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Abstract

The Logistical Computing and Inter networking (LoCl) projectis a reflectionof the way thatthe
next generatio internetworking fundamentallychargesour definitionof high perfamancewide areacom-
puting A key to achieving this aim is the developmert of middlewvarethat canprovide reliable,flexible,
scalableandcost-efective delivery of datawith quality of service(QoS)guaanteeso suppat high perfa-
manceapplicatimsof all types.The LoCl effort attacksthis prodemwith a simplebut innovative stratayy.
At the baseof the LoClI prgectis aricherview of the useof storagein comnunicationandinformation
sharing.

Intr oduction

At the baseof the LoClI reseach is aricherview of the useof storagein communi@tion. Current appoache
to QoSrely onthestandirdend-b-endmodelof communi@tion: the stateof network flow is maintanedatthe
endnodes andnotin the network. By contrast, our concept of logisticd QoSis a genealization of the typica
modelthat permits statemanagenentwithin the networking fabric itsdlf, via a muchmoreflexible control of
messag buffering, in orderto achieve QoSdelivery without difficult end-b-endrequrements.For example,
whenever datais availableto beser well before it needgo bereceved,it canbestagedi.e. movedin advance
andstoral in alocaton "close”to thereceverfor laterdelivery. We definesuchstraegiesthatemploy starage
in communi@tion, aslogistical netwok compuing, andthe mainpurposeof the LoCl projectis to invesigate
andtestthe central conjectureof logistical network computng:



If 1) distributed network storageis madeavailable asresouceanflexibly schedilable and

2) communicéion, computdiond, and storag resoucescanbe predidably allocatedfor costhedut
ing,

Then advancedapplicatiors canbe implementel on compuational grids with higher perfoomanceand/a
lower overdl useof communcation compuational, andstorageresairces

Thestrucureof ourresarchin theLoCl programreflectsthepartsof this conjecture,whichin turnrepresent
the fundamentalelemens of logistical network compuing. To creat areseach-computing ervironmert that
enabbesusto allocae communicéion, compuation, andstorageresoucesfor coscheduing, we combnefour
techrologiesfrom theworld of computtiond grids

¢ Inter net Backplane Protocol (IBP) [14] is primitive middlewvarethatsuppats a layer of network stor-
age,implemente asa systan of buffers exposel for direct schediling, thatadvaned appications can
useto leverage statemanagenentfor high-perfomance.

e Network Weather Sewvice (NWS) [16] enalles usto predid the ability of the network to respand to
datamovementrequestsovertime.

¢ NetSolwe [6] providesaprogrammingervironmert thatfacilitates theanalsisof progamdepemienes,
expressedn theform of dependerceflow grapts, to understam anapplicatiorisinherent commurication
requremens. A majorcompaentof LoCl reseach is identify andprovide oppatunitiesfor extrading
schaluling informationfrom apgdications.

e Application Level Schedding (AppLeS) [4] is enalling usto derive an efficient schedile that meets
those communiation requremens. Oncethe scheluling information is madeavailable, mappirg the
compuation, network andstarageresoucesof the applicationto the Grid resouces,subjgctto currert
andpredcted resouce condtions, is a difficult problem. AppLeSis theleadng instanceof a rangeof
appoache we areexploring under LoClI.

TheseGrid techrologies have focused, primatily, on the cortrol of compug and network resoucesto
achiewe high-perfomancedistributedexecuion. Logistical computing adds the cortrol of storag to form
a comprelensve Grid infrastrudure. By exposing more of the undelying storaye strucure of the network
andmaximizing its exploitationin scientific applicatiors, our resarchis moving network compuing towards
the physial andlogical limits of the undetying techology, asis foundin more mature areasof compute
engneerirg.

Logistical Network Computing and Explicit StorageControl

Our architecturd andysis of high perfoomancenetwork computng derivesfrom an andogy with the archi
tecture of modernpipeined microprocessrs. The fundamentalelemens of modernprocessorarchiecture

are:

e Busesandfunctiond unitswhich move andtrangorm datg and

¢ Memoryandcacle, registersandpipeline buffersthatstoredata



With these mechaismsin place, the proggamminginterfacecanthenschealule the execuion of a progam
in a way thatachieves maximumperformance. Careful control of dataat the various stagesof an execution
pipdine is necessaryto ensurehigh perfomancelevels. It is our belief that Grid programs (or the Grid
middleware)mustanalogusly contrd program stateasit traversesthe Grid.

Anotherimportantdifferencebetwee modernRISCandVLIW archtecturesandthe CISCarchiecturesof
the 70sand80sis thatinstructionsarepredctable becaisethey modelthe processorpipdine very directy. All
elemerns of thepipelinebehaein acompletly deteministic fashon exceptfor thecache, whichis statigically
predctable.

In our modelof logisticd network compuing, thefundamenthelementsare

¢ Predidablenetworking andcomputtionwhich move andtrandorm datg and

e Storage thatis accessiblefrom the network.

Using theseelemelrts, the proggamminginterface canthen schedile the execuion of a progamin a way
that achieves maximumperfarmance. One important differencebetweenlogistical network compuing and
traditional methodsis thatit is based on global schaluling expressedat the progmamminginterfacebut im-
plemerned by local allocation throughaut the network. Traditional apprachesexpress at the proggamming
interfaceonly complex higherlevel operdionsdefinedin termsof theendpants, encapulatng the complkexity
of thenetwork. Theresut is thatit is muchharde to implemen predictableoperatiors.

The Inter net Backplane asMiddlewar e for Next Generation Software

In order to expelimentwith logisticd network computng, somemechatsm for the managenentof storageis
requred. Stagirg canbeimplemered at mary possble levelsin the application or operaing system,andas
with all software architecture decsions thetradeoffs arecomplex, involving mary factoss including compatt
bility of interfaces adminstrative corvenienceandperformance

Most network computng ervironmentsarefairly self-contanedin the sensehat dataflows only betwee
processorsvhich hostcompue seners andsoit is possble to implementdatadepds andstoragemanagment
aspartof the compue sener. Underthis appioachstagng is accesible only to a single network compting
domain sothatthemanagmentbf storgeis notsharel betweenenvironmentge.g.NetSohe[7], Globus[10],
and Legion [13]) or betwee instarcesof sinde ervironmert. Suchsharing is important becaiseit allows
storage to be managedas an aggrejateresaurce rather thanas severd smalle pools, and becuseit allows
perfomanceenharting senicessuchascachngto beimplemenedin anapplication andenvironment-nedral
manner

Themiddlewareappoachis to abstrat a modelof stae managmentfrom the paricular computng ervi-
ronmen andto defineit to be a lower level service. It is possble to implemen that servie in a userlevel
library, in adaemonprocessor in kerrel network driversthatreachlower into the protocol stadk. In fact,the
functionality may ultimatdy be sprea acrassthesearchtectuial levels,andcould ultimately be sugportedby
modificationsto the network infragructure itself.

A key innovation of the LoClI project is the implementéion of a software mechaism for distributed data
stagng, calledthel nternet Backplane Protocol (IBP), amiddlevareservieimplemeriedby TCPIP comec-
tionsto adaemorprocessesijn the styleof FTPandNFS.



An Overview of the Inter net Backplane Protocol (IBP)

Fundametally, IBP is desigredto allow muchfreer cortrol of buffer managemst at distributedstorage de-
potsthrough a generd but nonttraditional schemefor naming stagng, delivering and proteding data To
addessthe needsof new Grid appications|BP divergesfrom the standard storagye managenentsysems(e.g.
distributed file systensor datalases)n threefundamentaways,which we considerin turn.

IBP sewvesup both writable and readablestorageto anonymousclients asa wide-area network resource

The Internetis a mainly stateesscommuni@tion sulstratethat sernesup two kinds of network resoucesto

its geneic andunatthenicatedclients: readonly storag through anorymous FTP andthe Web, andremote
processingsenersthat comectto clients via two-way ASCII commurncation pipeswith Telnet. Thereare
projects that aretrying to enlage this resairce space suchas Jini, NetSohe, and active disk and network

movement.IBP enlagesthis resaircespae by focusing on storage, namelywritable storage. The benefitsof

offering writable storage asa network resaircearenumeras:

e Quality of service guaantee for networking can be met more easily when the intermediaterouting
nodescanstorethe communcationbuffers.

¢ Resouce schedilers caninclude the stagng of datanearthe processimg resoucesfor betterresairce
utilization andbetterscheduling.

e Conten serviescanbe enharced with both client and sener-driven replication stratgies (including,
but not limited to cading, content push, multicad support, and replica managenent) for improved
performance

¢ A ubigutousfoundation for achiesing fault-tolerancemaybe achieved.

Currentl, moststrategiesfor achievingthe above bendits aread hoc workaraundsof the existing Internet
archtectue.

IBP allowsfor the remote control of storage activities

Storagemanagd by IBP may be viewed asfiles or buffers, located on reliable storage,in RAM, or perhaps
on an active disk. IBP allows a useror processingentity to both access and managethesestoraye entities
remotely without beinginvolvedin the actual manipuation of the bytes. We preentthreegereral categories
of how thisimprovesapplicationperformanceandflexibility below.

IBP Network

Figurel: IBP: KeepingDataCloseto the Sender



As anillustrationin Figurel, consderthe geneationof sensoidatain NWS.NWS geneatesatremenaus
abou of perfoomancedatain orderto make its predctions. It is not clea whenthe datais being collected
whethe or not it will beused(i.e. clients might not reques predidions for a few minutes) Therefor it is
optimd to storethe data in a location closeto the serder so that the storing is optimized. Sendingthe data
to clients is lessoptimal, but thatis a moreinfrequentopemtion ldealy, of course the datais stored on the
machire beingmonitored,but thatmay not be possible. Storing it neaby in IBP is the next bestaltemative.

A similarexampleis che&pointing computdionswithin NetSolhe for fault-tolerance[1]. Sincecheckpoints
may never be usal, NetSohe would lik e to optimize the act of chedpointing. Obvioudy, it's not agoad idea
to storethe checkpoint on the compue sener, becaiseif the sener fails, the checkpoint may not be available
(since the sener is down). IBP thus allows the senersto chedkpoint “nearby,” which allows for an optimal
balarce of perfoomanceandfault-tolerance.

Network IBP

Figure2: IBP: KeepingDataCloseto the Recever

In Figure 2, the datais put closeto the recever so thatthe overhead of receving is low. Standad perfor-
manceoptimizations suchasstagng andcachirg fall into this category, andarewell-known enowghto require
no further elabaation

Sender IBP IBP
Tl IBP 7

Figure3: IBP: Utilizi ng Storage Througtout

In Figure 3, storagye is usedin the network to explicitly route a messag. This obviously improves the
perfoomanceof broadcasimessags. Additionally, it helpswith intermedatelink failures. With standirdend
to-erd networking, onehasto resenl packetsfrom the serderif anylink fails. With intermediae storag, the
reser only hasto hagpenonthefailedlink. Finally, with intermedate storage,a usercando explicit routing,
which maybe muchmoreeffective thanstardardInternet routing [15].

IBP decouplesthe notion of useridentification from storage

Typically, storage systans require authentication for arny accesshatuses a persigent resouce, wherea net-
working hasno persigentresaircesandso canrely on secuity implemeried at the endpoints. IBP treas alll
storggeasif it wereacommuncationbuffer by offering up writable storaye onthe network to unauthenicated



clients. Thatclients areunauthenicated doesnot meanthat the systemis chadic or without safeguards. IBP
allows the owner of a storagesener to definehow muchstorageto sene for IBP andhow that storageshoutl
be sened In partiaular, IBP file allocationincludesthe notion that files may have a limited lifetime before
they areremoved by the IBP system.Eachfile is accessedthrough a unique storage capaility sothatacces
canberestictedwithout authettication. In addtion, anIBP file maybeallocatedasvolatile, meanirg that the
IBP sener may revoke the storage at ary time. Sucha sysem strikes a balance betweenoffering the bendits
of writable storage on the network, andmakingsurethatthe ownerof suchstorag hastheability to reclam it
whendesiral.

Logistical Mechanisms

Thetwo key logistical mechaismsthat we are desgning are the Internet BackplaneProtocd (IBP), which
allows us to expres logistical datamovement,and the Network Weathe Service(NWS) that allows us to
predct the effects of future requestsfor datamovement.

The Inter net Backplane Protocd API

We have definedand implemened a client API for IBP congsting of seven procedurecalls, and a sener
daemonsoftware that makeslocal starageavailablefor remotemanagemen Currenty, conrectiors betwee
clients andsenersaremadethrough TCP/IPsodkets.

IBP client calls may be madeby ary proces thatcanconrectto anIBP sener. IBP senersdo not require
adminstratve privilegesto install andopemate,so IBP hasthe flavor of softwaresuchasPVM [12] thatcan
leverage theprivil egesof ordinary usesto crede adistributedcomputng platform. IBP senerscanimplemert
various storage allocation policiesin orde to control thelocd impad. For examplk, the IBP sener may be
allowedto allocate spae physical memory or it may by directed to only allow the allocation of unused disk
spa® andto revoke that allocation in favor of local usewhennecesary Alternatively, the IBP sener may
enforceonly time-limited allocations wherethe storage is automaically revokedafterasettime period These
featuresmanag thelocal impactof allowing allocation of locd resoucesthrough IBP.

EachIBP sener allocaesstoragein theform of appeml-only byte arrays. Thereareno diredory strucures
or file namegthis strudure canbe layered on top of IBP through the useof a directory sener suchasGlobus
MDS). Clients initially allocate storagethrough a requestto an IBP sener. If the allocation is successful,
the sener retums threecapabilities to the client, onefor readirg, onefor writing, and one for managemet.
Thesecapalilities canbe viewedasnameghatareassigredby the senerandaremeanindul only to IBP. The
contentsof the capalility canbe obsaredcryptographically in orderto implementa basiclevel of secuity.
In orderto achiee high performance applicatiors canpassandcopy capabilitiesamongthemseleswithout
coominating through IBP.

IBP’s API and several logistical network computhg apgdications are descibed in detal in other docu
ments[14, 3].

The Network Weather Service: Monitoring Resouices for Logistical Scheduling

While IBP providesthe mechaismsthat allow apgications to exploit logistical network compuing, re-
source usgge mustbe cardully scheduled or application perfarmancewill suffer. To make thesedecisbns
the schediler mustpredid the future performanceof a setof resouces.We usethe Network Weather Service
(NWS) [16] to make thesepredctions basedon the obseved performancehistary of ead resouce.

The Network WeatherService(NWS) periodcally monitors available resairce perfaomanceby passvely
andactively quelying eachresaurce,forecastsfuture perfarmancelevels by statisticaly analyzing monitored
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perfomancedatain nearrealtime, andreports both up-to-dateperformancemonitor dataand performance
forecastsvia a setof well-definedinterfaces

The monitor interfaceis easily extersible; currently implemened monitors include TCRIP latercy and
bandvidth, CPUload, andGlobus GRAM processstarttimes[11]. Monitor tracesarepresentedastime series
to asetof NWSforecastingmodelsthatmake shot-term perfarmancepredictions levels. Both forecastvalues
and accuacy measues are repated for eachresouce and performancecharacterisic. Using this accuacy
information, schedilerscangaugethe value of individud forecatsandusethis valuaion to exploit different
risk stratgies. Forecastindforecast-quality datais publishedvia C-languageinterfacesfor accessby dynamic
schelulers

It is thefunction of logistical scheluling to composentermedate network andstorageresaircesinto anend
to-erd “path” thatsupprtsaspecifiedqudity-of-senice (QoS).Our schedilerswill rely onNWS perfomance
forecaststo idenify, dynamically, resairce composiions that meetthe QoS specficationsof different, and
potentially competng, Grid applcations. A key reserchquedion thatwe areaddessirg conernsthe degree
to which NWS predcations may be effectively compose to produceanoverdl predication

Logistical Scheduling and the AppLeS Project

The APST project (AppLeS ParameteiSweepTemplate)targets the efficient deploymentand scheduling of
large-scaé paraneterswee applications over the Computaiond Grid. In thatwork, we desgnedandeval-
uatedan adaptive schediling algarithm [8] that makes decisons coneerning datalocation andtrander. Ex-
perimeris were conductedthat ran over a cross-contnent Grid. IBP was usedasan underlying mechamsm
to implemern schaluling dedsions This experienceproved that IBP providesthe adeqate model, API, and
mechaism to easly implemen sophsticaied schaluling algolithms in wide-aea compuing ervironmensg
availabletoday

NetSole asan Environmentfor Experimentation in Logistical Scheduling

Preliminary Results

To explore logistical QoS using IBP we are apdying logistical scheluling to the managemenof statein
the NetSole network compuing ervironment. Dataflav grapls descrbe functional compugtionin termsof
argumentsandreturn values, so they canbe usedto representNetSole client programs. In order to model
the optimization of NetSole using statemanagenent, it is necessaryto introduceimperdive opeitionsthat
model IBP’s storeand deliver calls. If we augmen our daiaflov grapts with suchimperdive nodes, it is
then ne@ssaryto representthe depaden@s betwea them [2]. We usea Directed Acyclic Graph (DAG)
representaion of compuational modules. Deperdenceflow graphs area very natuial tool for optimizing the
useof state In addiion, NetSole canbe uselBP to stagedaia closeto the point of the computadion asin
Figure2.

For our experiments we wantedto shav how thisrelaively simpleuseof LoCl facilitiescoud yield bendits
andhelp motivatethe investigaton of more complicatedtechriquesthat either make the systemeasierto use
or give even beter performance To mimic the geogaphial exparse of the Grid, we placeda NetSohe
client apdication at the Universty of California, San Diego and experimentedwith requeststo a pod of
compugtional andLoCl senersat the University of Tennesse. We useda setof matrices from the Harwell-
Boeingcollectionof the Matrix Market repostory [5] to solve sygemsof equatonsusingthe MA28 [9] solver
library.



Unenhanced NetSolve vs. NetSolve Enhanced w/ IBP caching (16.1 KB)
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Figure 4: Resultsof Improved Computaional Efficiency whenIBP Cachingls Usedwith NetSolhe, Small
Dataset

Conclusionsand Futur e Work

Figures4 and 5 shawv the resuls we obtaired when varying the numbe of accesses(cacle hits) madeto
the datafrom the Harwell-Boeirg set. For various datasizes, we found the average times of 10 runs using
traditional calls to NetSole trangnitting dataover the network. We then madeanotter setof runswith the
samedata®t, this time storing the datain LoClI storageandhaving the sener retrieve the datafrom the storage
sener. During theserunswe colleded the time experded for compue cycles NetSole overhead, network
transmissiors andLoCl overhead. We usedthis collecteddatato dediwce whatthe turn-arourd time would be
aswe increasedhe numberof timesthe client appication requestedthe computaion. The two graghs show
theresutsfor datasetsof size16.1KBand2.68MB, respectively. Theserepregntboththe smallestandlargest
datasizeswith which we experimented. We also collecteddatafor a rangeof sizesin betwee thesepoints
(21.4KB,35.7KB,55.4KB, 247KB, 3024KB, 995KB, and1.01MB) andtesify thatthey bearsimilar resuts.
The presentedgraphsshav a worst caseof 7 accesss(in the 16.1KB ca®) and 2 accesss(in the 2.68MB)
neeckd before the overhea addedby the LoCl is outweichedby the redudion of network activity caused by
cacle reuse Thegrapghsread anasymptaic level that repregntthe points at which compuational capaity,
andnot network bandvidth andlatercy, becanesthe sysembottleneck. For the 2.68VIB sample this occuis
atapoint whenthe enharredsystemis opeiating at morethanthree timesfasterthanthe unenhan@d sysem.

By exposing intermediat communi@tion stak to application or middlewarecontrol, Logistical Computirg
forms a comprelensive apprachto Grid compuing. Procesgesouces,network resouces,and storage re-
souicescanbe explicitly contolled andschediled to ensue perfarmancein the face of fluctuating resaurce
availability. In particular, the Internet Backdane Protocolallows distributed applicatiors to breakwith the
endto-endcommuncation modelacheving better quality of senice levelsthrough explicit statecontrol. By
combiring this innovative apprachto dynamic storage managemetrwith NetSole andthe Network Weathe



Unenhanced NetSolve vs. NetSolve Enhanced w/ IBP caching (2.68 MB)
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Figure5: Resuls of Improved Computatonal Efficiency when IBP Cachirg Is Usedwith NetSolwe, Large
Dataset

Servicewe have beenableto deliver high-perfamancedistributed compuing to the enduserthroughthe fa-

miliar RPCprogrammingmodel. Our intertion is to continue our developmentof Logistical Computing and

to depby a camps-widetesbedusing the Scalabé IntracampusResearh Grid (SINRG)at the University of

Tennesse.Designedto develop aUniversity Grid usercommunty, we aredevelopinga Logistical Computirg

ernvironmert for SINRGbothasa meansof validating our resuts, andeasirg the Grid proggammingburden.
Thesoftwarefor IBP, NWS, NetSolhe,andAppLeScanbefound at the following URLS:

e IBP:htt p://i cl.c s.ut k.edu /ibp /
e NWS:http ://Inw s.cs .utk. edu/
e NetSohe: htt p://i cl.c s.ut k.edu /net solve /

e AppLeS:http ://ap ples .ucsd .edu /
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