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Chapter 3

Methodology

We describen this chapterour basicresearchmethodologyandkey elementsf our re-
searchinfrastructure.We have useda combinationof analysis,simulation,and experimentswith
real networks and protocolimplementationgo performthe researctreportedherein,andin the
first sectionwe describeour overall researchstratgy. Next, we describethe simulationerviron-
mentusedfor our simulationstudiesand summarizethe key extensionswe have added. Finally,
we describeelementf the Bay Area ResearciWirelessAccessNetwork (BARWAN), whichwe
usedfor our experimentalwork. We deferdetaileddescription®f our measuremenechniquesand
performancenetricsto thelaterchapters.

3.1 Reseach Strategy

Our researctstratgy is depictedin Figure3.1! Thefigureindicatesthatwe iteratecy-
clesof analysissimulation,andexperimentatiorio converge onaneffective solutionto theresearch
problems. The first phaseof work wasthe definition of the problemandidentificationof perfor
mancebottlenecks.We startedwith two generalproblemareascritical to networking over next-
generatiorbroadbandsatellite systems:addressinghe poor performanceof the TCP protocolin
a heterogeneousnd-to-encervironmentthatincludessatellitechannelgsatellitetransportproto-
colg), anddesigninga corepacletroutingstratgy for Low-Earth-Orbiting(LEO) satellitenetworks
(satelliterouting. In the caseof satellitetransportprotocols,we first examinedexisting work in
thefield andusedsimulationand experimentswith standardl CP implementationgo uncover the
cause®f poorTCPperformancever satellitechannelsin thisphasewe alsoreliedon experimen-
tal resultsto validateour simulator sincewe alreadyhada working referencémplementation For
satelliterouting,we did not have accesgo ary existing simulationtoolsor working systemssoour
work in this phasewvasconfinedto examiningthe existing researchiterature.

Oncewe hadagoodideaof whattheresearclthallengesvere,the secondghaseof work
involved explorationof the designspaceandevaluationof potentialsolutions.Again, Figure3.lisa
goodillustrationof theapproachIn the caseof satellitetransporiprotocolswefirst usedtheresults
of ourbenchmarlperformanceesultsto analyzeheproblemsandto formulatecandidatesolutions.
Next, we usedsimulationto evaluatemary of thesesolutions.In this phasesimulationwasaneasier

1 This stratggyy wascommonlyusedandcited by membersf the BARWAN researcheam.
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Figure3.1: Three-phaseesearchmethodology-analysis simulation,andimplementation.

and moreflexible approachto explore the designspacethandirectimplementationwas, because
simulationis a controlledenvironmentin which certainaspectf the designcanbe isolatedand
comparedn anevenbasis.We alsoconstructed LEO network simulatorby addingextensiongo
thenssimulatordescribedelov. Our extensiondirst usedthe existing routinginfrastructureof ns
later, we improvedthe speedbf simulationby optimizingthe routingcodefor our network models.
We then explored possiblechangego satelliterouting by constructingour own routing protocols
andsimulatingtheir performance.

Thethird phaseof the researcttonsistedf iterative cyclesof the secondphaserefining
our solutionsasnecessaryntil we weresatisfiedvith thedemonstrate@mprovements As depicted
in Figure 3.1, our simulationandimplementatiorresultsled to further analysisand validation of
improved solutions. The resultsof our researchdescribedn subsequenthapterswere often the
resultof severaliterationsof the process.

3.2 Simulation Environment

Simulationis a particularlyusefultool for networking research.First, it facilitateseasy
implementatiorof new algorithmsandpolicies,allowing morerapid evaluationof a designspace.
Simulationcanhelpto identify promisingsolutionswhich canoftenthenbemorecarefully verified
in animplementation.Second a simulatedervironmentis a controlledervironment. Becauseof
this, one canconstructsimulationsthatisolatethe effectsof certainparametersindalgorithmson
theoverall performanceAlso, evaluationof aggrgatenetwork performancés madeeasietbecause
all network elementsaaremadeavailablethroughoneinterface. This is particularlyimportantwhen
studyingthe impactof analgorithmor policy on mary nodesin awide-areanetwork, for example.



32

Third, in somecasesbuilding anexperimentaimplementatior{suchasa LEO satellitenetwork or
otherlarge scalesystemsjs infeasible.

We performedmostof our simulationstudiesusingthe UCB/LBNL network simulator
known asns now widely usedas part of the VINT project[8]. nsis a event-driven simulator
originally derived from the REAL network simulator[72]. The simulatorhasan object-oriented
architectureandsimulationobjectsaretypically implementedas split objects partly in C++, and
partlyin MIT' sObjectTcl (OTcl) [141]. Suchobjectsexist simultaneouslyn bothlanguageealms,
andfunctionalitycantypically beaddedn eitherlanguagdgenerallyfunctionalitythatrequireper
pacletprocessings bestimplementedn C++, while moreinfrequentlyprocessedodeis moreflex-
ibly implementedn OTcl). Thestatebetweerthe splitimplementatioris madeconsistenthrough
the useof boundinstancevariables,in which ary changedo suchvariablesin onelanguageare
immediatelyvisible in the other nsis a particularlystrongchoicefor TCP researchsincemary
TCPvariants(Tahoe Reno,NewReno,Vegas,etc.) arestandargartsof the simulator nshasalso
beenusedextensiely for multicastrouting andtransportprotocolresearch.Until recently ns did
not focuson providing detailedsimulationsof the link andphysicallayers,but UCB’s BARWAN
andCMU’s Monarchresearchgroupshave contrituted supportfor Local AreaNetworks (LANS),
wirelesschannekrrormodels,andwirelessad-hocrouting protocols.[20, 69].

Althoughwe defersomedetailsof our simulationextensiongo laterchaptersyve briefly
describehreeenhancementse madeto ns (i) HTTP traffic generatqr(ii) implementatiorof the
SatelliteTransportProtocol(STP),and(iii) LEO satellitenetwork extensions.

3.2.1 HTTP Traffic Generator

TCP performancas well-knowvn to be highly sensitie to the presencef othertraffic in
its path. In particulay thetiming of paclet lossesdueto congestiorcan causethe throughputto
vary dramatically WhensimulatingTCR it is necessaryo load the foregroundcommunications
pathwith arealisticmodelof backgroundraffic, sothatperformanceanbeaccuratelyassesseh
arealisticenvironment.Weimplementedalongwith Emile SahouriaanHTTP traffic generatofor
ns Thistraffic generatomasusedto provide backgroundNeb-like traffic for both TCPandSTP
simulationsasdescribedn thefollowing chapters.

The HTTP traffic generatomworks asfollows. Client andsener traffic sourcesemulate
therequestindresponseraffic processefrom typical Webbrowsersandseners. The client object
first initiatesa variablelengthrequestafter arandomprocessingime, the sener respondswith a
randormumberof connection®f varyinglength. After arandonviewing time (referredto as“think
time”), theclientthenissuesanotherequestEmpiricaldistributionsdictateall of theabore random
guantities.Thesedistributionshave beenderived from tracesof HTTP traffic taken by BruceMah
onlocalareanetworksattheUniversityof California,Berkeley, duringthe 1995-9&imeframe[79].

3.2.2 Satellite Transport Protocol

We implementedhe datatransfermechanismef the SatelliteTransportProtocol(STP)
in nsto testthelargefile transfemperformancef the protocol. This simulationmodelthenwasused
asa basisof the STPkernelimplementationWe did not performsimulationsof short-lved TCPor
STPconnectionsinsteadwe reliedon analysisandexperimentswith the actualimplementations.
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Figure3.2: Extensiongo thenssimulator(new elementdistedin boldtype).

3.2.3 LEO Satellite Network Extensions

As mentionedabore, we selectechs asthe basisfor our simulationexperimentsecause
of its extensve supportof Internetroutingandtransporfprotocols,andbecaus®ur researclgroup
hasbeenactive in theongoingdevelopmenbf thesimulator However, nswasnotinitially designed
to supportterminal mobility or dynamictopologies. Consequent|lywe were forcedto introduce
se/eral nev componentsnto the simulatorto more faithfully model LEO networks. Along the
way, we attemptedo make surethat our extensionswerefully compatiblewith otheraspectf
the simulator so that future researchermay investigateLEO networks alongotherlines (suchas
multiple access).

Figure3.2illustratesthemajoradditionsto thesimulator* We firstintroducedaspherical
coordinatesystem andaddeda positionobjectto eachnetwork node. This positionobjectcanbe
given aninitial coordinateand an equationwhich describesdts trajectorythroughthe coordinate
systemasafunctionof time. We centeredhesphericatoordinatesystematthe Earth’s centerwith
the z-axisalignedwith the Earths rotationaxis. This alignmentsimplifiedthe descriptionof polar
orbitsandtrajectoriedor Earthterminals.Thelink delayobject which previously returneda fixed
propagatiordelay waschangedo returna value basedon the instantaneoupositionsof the two
nodesatthe endof thelink.

Thelargestpieceof codinginvolved link handofs, becausens previously did not permit
links to be dynamicallydetachedand reattachedo differentnodes. Furthermorewe neededo
introducehandof agentsto governthe handofs. Theseagentsareresponsiblgor monitoringfor
opportunitiego take down, bring up, or handof links. Variouspoliciesfor performingthe handofs
canbeimplementedye implementedasynchronouandsynchronousiandofs asdescribedabore
in Section2.2.1. Finally, we implementeddynamic,distributed routing agentsin eachnodefor
experimentswith distributedroutingdescribedelowv in Chapter6.

The default routing codein ns usesan all-pairsshortestpathalgorithmto computenew
routesfor eachnodein the simulatorwhene&er the topologychanges.This algorithmis usefulto

2Sincensevolutionis on-going theexactstructureof theseenhancementhatwill beaddedo thepublicly available
simulatoris subjectto change.
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populaterouting tablesinitially for statictopologies,but is very computationallyexpensve when
appliedto dynamicallychangingopologieshecausét hascompleity of roughlyO(n3). To speed
up our simulationswe implementedingle-sourceshortespathalgorithmsandconfiguredhe sim-

ulatorto optionallycomputeoutesondemandwheneerapaclet neededo besent) whichyielded
arun-timeperformancémprovementof up to two ordersof magnitude.

3.3 Experimental Testbed

We usedthe wirelesstestbedinfrastructureof the BARWAN projectat Berkeley. The
BARWAN projectwasbasedon the vision of building future mobileinformationsystemsasa het-
erogeneousollectionof wirelessoverlay networks For example,a usermay have a choiceof con-
nectingto anin-roominfrarednetwork, anin-building wirelessLAN, a regionalwide-aregpaclet
network, or evena satellitesystem.Theresearclyoalsof this projectwereto tacklethe problemof
network acces$eterogeneityn suchanervironment. BARWAN solved problemsassociatedvith
routingandhandofs within andbetweeraccessietworks, proxy-baseépplicationsupportreliable
transportover wirelesschannels\Web transport,and servicelocation. Referencesnda thorough
overview of the projectcanbefoundin [20].

3.3.1 Experimental Machinesand Software

Much of our experimentalwork involved machinesn ourlocal areanetworks,andmost
of theimplementationgvolvedchangeso thenetworking codeontheendhosts.We developedand
experimentedvith modified TCP codeandnew SatelliteTransportProtocolcodeon PCsrunning
BSD/OSUNIX, version3.0,from Berkeley SoftwareDesign,Inc. Thenetworkingstackin BSD/OS
3.0resemblethecodein the4.4BSD-Litedistribution? sometimeseferredo asthe“Net/3” release
[127] andthe sourceof mary widely usedsystemdike NetBSDandFreeBSD.This TCP/IPcode
hasbeendevelopedandusedover mary yearsandis considered stablesource.Our experimental
network consistedf 10 and100Mbit/s Ethernetsegmentgoinedby BSD/OS-basedouters.

We usedthe sock programfrom Stevensto generateraffic for our experiment§127).
sock accessethe TCP/IP stackvia standardsystemcalls basedon the well-known sodkets Ap-
plication Programmingdnterface (API) [127]. As describedn later chapterswe sometimesised
sock to simulatethetransferof large files, andat othertimeswe usedsock functionswithin an-
othertraffic generatiomprogramdrivenby traffic tracedata.sock wastrivially extendedo support
our STP experimentsas STP offers the sameAPI as TCR, but via a systemcall with a different
protocolnumberthanTCP’s.

We usedthe network tracetoolst cpdunp andtr acel ook quite frequentlyin our
paclet traceanalysis.t cpdunp waswritten by Jacobsonl_eres,and McCanne;it usesthe BSD
padket filter [86] to put a network interfaceinto promiscuousnodeso thatall traffic on theinter
facecanbeobsered. t r acel ook is a Tcl/Tk programwritten by Greg Minshall for graphically
viewing theoutputof atcpdumpTCPtracefile.

Someof our experimentsnvolved emulatingthe transmissiorcharacteristicef satellite
channels.Ratherthan usea sophisticatedatellitechannelemulatoy we usedmodified Ethernet

3The4.4BSD-Litedistribution refersto the April 1994versionof thesourcecodefor acommonreferencémplemen-
tationof TCP/IPdevelopedby the ComputerSystem®ResearciGroupat the University of California,Berkeley.
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Figure3.3: Architectureof the Richocheipaclet radionetwork (Source:Metricom,Inc.; usedwith
permission).

device drivers(for BSD/OS)developedby VenkatPadmanabharg memberof our researctgroup.
Thesedrivers could buffer outgoingpaclets for a userconfigureddelay and alsoemulatea con-
strainedbandwidthchannelby imposingan additionaldelay basedon the paclet lengthandthe
emulatedit rateof thechannel We werealsoableto imposearandompaclet droprateonthetraf-

fic throughthesedrivers,which couldbeusedto emulatea channelwith arandom uniformbit error
ratio. For transportprotocolresearctover geostationangatellitechannelsthesedrivers provided

sufiicient emulation,becausehe effects of a more precisemodelingof the transmissiorcharac-
teristicsof satellitechannelsare dwarfed by the dominantcongestion-induatlosseson Internet
paths.

3.3.2 RicochetPacket Radio Network

The Richochetpaclet radio network, deplo/ed by Metricom, Inc., coversthe Bay Area
metropolitarregion, aswell asanumberof othercitiesandairportsin the United States Thesystem
coverstheregion with telephonegoole-topradios,andpacletsareroutedthroughthe radionetwork
to one of several gatevaysto the Internet. The systemusesfrequeng-hoppingspreadspectrum
in the 915MHz ISM band. The radiosare half-duple, meaningthatthey cannotsimultaneously
transmitandreceve data. The radiosalsousea form of geographiaouting to reachthe nearest
gatevay; eachradiois configuredwith its latitude andlongitude,which it is ableto announceo
its neighbors,aswell asthe coordinatef a nearbygatavay, andthe radiosroutetraffic to the
neighboringradio that minimizesthe geographidistanceto the gatevay. Figure3.3illustratesa
modemthatattacheso theserialportof acomputerthePoint-to-Poinprotocol(PPP)[126] is used
asanl|P link layerbetweera computerandthe gatevay.
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Figure3.4: Architectureof the DirecPCsatellitesystem(from [100]; usedwith permission).

3.3.3 DirecPCSatellite System

We usedthe DirecPCsatellitesystem developedandoperatedy HughesNetwork Sys-
tems,for satelliteexperimentdnvolving actualsatellitechannels The DirecPCsystemis a hybrid
Internetaccesssystemconsistingof a high-speedinidirectionalsatellitebroadcasthannelanda
return path accessedia a corventionalinternetServiceProvider (ISP). The systemis basedon
theasymmetridraffic characteristicef typical endusers who usemuchmorebandwidthinbound
thanoutbound.Routingis performedby “tunneling” (encapsulatingdutboundpacletssothatthey
arerouteddirectly to the DirecPCnetwork. Fromthere,the paclet is decapsulatedndthe inner,
original, pacletis sentonwardto thedestinationVebsite, but with asourceaddressorresponding
to the DirecPCnetwork. In this mannerthe paclet canavoid beingdroppedoy anti-spoofindilters
commonlyfoundin ISP networks,andtheresponseraffic is naturallyroutedto theuplink gatevay.
Becausenf the asymmetrigpath, the end-to-endateng is around400 ms, which is smallerthan
the 600 ms typically found on two-way geostationarysatellite channels. Figure 3.4 providesan
overviewn of thesystem.

To further our experimentswe placeda BSD/OSmachinewithin the DirecPCnetwork
at their uplink facility in Germantan, MD. This enabledusto directly accesghe satelliteuplink
without traversingthe Internet(which would have corruptedour forward dataflow). We wereable
to remotelydownloadour modifiednetworking codeto this machine.
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3.4 Summary

In this chaptemwe have describedbur methodologyandresearchnfrastructureat a high
level, while deferringdetaileddescription®f experimentandsimulationsuntil laterchapteravhen
suchdetailscanbe putin the propercontext. We presenthe detailedresultsof our researchn the
next threechaptersoy first startingwith the questionof improving TCP performanceover GEO
satellitelinks.



