Grid Information Service(GIS) is a directory servicethat consistsof a setof objects,relationshipshetween
objects,and systemseededo queryandupdatethe objectsandrelationships.An objectdescribesan entity in the
Grid. It hasa uniqueidentifier, possiblya timestamp,and a setof attributes. The relationshipsbetweenobjects
vary dependingon the datamodelusedto structurethe objects. A hierarchical(tree)or object-orientecddatamodel
males extensive useof the parent-child(“is-a") relationship. For example,an organizationand a personworking
for the organizationarerelatedvia a parent-childrelationship. The flat-tableorganizationof the relationaldatabase
managemeriendsitself to strongerrelianceon the peerto-peer(“part-of”) relationshipbetweertables.For example,
two computersandthe network paththatconnectshemarerelatedvia a peerto-peerrelationship.An updateto the
attributesof anobjectcausesheirrecoverablereplacementf the existing attributevalues.

An objectexistsin the GIS on behalfof anentity if the entity meetsthefollowing four criteria:

1. Theentity canbedescribedsuccinctly

2. Theentity canbeuniquelydescribedy a setof attributes.
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Grid entity Description
organizations accountabldodiesandownersof resources
people resourceadministratorstesourceproviders,GIS administrators
memory CPUinformation,cachebenchmarkesults heart-
computeresources .
beat,boottime, numberof users)oad
communicatiomresources| link capacity switchcapacity errorrate,droprate
softwarepackages BLAS, LAPACK, etc.
eventproducers generatoref eventstreams
eventchannels propagator®f eventstreams
eventdictionaries databasesf commonlyusedeventtypes
instruments radarsystemstelescopesgtc
network paths availablebandwidthandexpectedateny
network topologies hosts,switchesyouters
wirelessdevices wirelesshosts wavepoints cells, etc.
virtual organizations groupsof collaborators

Figurel: Non-exhaustvelist of Grid entitieswith dataobjectsin GIS.

3. Theentityis long lasting.
4. Theentity hasvalueto thebroadercomputationafyrid community

Thefirst criterionassuregheobjectis useful thatit actuallycaptureskey attributesaboutanentityin thecomputational
grid, thatauserof the GIS canfigureoutwhatit is. Theseconctriterionassureshatthe usercandistinguishbetween
entitieswith similar properties. In combination,thesecriteria assurethat a usercan intelligently selectone entity
or group of 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 hostis an entity for which we would include an objectin the GIS. However, the
“load” propertyof thatobjectmaychangeveryfrequently Thefinal criterionensureghatthe entity representeth the
informationserviceprovidesvalueto morethanoneapplication.Many Grid entitiesmeetthesecriteriaanda number
of specificentitiesalreadyeitherexist or have beenproposedThesearelistedin Figurel.

Althoughthe criteriadescribedhbore seemorientedto definingexclusion,they moreimportantlydefineinclusion
aswell. Any describableuniqueentity thathaslastingvalueto the broadercomputationarid communityshouldbe
representedh the GIS. This inclusionis irrespectve of qualitieslik e frequentupdaterate that might hinderperfor
manceof someimplementationsUnfortunately the limitations of the directoryservicessystemsaiponwhich current
GIS systemsaarebasednale it difficult to achieve thisideal.

3 The needsof Grid applications

Although thereare mary consumer®f Grid information, it is parallelanddistributed applicationsandthe software
systemghat mapthemto the Grid that make the mostdemandf the GIS. In the following, we'll talk aboutthese
demandsn the context of traditionalparallelanddistributedscientificandbusinessapplicationsnon-traditionainter-

active applicationsandotherGrid softwaresystemsuchasschedulerandpredictionservicesn effect, thefollowing

presentsa seriesof use-casethatareill-served by existing GIS systemsandfor which we believe a relationalGIS
systemis moreappropriate.

3.1 Traditional parallel applications

Grid-basedcomputingallows scientistdo attackfar largerproblemsthancouldbeaddressedn traditionalsupercom-
putersor clusters. Their applicationsmustexploit parallelism,partitioningtheir tasksor dataand mappingthemto
Grid resources.Deciding how to do so requiresdetailedinformation abouttheseresourcestheir connectvity, and
theirload.

Considereven a simple, but commonplacalatadecompositiorproblemin data-paralleSPMD programs—hw
to partition the rows of a matrix into blocks, andthen assignthoseblocksto processorso that computationdone
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on the matrix accordingto the ownercomputesrule will achiese high levels of speedup.On a dedicatedparallel
machineor cluster thestaticpropertieof theresourceshatareneededo solve thisproblemareknownimplicitly—the
programmeknows whatprocessorshe clusterusesandthe topologyandcapabilitiesof its communicatiometwork.
Thedynamicpropertief theresourcesireanon-issuén a dedicatedcluster On anon-dedicatedluster life is more
comple, but still, the scopeof theinformationthatis neededs limited.

Onacomputationadrid, the staticpropertiesof the computeandcommunicationsesourcesrenot implicit, and
their dynamicpropertiesusually necessitateun-time adaptation.Both to initially mapitself onto the grid, andthen
to adaptits behavior asit runs,the applicationneedsdetailedinformationabouttheseresources.Furthermorejt is
generallynotinterestedn individual resourceper se,but ratherin compositionf them. For example,if it hasbeen
codedto runon four processorghen,at startup,it will wantto saythingssuchas“find mea setof four uniquehosts
which in total have between0.5 and 1 GB of memoryandwhich are connectedby network pathsthat can provide
atleast2 MB/s of bandwidthwith no morethan 100 millisecondsof lateng.” As it runs,it will wantto saythings
suchas“tell mewhentheloadon arny oneof thesefour hostsis atleast25% differentfrom the averageacrossall the
machines’sothatit cantriggeraloadbalancingstepwhenthis occurs.

Therearethreethingsto notice from this example. First, the applications queriescomposeinformation about
multiple resourcegdataobjectsin the GIS) in unique,application-specifievays. Secondthe dataobjectson which
the queriesdependaredynamicto differentdegrees. Host memorychangesnore slowly thanupgradeso network
pathswhile hostloadfluctuatesfar morequickly thaneither Theimplicationis thatsomedataobjectsin the GIS will
be updatedquite frequently Finally, this applicationneedsto queryinformationstreamge.g., for hostload values)
in additionto informationin a databaseNoneof theserequirementénteractswell with the directoryservicesystems
uponwhich currentGIS systemsarebased.

3.2 Traditional distrib uted applications

At first glance,it mayappeatraditionaldistributedapplicationgthosebasedn distributedtransactionsRPC,and/or
virtual synchroty) placelessstringentdemandson a GIS system. It might appeayfor example,that without paral-
lelism, the needfor compositionabjueriess amelioratedHowever, thisis notthecase—irfact, traditionaldistributed
applicationsalsoplacestringentdemand®n GIS.

In the samemannerasatask-paralleparallelapplication,a workflow-styledistributedapplicationneedgo create
avirtual datapattor request®on top of thegrid’s resourcesThis inducesa mappingprocesssery similar to whatwe
discussedbove. Theapplicationwill asksuchthingsas“find mefour processorsuchthatif | mapmy datapattfonto
themin this mannertthenl canachiere athroughputof n requestgpersecondwhile still keepingthelateng below 10
seconds. Of course the applicationmustbe ableto predictits performanceon eachof the processorsa non-trivial
problemto besure.A detailedcompositionabjueryis not sufficient for successhut it is necessary

3.3 Non-traditional applications

Non-traditionalapplications gspeciallythosethathave interactvity demandghat canbe expressedsreal-timecon-
straints,areemeping to take advantageof the explosionof resourceprovided by grid-basedccomputing. Examples
of theseinclude interactve scientific visualization,distributed laboratoriesand computeraideddesign. Theseap-
plicationsare composedf interactingprograms actuators sensorsyemotedatasourcesand distributed usersand
typically have high I/O or computationdemandsecessitatinghe inclusionof at leastone high-endcomputational
resourcesuchasan SMP-nodecluster

Onesuchapplicationis CMU’s Dv [2, 26], a frameawork for constructingnteractve scientific visualizationsfor
wide-areaervironments. The Dv programmercantrivially (almostmechanically)transforma sequentialC++ vtk
(vtk [38] is anextremelypopulartoolkit for building visualizationsprograminto a Dv program.Thelogical view of a
Dv programis asaflowgraph.Whenthe userrequestshatsomeregion of interestin aremotedatabaseetransformed
via theflowgraphto a displayon his workstation,an “active frame” is sentto the remotedatabaseEmbeddedn the
active frame s the codethat implementsthe flowgraph, and a schedulerthat knows how to assignnodeson the
flowgraphto hostsin the Grid. The active framereadsthe region of interestfrom the databaseandthenpropagates
backto the user executingflowgraphnodesandreevaluatingits scheduleaseachflowgraphnodeis executed. The
goalof theschedulers to choosenhereto executethe flowgraphnodessuchthatandend-to-enddeadlinecanbe met
with high probability.
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Figure2: RPSsystem:(a) conceptualiew, (b) constellatiorof componentshatmustbe managed.

Many kindsof schedulergrepossiblein Dv. Indeed theframewnork wasdesignedo make it easyto evaluatedif-
ferentschedulersWith a staticscheduleronethatmakesall decisionstinstantiationtime, the GIS needsaresimilar
to thoseof the workflow-style applicationsdiscussedbove. With a highly dynamicscheduleronethat reevaluates
the scheduleon eachhop of the active frame, stream-orienteéhformationon multiple hosts,muchlike in theload-
balancingdata-paralleprogramdescribecabore, is needed.We have alsoexplored predictive real-timeschedulers,
which requirethatwe be ableto find predictionpipelines,asdescribedelow.

Beyond visualization,the global connectvity of grid-basedcomputinghasmadepossible“distributedlaborato-
ries” [33] wherescientistcollaborateby joint controlof scientificinstrumentssuchascomputemodels,usedduring
investigation.Achieving real-timebehaior on computationalyrids is even more critical whenphysicalinstruments
areinvolved,andit inducesthe samerequirementgor GIS systems.

3.4 Other Grid software systems

In additionto queryingthemdirectly, applicationsalso rely on GIS systemsindirectly, making use of other Grid
softwarethatusesGIS. We give two importantexampleshere: systemghat provide a view on highly dynamicGrid
informationthatis notwithin thepurview of GIS, andschedulershatmapapplicationgo Grid resourceshothwithin
individual sitesandacrosshem.

Someimportantgrid informationdoesnot fall within the modelwe introducedin Section2, eitherbecausat is
too ephemerabr is of interestonly to a smallsetof applicationsat ary onetime. Furthermoresomeinformationis
exceedinglyfine grain andthusvery difficult to incorporateinto arny GIS system. A numberof systemshave been
proposedor developedto provide this information,including NWS [46], RPS[12], andRemos[27]. Currently the
Grid Performancé&Vorking Group[21] is attemptingto createstandardsothatsuchsystemsaninteroperate.

While the datageneratedy thesesystemamay not be in the domainof the GIS, the structureandlocation(s)of
theirinstance®ftenis. For example,RPSis a systenthatprovidestime-seriegpredictionsof fine-grainmeasurement
streams.While RPSis conceptuallyquite simple (SeeFigure 2(a)), it is designedo be highly flexible in termsof
whereits componentsun andhow they communicate Whenconfiguredto predict(for example)the load on a host,
the componentform a “prediction pipeline” suchascanbe seenin Figure2(b). Eachcomponentbox) in thefigure
canberun on a differenthost,and eachcommunicatiorpath (arrow) canusea differentunderlyingprotocol. This
flexibility isimportantbecausé¢hecostsof measuremerandpredictionvarywidely with theresourcéeingmonitored,
makingit absolutelynecessaryo be ableto say(for example)“run the (expensie) predictoron that maching.

With this flexibility comesthe needto managetheseconstellationf componentandtheir relationships.This
taskis clearlywithin thepurview of a GIS system.RPSis notalonein its needsRemosandNWS alsoneedto manage
large numbersof componentsvith complex relationships.

Grid schedulersre perhapghe mostcommoninterfacethat applicationshave andwill have to the Grid. To do
their work of mappingapplicationsto Grid resourcesGrid schedulergeneratdrequentand complex queriesover
diverseresourcesAt leastoneGrid schedulingesearchehastakenit uponherselfto developasystemGridSearcher
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thatcananswerasmallsubsebf suchqueriesby basicallyproviding extra databaséunctionalityoveranexisting GIS
systemthatprovidesno suchfunctionality [37].

3.5 Resourceowners

The ownerof asupercomputefastnetwork path,softwarelibrary, datasetpr otherresourcenustbe ableto adwertise
theresourceo potentialconsumersThis is true regardlesof the economicmodel (or lack thereof)placedon Grid
resourceskFurthermorehe mustbeableto quickly updatethe descriptionof hisresourceregardlesof administratve
domain. Indeed,the more accurateand up-to-datethe descriptionof the resourcethe morelikely the resources to
be usedby others.Corversely the betterthe pictureonehasof competingresourcesthe moreableoneis to quickly
adjustto changingmarketrealities.Finally, theresourceownermustbeableto controlaccesdo andevenvisibility of
theresourcedependingon the prospectie user

4 Limitations of current dir ectory services

As currentGIS systemq15] andproposalg20] arelayeredon top of generaburposedirectoryservicesystemsit is
importantfor thereaderto understandhe limitations of thesesystemsandhow they affect whata GIS systemcando
for applicationsandotherconsumersf Grid information.

Traditionally, directoriesvereemployedto managedescriptve informationaboutrelatively staticobjectsranging
from hostname/IP-addressappinggo the office locationsandtelephonenumbersof compaly employees.The data
in directory servicestoday is frequentlyaccessedbut rarely updated. The storagemodelis typically hierarchical,
thatis, dataobjectsarerelatedto their “parent” objects. A pathexists from the root objectto eachleaf object. We
againintensionallyusethe generaterm“dataobject” to avoid too rapidly bindingto a specificmodelof information.
A dataobjectin a hierarchicalimodelis a relative path,beginning with possiblya non-rootnode,anda terminating
node. In an object-orientednodel, it is an objectaccessedia somepath. In a relationalmodel, it is a row of a
table.Commonlyusedwide-areairectorystandardéncludethe X.500 Directory Service[43], LightweightDirectory
AccessProtocol[32], Internets DomainNameSystem(DNS]3] andDEC's GlobalNameService(GNS)[25]. More
recentproposalsncludelntentionalNamingSystemg1] andActive Nameg44].

As Grid resourcesaind applicationsevolve, they areplacingincreasingdemandsn directory servicesdemands
thatcurrentdirectoryservicesarenot equippedo handle.Thesedemandsake the following five forms.

1. Rapidlygrowing numbersf dataobjects.

2. Increasinglycomple relationshipsamongdataobjects.

3. Increasinglyfrequentupdatego objectsandtheir relationshipgi.e., more“dynamicobjects”.)
4. Rapidlyescalatinglemandor sophisticatedjueries 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 clearthat the numberof dataobjectsis exploding. Furthermorethe succes®f systemdike
Globus [17], aswell asad hoc large scalecomputationakefforts suchas DESCHALL [7] and SETI@HOME[41]
suggesthatthe Grid (andthusthe numberof objectsin the GIS) s poisedfor evenmorerapid expansion. Economics
are alsobeginning to comeinto play, for example,in suchsystemsasLegion [22]. The efficiency of a computa-
tional economy regardlessof whetherfollows a traditionalmodel[45, 5] or the currently-in-vogue“gift economy”
model[36] is stronglydependenbn the quality andquantityof informationthatthe GIS systemcanoffer. Traditional
directoryservicesarenot designedo supportsuchlarge datasetsPerhapshelargestof thesesystemsDNS, contains
only abouta hundredmillion hostobjects,eachwith oneattribute (their IP address).By our criteria, a GIS should
supportqueriesover mary moreattributesof eachhost,aswell asoverthe network pathsthatconnecthem.

As the numberof objectsstoredin the GIS grows, the relationshipsbetweerthemalsogrow in complexity, and
new relationshipsare found to have value and thereforemustbe representedFor example,it hasbeenshown that
link-level information aboutnetworks, which can be collectedscalablyand efficiently, canbe composednto good
estimate®f path-level characteristicthatthemselescannotbe collectedscalablyor efficiently [28]. Thisintroduces
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anaw, extremelyimportantrelationshipthatlinks objectsin the GIS. Othersuchrelationshipsnayappealasresearch
continues. Unfortunately most directory servicessupportonly the hierarchicalmodel, which meansthat the GIS

designemustdecidewhich relationshipsareimportantearly andencodethemasan explicit link in the datamodel.

Woeto the GIS designewho is not prescientbecausenodifying a schemaafterthe-factcanbe broadlydisruptie.

Updatedo Grid dataobjectsarebecomingincreasinglyfrequentboth becauseherearesimply moredataobjects
(andrelationships)and becauseanore and more dynamickinds of dataare beingintroduced. The updatefrequengy
of dataobjectsmustbe determinedoy the needsof applications—withirthe limits of whatthe directoryservicecan
support.We anticipatethatfrequentlyupdatedpr dynamicobjectswill eventuallyform the majority of objectsaGIS
systemhandles.Unfortunately the existing directoryserviceqi.e., LDAP v3 [32]) arewell known to performpoorly
in the presencef frequentupdates.

A relatedproblemwith usingexisting directoryservicesasthe basisof GIS systemss their limited andrestrictve
qguerylanguagethe languagés proceduraljackssophisticateghrocessingsemanticsandrequiresthatthe userhave
explicit knowledgeof thetreestructure.First, a procedurafuerylanguageembodiesan executionorderin the query,
whereasa declaratve querylanguagesuchasSQL, stateswvhatis to be retrieved but leavesthe how up to the query
engine.Thussignificantgainsin queryefficiency via queryoptimizationcanberealizedby thelatterthataredenied
totheformer. Secondusersof the GISwill increasinglyrequiremoresophisticatedjuerieshatextractdatafrom over
the entiredatadomain. Hierarchicalguerylanguagesack the ability to do suchsophisticategbrocessingn the data.
Key arethe needto join tableson a userspecifiedcondition,andperforman aggrejatecomputationover theresults.
Placingthe onusof processingomplex queryresults(i.e., ajoin) on auserseemgo be anunnecessarthrovbackto
anearliertime. Finally, theusermusthave explicit knowledgeof thestructureof thetree. Thesyntaxof anLDAP-style
guerylanguageequireshatthe userstatethe starting,or top-most,nodeof aquery'sdomain(i.e. searchspace).The
attributesappearingn the query muststatedin termsof a pathnameelative to that startingnode. Writing accurate
gueriesbecomedlifficult, andchangego thetreetopologycanhave a broadandcostlyimpacton users.

Existingdirectoryservicesalsodo not provide supportfor datastreamsatype of datathatwe expectwill become
increasinglycommonasthe Grid evolves. For example,asnetworksimprove, Grid schedulersvill probablywantto
schedulesmallerandsmallerunitsof work. To decidewhereto placethatwork, they will make useof increasinglydy-
namicinformation,includingsuchinformationaspredictionstreamdor RPS-like systemsWhy shouldthe scheduler
developerhave to dealwith an entirely differentdatamodeland querymodelfor suchstreamdata?We believe that
datastreamsshouldbe unifiedwith otherGrid informationto the greatesextentpossiblevhenthe meettheinclusion
criteriawe outlinedpreviously.

5 Proposedapproach

At the highestlevel of abstractionpur planis to investigateandbuild Grid informationserviceghat meetthe appli-
cationneedsandavoid the limitations thatwe laid out earlier We intendto do so by usinga differentstartingpoint.
Insteadof startingwith commoditydirectoryservicesand“working our way up” to a GIS systemwe will startwith
a full-strengthcommaodityrelationaldatabasesystemand “work our way down” to a practicalGIS systemthat can
bettermeetthe needof applicationghanextantsystemsandproposalsWe believe thatdoing so, while challenging,
is entirelyfeasibleandwill furthermordeadto researchiesultsthatwill generalizébeyondGIS.

5.1 Prototype system

We will begin by implementinga proof-of-conceptGIS systemthat is basedon a scalablecommodityrelational
databasenanagemensystem(RDBMS) that supportsransactionanddistribution of data. At this point, we believe
thiswill likely be Oracle.However, neitherour designor our researctarespecificto the underlyingRDBMS system.
The systemwe build will provide the basisfor trying out our researchiesultsin practice.
By building on a powerful databasesystem,we will be startingon the traditional databaseniigh ground, only
shunningfeaturesvhenabsolutelynecessaryin particular we shall startwith the following features.
e Full ACID properties.
e Atomicity: Updatesareall-or-nothing(transactions).
e Consisteng: Theintegrity of dataandrelationshipss alwayspresered. Thedatabasés transformedrom
onevalid stateto another
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hdl. memhd2. memhd3. memhd4. memas TotalMem ,

hostspecificbenchmarks uniqueifiers from
hosts as host1, hostdata  as hd1,
hosts as host2, hostdata as hd2,
hostbenchmarks hosts as host3, hostdata  as hd3,
BT | numproc‘ mhz ‘ arch ‘os |osv| mem |vmem ‘ dasd| perf |perfblob‘--- hosts as host4 hostdata as hd4
where
hostdata hostl. ip =hdl. ip and host2. ip =hd2. ip and
*‘ ip Hnumproc‘ mhz‘arch ‘os|osv| mem|vmem‘dasd‘ Ioc| user‘--- host3. ip =hd3. ip and host4. ip =hd4. ip and
hdl. memthd2. memthd3. menthd4. men»=512 and
hosts hdl. memhd2. memhd3. memhd4. memns=1024 and
hostl. ip !=host2. ip andhostl. ip !=host3. ip and

name

aul hostl. ip !=host4. ip andhost2. ip !=host3. ip and
modules host2. ip !=host4. ip andhost3. ip !=host4. ip

mid[mt [asia | 1D | order by
datasources moduleexecs TotalMem desc
-.‘m ‘m1| arch ‘ os |minosv | ver |execblob‘ D limit

K 1
endpoints inlessthan
e 5 seconds

usingheuristic
prefer_depth_first

endpointdata
‘epid[ ct ‘ip port| fn | ID

(@) (c)

Figure 3: Schemaand queries: (a) a schemdor hosts,switches,network properties,and RPS-like software, (b) a
simple deterministicquery that finds all sourcesof load information on a particularhost, and (c) a time-bounded
non-deterministiqueryusinga heuristic.

¢ [solation: Queriesandupdatesseea consistenpicture of the databaseindependenof otherqueriesand
updates.
o Durability: Committedtransactionsirepermanent.
Full SQL querysupport: Queriesarewritten usingthe expressvenesof the full relationalcalculus(arbitrary
setoperationsto afirst approximation).
Efficient queryoptimizationandevaluation:queriesareplannedandevaluatedasefficiently aspossible.
e Scalabilityto extremelylargetransactiorprocessingervironments.
Supportfor distributeddatabases.
In supportof the last point, we planto replicatethe prototypesystemat leastonce. At the presentime, we have a
small Oraclesystemdescribedn the following sectionandin the appendix.

5.2 A schemaand indicesfor Grid information

The focus of this part of our work will be to work out a suitableschemafor representinggomputationalyrid data,
aswell asareasonableetof indicesto make commonqueriesfast. Designingthe schemawill requirethoughtful
consideratiorto currentGrid resourcesndhow they areevolving. Fortunately aswe arebothmemberof the Grid
Forum,we arewell poisedto answerthe questionghatarisehere.

A tentatve schemas presentedn Figure 3(a). The appendixprovidesa detaileddescriptionof this schemaas
well asof thesystemandRDBMS softwareonwhichit is currentlyimplementedThis schemawasinitially developed
to supportthe managememf RPScomponentdor hostload andnetwork bandwidthprediction. We arenot wedded
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to this schema.We presentit to make specificour discussionandto provide the basisfor examples. The schema
structuresnformationabouthosts ,network switches aswell assoftwaresystemsomposedut of RPScomponents.
This schemais, at this point, only a designstudy Figure 3(b) shavs an examplequeryon the schema.The query

is trying to find all sourceof load informationfor the hostkanga. This is an exampleof whatwe call deterministic
query Figure 3(c) shaws a time-boundeahon-deterministiquery, oneof focusesof our approach.We will discuss
this furtherin a later section,but we note herethatit is very importantto our goal of makingit practicalto usean

RDBMS asthe basisfor a GIS system.

With the scheman place,we planto populatethe databaseisingdataavailablefrom Globus MDS, NWS, RPS,
Remos,andothersources.We alsoplanto examinethe queriesand updategypically providedto thesesystemsas
well asto testthe demandfor more sophisticatedjueriesin the Grid community The goal is to develop a set of
benchmarkqueriesand updatespr, ideally, a workload generatoffor the system. Basedon the benchmarkor the
workloadgeneratarwe will developa setof appropriaténdicesfor the schemaDependingon the natureof queries,
we mayalsodevelopasystenthatautomaticallychoosesppropriaténdicesto generatgivendifferentconstrainton
resourcegetc. Oncewe have the baselineRDBMS-basedsIS system,schemagdata,andindices,we will investigate
thescalabilityof the systemcomparingt to the morecommonLDAP-basedystemsandproposalsWe ervision four
levelsof scaling:lab, departmentschool,andmulti-site.

5.3 Typehierarchy

Therelationaldatamodelprovidesonly primitive datatypes(columntypes)suchasintegers,strings,andblobs. More
comple typesare producedby creatingrelationsbetweenthesetypes,eitherimplicitly (rows) or explicitly (via set
operations).While this lets us build arbitrarily complec types(and providesa mechanisnfor type extensibility—
we canaddnew columnsto tables),the typesareall implicit. We intendto provide a mechanisnfor makingtypes
explicit, evenfor primitive data. Thetentatve schemaliscussedbove alreadyhassomesupportfor this, in thatrows
or columnshave explicit typetags.

Definingthetypesandtheir relationshipsaswell asproviding a community-basegrocesdor extendingtypesis
oneaspecbf our planthat overlapsconsiderablywith the Grid InformationServicesand Grid Performancevorking
groups.At this point, we believe thatwe canuseandhelp definethe hierarchicakypesbeingdefinedin thesegroups.

5.4 Dynamic objects

As notedearlier, a principle challengeto GIS systemsds the rapid growth in the numberand frequeny of updates
to objectsin the database We planto empirically study supportableupdateratesfor the relationalimplementation
comparedo a hierarchicalimplementation.We alsoplanto studyhow an RDBMS-basedGIS systemcansupport
higherupdaterates.At this point, we believe thatmary updateswill comein theform of streamsandthatwe oughtto
beableto exploit this streamnatureto achiese higherupdaterates.How this approachmightinteractwith transactions
is anopenquestion.

Updatingthe GIS is the proces®f changinghe attributesof oneor moreobjects.In theremaindeof this section,
we shalllimit our discussionto updategto a single object. It is importantto note, however, that atomic updateto
multiple objectsdemanddransactionapropertiesthesecomplex updatetransactionsave the potentialto drastically
slow the system.We intendto expandthe investigationdescribedelow to explorethetradeofs betweertransactions
andupdaterates. We cateyorizethe entitiesrepresentedh the GIS accordingto the how frequentlytheir attributes
changeandaccordingto the timelinesspropertiesneededof their attribute data. At this point, we believe thereare
essentiallytwo cateyories:stablegrid entities,anddynamicgrid entities.

Stablegrid entitiesaremajorresourcessuchascomputeenginesprganizationsetc. Theseentitiesareverylong-
lived,changedo theirattributesareinfrequent.andchangesn their attributescanbe propagatedelatively slowly. For
instanceadditionalmemoryis addedo a supercomputequiteinfrequently Whenmemoryis addedthatinformation
neednot be propagatedo consumersasrapidly asotherinformationfor schedulingbasedon available memoryis
likely to occuronly over relatively long timescalesUpdatego the objectsof stableentitiesandpropagatiorof those
updatesn a distributed databaseystemcanbe thusbe doneat a lower priority thanupdateso objectsthatchange
morefrequentlyor requiremorerapid disseminatiorof their changesAlso, from a userinterfacepoint of view, these
updatesanprobablybeaccomplishedelatively simply via a“canned”or interactve programor script.

Dynamicgrid objects,on the otherhand,have eithermore frequentupdatesor requiremorerapid dissemination
of their changesAs anextremeexample considera network path:the end-to-encgathbetweertwo machinelearly
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meetsthe criteriafor inclusionin the GIS asit is of interestto a broadsetof usersandthe choiceof one pathover
anothercanhave significantperformancemplications. Relevant pathattributesmight include currentbandwidthand
predictedbandwidth,both valuescould seeupdateswith a frequeng matchingthe entities’ ability to generatenen
values:ontheorderof milliseconds.Furthermorea programis notinterestedn staleupdatesf network information,
evenif thoseupdatesomeatahighfrequeng. TheGIS mustassurghatupdatesrerapidly propagatedo consumers.

We positthatthe total numberof highly dynamicobjectswill far exceedthenumberof stableobjectsandtherate
of updateto theseobjectsmustbe flexible to meetthe needsof the timelinessof the datacontainedn the attributes.
A delayof 12 hoursin updatingthe availability of LAPACK on a machineis farlessa sin thanis a 15 min. delayin
updatingthe currentbandwidthof a network path.Basedon this suppositionye maintainthe following.

e Theupdatingmechanismsupportedy GIS mustgo beyondhand-codegbrogramsor scripts.

e Becausef the projectednumberof dynamicobjects,updatego objectsmustbe pushedo the GIS, not pulled

by GIS.

e TheGIS mustbe preparedo pushupdatedo consumersor atleastprovide triggerconditions.

e The GIS mustimposelimits on therateat which datais pushedo it. Too frequentupdateswill resultin stale
databeingprovidedto applications.

e Processingpo filter updatemessageto reduceupdatefrequeny mustbe doneupstreanof the GIS.

e TheGIS could benefitfrom the CORBA-lik e eventstreammodelproposeddy the Grid PerformancéNorking.
The publish/subscribenodelinherentin eventchannelscould be usedto allow GIS to selectvely subscribeo
theeventchannelof producergpublishingupdatemessages.

With thescheman place,we will explorehow to supportdynamicobjectswell. We intendto begin by explaining
and quantifying the tensionbetweenthe users needfor timely dataand the realistic updateratesthat a GIS can
handle.We planto studythis tensionnot only in the context of our RDBMS-basedystem but alsoin the context of
atraditionalLDAP-basedsystem.This is animportantcomparisorasdirectoryservicesof the future needto support
higherupdateratesandthoughLDAP is known to suffer poorperformanceinderfrequentupdateg39] andit hasbeen
shavn in [4] thatarelationaldatabaseanbe tunedto attainvery good performanceat extremelyhigh updaterates,
theapples-to-applesomparisorwill provide invaluableinsightto the Grid community

We will extendthe servicesprovided by our prototypesystemto include supportfor updatingdynamicobjects.
We ernvision a servicebasedon datastreamsamplementecbn top of an event-channetommunicatiorinfrastructure.
We anticipatethat somechangego the schemdanguagghow to describea schemasuchasthatof Figure3(a)to a
databassystemwill berequiredto expressheupdaterequeng of dynamicobjects.We will testourwork by scaling
our prototypedatabaséo realisticgrid computingworkloadsto determinerealisticupperboundsoninput processing.

5.5 Time-boundednon-deterministic querieswith optional heuristics

The natureof GIS querieswill be somavhatdifferentfrom thatof morecommonplacejueriesin relationaldatabase
systemsln particular we expectthatGIS querieswill requirejoins overnumerougablesatdistributedlocations.This
hasthe potentialfor introducingseriousperformanceproblems bothfor particularqueriesandalsofor the GIS asa
whole. However, the natureof theanswerghat GIS queriersrequireis alsodifferent.

Our planis to exploit thesedifferentpropertieso achieve efficiency bothfrom the point of view of the systemand
theuser Therewill befrequentoccasionsvhena GIS userwill bemoreinterestedn atimely responséhanin seeing
all the resultsfrom a query Similarly, therewill be mary timeswhenthe GIS systemis overturdenedand cannot
permita queryto continue,but would prefernot to disposeof the resultsit hascomputedthusfar. To capturethese
userconstraintandsystemlimits, we planto extendthe querymodel. Our extensionis quite simple: we will permit
the databaséo respondo a querynon-deterministicallyn exchangeor a deadlineon the searctprocess.

A typical GISusermwill probablybelessinterestedn gettingall theanswerdrom aquerythanin gettingananswer
within alimited time. The problemis how to expresstheseconstraints We planto extendthe SQL querymodeland
selectstatemento do so. First, we will allow the userto statethata queryis non-deterministic.This meanghatthe
databasés permittedto returnary subsebf thefull queryresults.The secondextensionis to introducea time bound,
an upperlimit on how muchtime the databaseshouldwork in constructingits non-deterministi@answer The final
extensionis to allow the userto specifyan optionalsearchheuristic. The searchheuristicand non-determinisrmare
notintendedto be at loggerheads—thleuristicmay only guide searchthe systemmay still returndifferentresults
eachtime a queryis issuedwith the sameheuristic. Figure 3(c) shavs an exampleof a querythatusesall of these
extensionsWe will alsopermitthe systemnto returnpartialresultsfor adeterministiocquery aslong asit makesit clear

10



Dinda,Plale GIS-WG Page:11
GWD-GIS-012-1 Unified RelationalApproachto Grid InformationServices February2001

to the userthathis deterministioqueryhasbeendowngradedo atime-boundedon-deterministiguery

The resultof a time-boundechon-deterministiqqueryis a non-deterministicsubsetof the full queryresultsthat
would have beenreturnedhadthe querybeenallowedto runits duration. The subsetcould be arandomsample or it
couldreflectpreferenceprovidedby theuser Thedeclaratve natureof SQL is animportantenablerfor thisresearch
in thatit describesvhatis wanted,andnothow to find it. We believe thattime-boundedon-deterministiqueriescan
beimplementedasheuristically-guidedtochastisearchon top of anexisting databasaystem.While work hasbeen
donein the databaseommunityon returningpartial resultsparticularlyin extendingSQL to enablequerywritersto
explicitly limit the cardinalityof a result[6], to “get someanswergjuickly, andperhapanorelater” [42], andto do
statisticalrandomsamplingof databasef31], we aresurethatby focusingon the specificneedsof GIS systemsand
userswe canproducespecificsolutionsthat provide betterperformancendmoreflexibility with lessoverhead.

It is importantto notethatwe arenot promisinga solutionapplicableto databasegueryprocessingn generalbut
ratherto specificqueryproblemsthatarisein the context of applyingdatabaseéechnologyto the specificapplication
of aGIS system.In additionto the needfor time-boundedjueriesgueryprocessindor GIS systemdiffersradically
from typical databasei the querycostmetricusedto measurahe performancef the queryprocessingWhereasn
atypical databasethe costmetricis to minimize the total cost(CPU and|/O cost),in a GIS systemwe further must
minimize or boundthe bandwidthconsumedandtheresponséime to theuser

We believe thattheseextensionscanbe donewithout modificationto the underlyingRDBMS systemasmary of
thesesystemsalreadyprovide supportfor randomnessi\e ervisionare-writing stagen whichqueriesn ourextended
SQL will betransformednto (perhapsnuchlarger)queriesin ANSI SQL.

5.6 Unified query model

Therearetimeswheninformationis neededrom entitiesthat eitherfail to meetthe criteria for inclusionin a GIS
systemor elsewhoseinclusionappearsmpractical. Datastreamsa 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 consumerand possiblyintermediatecomputationto transform,
aggreyate or filter data.Underneatta datastreamaresuppliersconsumersandeventchannelasinterveningobjects,
usingthe CORBA eventchannekerminology Datastreamaypically exist for thedurationof a particularapplication,
andsupportvisualization(Dv active framesform sucha stream) performancaneasuremerfRPSmeasurementand
predictionsform suchstreams)pr generalevent-base@ommunicatiorf30].

Thegrid community particularlythe Grid PerformancéVorking Group,is working on schemedor extractinfor-
mationfrom eventstreamsTheseschemesireconceptuallyquite differentfrom thoseusedto extractinginformation
from a GIS system.We proposea simpler, unified modelthatviews datastreamsasdataobjectsthathappemotto be
residentin the GIS. Theseobjectscanthenbe queriedusingSQL just asotherobjectsin the GIS. We planto accom-
plish this by viewing a datastreamasa setof relations,wherean eventis a tuple belongingto one of therelations.
Thiswork leverageoff the dQUOB system[34], whereinan SQL queryis evaluatedpurelyover datastreamsnstead
of tablesin a databaseQueriescanbe managedemotely insertednto a streamat runtime,andoptimizedat runtime
in responséo informationgatheredaboutthe dataandfrom the ervironment.

We will designa unified relationalmodel objectsinside the GIS and datastreamsoutsidethe GIS, and imple-
mentthe modelwithin our GIS system.Thesedynamicqueriesover datastreamswill alsoprovide supportfor non-
deterministictime-boundedjueriesdiscusse@bove.

It will be possibleto associateomputationwith eachqueryto refineor transformthe data. In this way, a query
cancreatea “view”, thatis, anew type of relationthatcansene asinputto anothemuery thusallowing multiple and
successiely refinedviews on the data. The beautyof the unified modelcomesn the enhancedies betweernviews on
dataobjectsin the GIS anddatastreamsutsidethe GIS. Sinceaneventchanneis definedasarelation,a datastream
hasa descriptionof the compositeof relations hencehasa naturaldescriptionin relationalterms.If it meetstheother
criteriafor inclusion,it shoulditself beanentity with objectrepresentatiom the GIS.

Ontheflip side,anSQL querycouldbewritten overacombinatiorof GISrelationsanddatastreanrelations since
theinterfaceto thetwo is thesame It is notthe goalof this whitepapeto undertale the questiorof supportingqueries
simultaneouslyequestingnformationfrom a databas@nddatastream but we do intendto explore theimplications
of representinglatastreamsn the GIS.

11
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5.7 Decentralizedadministration

Oneclearbenefitto the hierarchicaldatamodelusedin currentandproposedslIS systemss thatit naturallydecom-
posesacrosadministratve boundariesindeed L DAP evenhasthenotionof delegatinga queryto asenerresponsible
for aparticularsubtree RDBMS systemsarenot designedwith this kind of decentralize@dministrationpr eventhe
notion of multiple administratve domainsin mind. We acknavledgethatthis is anissuethatrequiresconsideration.
We areonly beginningto considelit.

5.8 Interoperability

Our approactervisionsa unifiedrelationalGIS systemasa relatively stand-aloneystem providing both high speed
updatesandsophisticateaompositionalqueriesto all users.However, we fully expectthatthis will not be the only

modeof operation.We ervision two otherwaysin which the systemcould be used. Thefirst is asanindexing node
within the contet of the GIS working group’s evolving standard.The secondis a value-addservice,which would

collectdatafrom other GIS and performancenonitoring systemsandthenprovide more powerful queryserviceon

thatdata.

6 Conclusion

TherelationalGrid informationservicegaskgroupis in the early stageof developinga systemanda standardor a
unifiedrelationalGIS. We believe thatthe approachwe have outlinedhereis a powerful andproductive one.

Thisfirst white paperof thetaskgroupoutlinesanapproacho Grid informationserviceq GIS) thatis basecnthe
relationaldatamodel. While concevedasoperatingstand-alonethe systenproposedereincouldalsobeviewedasa
complementargystempr asasetof serviceghatwould complemenandinteroperatavith systemsuilt accordingo
the standardemepging from the Grid InformationServicesvorking groupandthe Grid Performancevorking group.

We areinterestedn expandingtaskgroupmembershi@mndwelcomeideasanddiscussionFor moreinformation,
pleasecheckout our webpage:http://www.cs.nwu.edutpdinda/relatioal-gs.

Appendix A: Discussionof schema

Figure 3 presenteaur tentatve scheman graphicalform. In this appendixwe shov how a databaseanbe created
from the schemausingthe SQL language.The specifictarget databasénereis Oracle,although,to the bestof our
knowledge,theseSQL callsshouldwork on ary databas¢hatsupportsANSI-standardsQL.

Perl scriptsfor creatingand performing simple queriesagainstthis databasere available from our web page
(http://lwww.cs.nwu.edutpdinddrelatioral-gis). It is importantto note that this is a rapidly evolving schemaand
thuswill changesoon.In addition,it currentlyhasonly minimal integrity constraintsaandothersanitychecks.Tables
with similarly or identicallynamedcolumnsareimplicitly associated.

In thisschemaeachrow of eachtableis auniquedataobjectwith atime stampnotingits insertion. Theuniqueifiers
tablekeepsrackof the GUIDs, andmapsthemto their timestampanda shortnote:

CREATE TABLE uniqueifiers

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

);
Thenetwork topologyis representetdy threetables,consistingof nodesJinks, andpaths.

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

CREATE TABLE networklinks
(
ipl NUMBER(12),
ip2 NUMBER(12),
id NUMBER(12) NOT NULL PRIMARY KEY

);

CREATE TABLE networkpaths
(
ipl NUMBER(12),
ip2 NUMBER(12),
id NUMBER(12) NOT NULL PRIMARY KEY

);

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

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

);

CREATETABLE hostdata
(

ip NUMBER(12),
numproc NUMBER(10),
mhz NUMBER(10),
arch CHAR(16),
0s 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 hoststable containsa minimal setof informationaboutthe host,merelyits nameand|P address.The hostdata
tablecontainsanextensiblesetof informationaboutthe host,suchasits computationatapacity disk storageyersions
of differentsoftware, its location,andits owner. The IP addres®f the hostassociate# with its network nodeentry
andwith dataaboutthe host.

Network switchesaredescribedy threetables.

CREATETABLE 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

);

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

);

Like ahost,aswitchis consideredo have a distinguishedp addressbut it mayalsohave seseralotherip addresses,
onefor eachof its ports. The distinguishedp addresof a switch associategt with its network nodeentry, with its
otherports,andwith its entryin the switchdatatable,which providesmoreinformationaboutthe switch, suchasits
typeandlocation.

A particularkind of switch or hostmay have certainperformancecharacteristicspr benchmarknformationthat
couldbeshared.The switchbenchmarkandhostbenchmarksblesassociat¢he resultsof suchbenchmarksvith 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),

0s 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

);

Intheabove,“bt” refersto abenchmarkype,whichis sometypewithin afuturestandardizetlierarchyof benchmarks.
Furthermorea benchmarknustcollapseits performancaneasuremeninto afloating point number perf. It mayalso
provide moredetailedinformationwithin anopaquebinarylarge object.

In addition,specifichostsandswitchesmay have beenbenchmarkdat 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 notethatboththe mappingfrom hardwaretype to benchmarkandfrom specificnodeto benchmark
is mary-to-mary.

Analogouslytherearealsobenchmark$or specificlinks andpathswithin thenetwork. Thesearelik ely eventually
to bedynamicinformationprovidedthrougha streamingnterface.

CREATETABLE linkbenchmarks
(

bt NUMBER(10),

ipl 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),

ipl NUMBER(12),

ip2 NUMBER(12),

type NUMBER(10),

perf NUMBER(10),

perfblob BLOB,

id NUMBER(12) NOT NULL PRIMARY KEY

Theremaindenf thetablesin theschemaredesignedor managingheconfiguration®f stream-orientedoftware
suchasRPSpredictionsystems.
Streamsaresourcedrom datasources:

CREATETABLE datasources

(
dsid NUMBER(10),

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

);

A datasourcehasatypeandanidentifier Dstsaretypesin afuture standardizedhierachy
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Two currentexamplesof datasourceswithin the context of RPSareflow sourceswhich are measurementef
network bandwidthusingRemos andnodesourcesyhich aremeasurementsf hostload usingRPS-internasensors.

CREATE TABLE flowsources
(
dsid NUMBER(10),
ipl  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-like systemgonsistof componentspr modulesthatattachto eachotherin variousways. The modulegable
providesalist 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 afuturestandardizedypehierarchy Modulescanbefound
in the moduleecstable, which hasexecutableblobs of the differentmoduletypesfor differentarchitecturesand
systemsoftware:

CREATE TABLE moduleexecs
(

mt NUMBER(10),

arch CHAR(16),

0s CHAR(16),

minosv NUMBER(10),

ver NUMBER(10),

execblob BLOB,

id NUMBER(12) NOT NULL PRIMARY KEY

Modulesinterfaceto the restof the world throughendpoints.Endpointsarelisted separatelyn a tablethatasso-
ciatesendpointids with moduleids, andanothettablethatassociatesndpointids with a descriptionof theendpoints.

CREATETABLE endpoints

(
mid NUMBER(10),

epid NUMBER(10)
id NUMBER(12) NOT NULL PRIMARY KEY
);

CREATETABLE 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

);

Endpointamay supportdiffernt communicatiortypes(udp, tcp), andusuallyhave a port associatedvith them.
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