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Abstract

Routingin Ad hocnetworksis achallengingproblembecasenodes aremobileandlinks
arecontinuouwsly beingcreate andbroken. Existingon-danandAd hocrouting algoiithms
initi ateroute discovery only after a pathbreaksincurring asignificantcod in deteding the
discannedion and estabishing a new route In this work, we invedigateaddng proactive
route selection and mainteranceto on-demandAd hoc routing algorithms. More spedf-
ically, whena pathis likely to be broken, a warningis sentto the source indicating the
likelihood of a discannecton. The souce canthen initiate pathdiscovery early, poterially
avoiding the discannecton altogeher A pathis corsideral likely to breakwhenthe re-
ceived paclet power becomesclose to the minimum detectabe power (other appraches
arepossble). Caremustbetakento avoid initiating falseroutewarnings dueto fluctuaions
in receved power causedby fading, multipath effects and similar randam trarsient phe-
nomena Experimerts demonstate that addirg proactive route selection and maintenance
to DSRandAODV (on-demandad hoc routing protocolg signficantly reduesthe num-
ber of broken paths, with a smallincreasein protocol overhead.Packet latercy andjitter
alsogoes down in mostcase. Becausepreanptive routing reduesthe numbe of broken
patrs, it alsohasa secadary effect on TCP performance— unne@ssarycongestian han-
dling measuesareavoided. Thisis obsevedfor TCPtraffic unde differenttraffic pattens
(telnet, ftp and http). Additionally, we outline someprablemsin TCP perfaomancein Ad
hocervironmerts.
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1 Intr oduction

Routingin Ad hocnetworksis achallengingoroblembecaus@f nodemobility andthe scarcityof
thebandwidh. Ad Hocroutingprotocolsfall into two categories:(1) Table-driven(proactve); and
(2) On-demandreactve). Table-drven protocolsattempto maintainconsistentup-to-dateouting
informationamongall nodesin the network. Thus,they requireperiodicroute-updatenessages
to propagatehroughot the network. On the other hand, On-demandprotocolsinitiate a route
requestflood whenever thereis a pathis neededbetweena pair of nodes.The advantageof the
table-drivenapproachs thatroutesto any destinatbn arealwaysavailablewithoutthe overheadf
aroutediscovery. In contrastin On-demandouting the sourcemustwait until a routehasbeen
discovered, but the overheads significantlylessthan Table-driven algorithrs wheremary of the
updatesarefor unusedpaths.A large numberof routing protocolshave beensuggestedcluding
proactve (e.g.,[13,21,26,8,31)), reactve (e.g.,[23,28,30])and hybrids(e.g.,[17]). On demand
protocolsprovide betterrouting performancgandpotentally lower overhead¥or networkswere
mobility is frequent;several simulaton studescomparingAd hocrouting protocolsare available
in literature[7,10,22].

An active pathfails dueto mobility whena pair of nodesforming a hop alongthe pathmove out
of eachothers range.In bothtypesof routing algorithm,an alternatve pathis soughtonly after

thecurrentpathfails. The costof detectinga failureis high: severalretrieshave to time-outbefore
a pathis “pronounceddead”. Thus,whena pathfails, pacletsexperiencearge delaysbeforethe
failureis detectechindanew pathis establikied.In thispapemwe investgateintroducingpreemptve
routemaintenancéo Ad hocrouting protocols.More specifically whentwo nodes A andB, are
moving out of eachothers range sourcenodesof active pathsthatusethehopA to B arewarned
that a path breakis likely. With this early warning, the sourcecan initiate route discovery and
switchto a morestablepathpotentially avoiding the pathbreakaltogether

Preemptre routemaintenancémplementsa “soft-handof” of active pathswhenthey becomeen-
dangeredThus,it combineshe bestof on-demandandtable-drven algorithms the overheads
keptsmall sinceupdatesare only triggeredby active pathsthatarelikely to break,andhand-of
timeis minimizedsincecorrective actionis initiated early. Without preemptve maintenanceyhen
apathbreakoccurstheconnectvity of theflow is interruptedanda hand-of delayis experienced
by the pacletsthatarereadyto be sentor in flight. This increasedoththe averageandvariance
(jitter) of pacletlateng. Furthermorethis delayandthelossof ary pacletsin flight causesTCP
congestioravoidancemechanismgo take effect, further harmingthe performanceof TCP con-
nections.Our solutionpreemptvely finds otherpaths,in mary casesseamlesshgwitchingto an
alternatve good pathbeforea break,minimizing both the lateng andjitter and avoiding ineffi-
cienciesdueto unnecessaryCP bacloff andcongestioravoidance..

The effect of the suggestednethodis studiedby extendingDynamicSourceRouting(DSR) [23];
however, the proposedmechanismis generaland can be usedto enhanceother routing algo-
rithms. To illustrate this generality we presentpreliminary resultsfor preemptve extensionsto
AODV [30]. In addition,the methoddoesnot affect other Ad hoc routing optimizationssuchas
locationawarenes$9,24] andquerylocalization[12]. The signalstrengthis usedasthe preemp-



tive trigger; otherwarningcriteria suchaslocation/\elocity and congestiorcanalsobe used.In

fact,attributessuchaspathcongestionbatterylevels,andnumberof hopscanbeintegratedinto a
“quality of path” measurdo continuousy maintainthe “best” path.We alsoinvesticgatethe effect
of usingpreemptve routingon the performanceof TCP for differenttraffic scenariosln the pro-
cesswe encountesomeinefficienciesin TCP performancehat,to our knowledge have notbeen
discoveredby otherresearcherms this area.

The remainderof this paperis organizedas follows. Section2 introducesthe preemptve algo-
rithm and discussesomepossibé optimizationsto it. Section3 discusseshe generatiorof the

preemptve warningandanalyticallyderivesthe optimalsignalpower thresholdandcomparesdt to

empiricallyobsenedvalues Sections describesheextensonsmadeto DSRto introducepreemp-
tive maintenanceSectiond discussetheeffect of preemptve routingon TCP operation Section6

presentan experimenal evaluationof the proposednechanismFinally, Section7 presentcon-
cludingremarks.

2 Preempive Route Maintenance

In traditionalmobie andwired-network routing algorithirs, a changeof pathoccurswhena link
alongthe pathfails or a shorterpathis found. A link failure is costly becausemultiple retrans-
missbns/timeoutsarerequiredto detectthefailureanda new pathhasto be found(in on-demand
routing).Sincepathsfail soinfrequentlyin wired networks, thisis notanimportantcost.However,
routing protocolsin mobile networksfollow this modeldespitethe significantlyhigherfrequeng
of pathdisconnectionghatoccurin this ervironment.

We proposepreemptve route maintenancextensionto on-demandouting protocols.With pre-
emptive maintenanceecoveryis initiatedearly by detectinghatalink is likely to breakandfind-
ing andusinganalternatve pathbeforethecostof alink failureis incurred.Thistechniques sim-
ilar to soft-handaff techniquesusedin cellularphonenetworksasmobies move acrosscells[32].
When extendedwith preemptve maintenancean on-demandouting algorithm consistsof two
components(i) detectinghata pathis likely to bedisconnectedoon;and(ii) findingabetterpath
andswitchingto it. Notethe similarity to pureon-demangrotocolswe replacepathfailure,with
thelikelihood of failure asthe trigger mechanisnfor route discovery. Note thatit is possble to
addpreemptve maintenanc¢o table-drvenprotocolsaswell to avoid the costof detectinga path
failure.

A critical componenbf theproposedchemas determiningvhenpathqualityis nolongeraccept-
able(whichgeneratea preemptve warning).The pathquality canincorporateseveralcriteriasuch
assignalstrength the ageof a path,the numberof hops,andrateof collisions. In this paper we
restrictthe pathquality (andhencethe preemptve warnings)to beafunctionof thesignalstrength
of receved pacletswith the numberof hopsbeingusedassecondaryneasureSincemostbreaks
canbeattributedto link failuresdueto node motion in atypical network with mobiity, the signal
strengthoffersthe mostdirectestimateof the ability of the nodesto reacheachother It is impor-
tantthat signalpower fluctuationsdueto fadingandothertransientdisturbanceslo not generate



erroneoupreemptve warnings.The next sectionexamirestheseissuesn moredetaildescribing
our approacho mitigating the effectsof transientsignalfades.

Using preemptve route maintenancehe costof detectinga broken path (the retransmitfimeout
time) is eliminatedif anotherpathis found successfullybeforethe pathbreaks.In addition, the
costfor discovering analternatepathis reducedor eliminated)sincethe pathdiscoveryis initiated
beforethe currentpathwasactuallybroken. This canbe expectedto reducethe lateng andijitter.

Amongthe disadwantagesa highernumberof pathdiscoveriesmay be initiatedsincea pathmay
becomesuspecbut neverbreak(for exampleif thenodeschangelirectionandmove towardseach
other).However, if only high quality pathsareacceptedthey arelikely to live longerreducingthe
numberof re-discoveriesneeded.

3 Generating the Preemptive Warning

The preemptve warningis generatedvhenthe signalpower of a receved paclet dropsbelov a
preemptive threshold. The value of this thresholdis critical to the efficiency of the algorithm—
if thevalueis too low, therewill not be sufficient time to discover an alternatve pathbeforethe
pathbreaks Corverselyif thevalueis too high, thewarningis generateearlywith thefollowing
negative side-efects: (i) unnecessargliscoveries:thefrequeng of therecovery actionandthe as-
sociatedoverheadncrease(ii) early switchesto lower quality path:we may be forcedto accept
a pathof alower quality thanthe onewe are currentlyusing;and(iii) increasingthe preemptve
thresholdeffectively limits the rangeof the mobiles— a smallerrangeis now acceptablevithout
generatinga preemptve warning.If thethresholdis too high, falsenetwork partitioring canalso
occur Generatinghe preemptve warningis complicateddueto fadingthatcancausesuddervari-
ationsin therecevedsignalpower. The remaindeiof this sectionderivesthe criteriafor selecting
goodthresholdvaluesunderideal conditions thenaddressebnk stateestimationin the presence
of channefadingandotherrandomtransientinterferences.

3.1 The Preemptive Region

Figurel demonstratethe preemptve region arounda source For example,asnodeC in thefigure
enterghisregion,thesignalpower of recevedpaclketsfrom thesourceA fallsbelow thepreemptve
thresholdgeneratingawarningpaclketto A. Ainitiatesroutediscovery action,anddiscoversaroute
throughD; A switchesto this routeavoiding thefailure of the pathasC moves out of directrange
of A. In this section,we develop an estimatefor the optimal size of the preemptve region and,
relateit to the signalpower thresholdunderideal conditians.

Therecoverytimefrom abrokenpath, Trecover, depend®nthesizeandtopologyof thenetwork, the
loadon thenetwork aswell asthe pathbeingrecovered.In arealisticimplementationye assume
thateachnodekeepsa runningestimateof this value (for example,asan exponentialaverageof
previousrecoverytimesfor all pathsor moreselectvely, pathsto a particulardestinationanduses
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Fig. 1. Preemptie Region

thatasits preemptve threshold The optimal valuefor the signalthresholdwill warnthe source
Trecover SECONdPEforethepathbreaksthisallowsjustenoughimeto discoveranew path.Hence,
thewarninginterval Ty, (whichis thetime betweerawarninganda break)shouldbe setto Tyecover -

Giventwo mobile nodeswith a vectordistanceX betweenthem, moving with vectorspeedsy;
andVs, thedistancebetweerthetwo nodess X +t(V2 — V). Thetime until the absolutedistance
betweerthembecomegreaterthanthe rangeof the sourceis a functionof their relative location
andvelocity. In the worst casethe sourcesare moving at their maximumspeedsway from each
other This casecanbeusedto derive a consenrative estimateon the preemptve region.

Consideratypicalland-basecdhetwork wherethe maximumspeecdf anodeis 20 m/sandarecov-
ery time estimate of 0.1 sec(this valueis usedfor illustration; it is in the typical rangeobsenred
emperically).The preemptve region would start4 metersfrom the maximun range;evenif the
two nodesaremoving away from eachotherat maximumspeedgcombined40 m/s),the 4 meter
distancewill give the sourcethe 0.1 secondhecessaryo find a new path.If the nodeswereactu-
ally drifting apartat a relative speedof 20 m/s,then0.2 secondswould be availablefor theroute
discovery.

3.2 Relating the Preemptive Region to Sgnal Power

Becausanexplicit estimateof the preemptve region requireshe nodesto exchangdocationand
velocity informatian, we usethe signalpower of receved pacletsto estimateahedistancebetween
them.Moreover, in areal ervironment the distancebetweennodesdoesnot correlatewell with
thereceved power dueto obstaclesfadingandinterferenceTherecovery time canberelatedto
the power thresholdasfollows. We considerdevicesoperatingin the ISM bands(suchasLucent



WaveLANS). The transmision power on suchcardsis restrictedby the FCC to be lessthan 250
milli wattsat a distanceof 3 metersfrom the transmiter (e.g.,280milli wattstransmitpower using
omnidrectionalantenna®n the WaveLAN cardg[1]). Thesignalpower dropssuchthat

Po
= (1)

atadistance from thetransmiter, wherePy is thetransmited power andn is typically betweer2
and4.

Thesignalpoweratary pointis thesumof themainsignaltransmitedby theantennan addition to

componentsf thesignalthatreflectoff-of thesurroundingeaturedmultipatheffect) [32]. In open
ervironment,the mainsecondargomponents the strongreflectionof thetransmittedsignalfrom

theground(two-raypropagatioomodel).Equationl representanidealizedmodelfor thechannel.
Usually, n= 2 nearthesourceuntil acertaindistancevheren becomesgl. Suchanequatiorcannot
accountfor channelfadingin general(which can causesharpand suddenfluctuationsin signal
power) becausdadingis highly dependenon the specificsurroundiig terrain;we shall consider
stablepower estimatesn the presencef fadingin the next subsection.

We assumelfheri4 dropin signalpower with distancemodel[4] througlout the preemptve region
(sincethe preemptve region is nearthe maximum rangeof the devices).More specifically

Po
I:)re(:eived = I’_4 (2)

wherePy is a constantfor eachtransmiter/recever pair, basedon antennagain and height. The
minimum power recevableby the device is the power at the maximumtransmisionrange,Prange
is ra‘faeél. This valueis characteristiof the device (e.g.,3.65- 10~1° Wattsfor WaveLANs [1]).

Similarly, the preemptve signal power threshold- it is the signal power at the edgeof the pre-
emptie region. In addition, for a preemptve region of width of w, the signal power threshold

IS

Po
Phreshold = 45— 3)
preemptive

Notethatr preemptive iS €qualto (range— w) wherew = relative_speed Ty. The preemptve ratio, d
is definedas

Po
Phreshold  (range_w)? range .4
6 = = = . 4
Prange raﬁgé ((range—w)) @

For example,WaveLAN cardshave a rangeof 250 metersin openervironmentsin the 900MHz

band[1]. Thepreemptveratiofor apreemptve region of width 4 meterss (%)4 =1.07.This

valuecorrespondso a signalthresholdof 1.07- Prange = 3.9- 10710 Watts.



3.3 Mitigation of Channel Fading and other transient interferences

In practice the receved signalpower may experiencesuddenand substanal fluctuationsdueto

channefading,multipatheffectsanddoppkr shifts[32]. Thereis a concerrthatthesefluctuations
may trigger falsepreemptve route warning, causingunnecessaryuterequestloods. The over-

headof unnecessargouterequesfloodscanhave adwerseeffect on performancesthenetwork is

saturatedFurthermorerouteswitchesto lower quality routesmay beinitiated.

The problemis not assignificantasmay appearat first. For mostnetworks,the preemptve region

is sonarrav thatthe probability of a transientfadechangingthe receved power to be within the
preemptve rangeis tiny. Moreover, there are establishednechanismdo producestablepower
estimateshatweredevelopedfor power controlin in cellularnetworks.For exampke, maintainng

anexponentialverageof thesignalpower (ratherthantriggeringthemechanisniasednasingle
paclet) canbeusedo verify thatthesignalpowverdropwasnotdueto fading.However, if thetraffic

is burstyor infrequentthe preemptve region maybefully crossedy thetime enoughpacletsare
receved to drop the averagebelaw the threshold Alternatively, quicker power estimatesanbe
achieved by sendinga warningwheneer theinstantaneoupower dropsbelow the thresholdand
checkingthe warning paclet receved power whenit is receved by the source.If the warning
paclet power is alsobelow thethresholdthereis agoodprobability thatthewarningis real. More

generallyamorestableaveragecanbegeneratedby having ary numberof pingpongrounds(these
“query” pacletsareof minimal size)to checkif thewarningis true. Thenumkler/duratiornof pings
shouldberelatedto the expecteddurationof fadingphenomena this depend®nthe channelnd
the surroundingervironment. This is the approachwe have usedin our experimentsThe details
of thisimplementatiorarepresentedn Sectionsb and6.

Thetwo mechanismsanbe mixedby usingthe exponental averagef the pacletreceptiorrateis
high, defaultingto ping-pongroundsif it is not. Finally, for mobilesequippedwith GPSsystens,
thewarningpaclet canregisterthe locationkelocity of the mobile sothatthe sourcecancompute
whetheiit is truly moving outof rangeor not. Thisapproachs interestingsincecellularphoneswill
besoonrequiredto provide locationinformation dueto the FCCs“911” mandatg14]. Thesource
canalsoapply a deadreckoning calculation(usingits own locationandvelocity informatian) to
estimatewhen the pathwill be broken and whenthe optimal time to startcorrectve actionis.
However, we believe thatthe useof geographicainformationis idealizeddueto the effect of the
ernvironment(non-uniformtopologyandobstacles).

Anotherpotentialproblemoccurswhenthetransmisgn ratealonga pathis low or bursty A node
may move into the preemptve region duringa quietinterval. No warningwill be generateaintil

the next paclet is sent(becausaoute warningsare triggeredonly whenthe signalstrengthof a
“received paclet” falls below the threshold) By thattime the pathmay be alreadybroken or not
enoughtime is left for a route discovery. In orderto avoid this situaton, a null (empty) paclet
can be sentalongidle but active paths.The period of this ping can be relatedto the width of

the preemptve region to balanceoverheadagainstrecovery time. The preemptve region canbe
extendedo accountfor the samplirg periodeffectin suchflows.
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For example,consideithe casewherethe sourcegienerateraffic atafixedrate(CBR model).The
inter-pacletinterval is therefore

1

Tokt ™ cgr (5)

No preemptve warningwill be generatedinlessa paclet happengo berecevedwhena nodeis
in the preemptve region (seeFigurel). Thisindicatesthatto be ableto “sample”the preemptve
region, the CBR shouldsatisfythe constraint:

1
Tpkt = CBR < timeto traversethe preempive region
w

~ averagerelative spee

or CBR>

— Trecover
d

(6)

recover

4 TCP in Ad hoc Networks

Pacletsin flight alongthe pathsthat break often get dropped(unlesssomeform of intermedi-
ate sahagingis applied).In addition,a period of disconnectn is sufferedwhile an alternatve
pathis found. Thesetwo factorscancausesignificantdegradationof TCP performancesspecially
if the mobility is high [18]. SinceTCP wasdesignedor wired networks, it assumeshat paclet
lossesaredueto congestionThereforewhenapacletis lost, TCPapplies‘congestioravoidance”
mechanismandslowsits transmisionrate(by reducingthecongestio window andexponentialy



backingoff its retransmitimers[20]). Thedisconnectionime mayresultin multiple failedretrans-
mits, andalarge exponental bacloff onthetimer. Thus,whenthe pathis evenually establisheda
long timeoutvaluemay be sufferedbeforepaclet sendingresumes.

Paclket lossesdue to mobility and transmssionerrorscauseTCP to perform poorly in wireless
environmentg[5,6]. Whenpacletsarelost dueto eitherof thesereasonsthereis no needto ini-

tiate a congestioravoidance/controprocedureUnfortunately TCPinvokesthe congestio avoid-

ance/controprocedure®n ary lost paclet. Thus,a pathbreakleadsto underutilizing the band-
width dueto thefollowing reasons:

(1) Whenpacletsarelost, the re-transmissiotimersare exponenially backed off aspart of the
standardcongestionavoidanceproceduresmplenmentedin TCR. Upon a path break,the source
initiatesa route discovery. If arouteis found (i.e., areply is receved in responseéo the route-
guery)justwhenTCP hasenteredalong re-transmitback-of period,no pacletswill be sentuntil

theback-of is complete.

(2) In responsdo paclet losses, TCP dropsits congestiorwindow (which determineshow fast
pacletscanbe sent).In mostTCP implementationsthe window sizecanbe droppedto oneseg-
mentandthe slow startmechanismnvoked. This effect canbe seenn Figure2.

In a last-hopenvironments mobility causegpacletsto be lost dueto hand-ofs asa mobie node
moves out of rangeof a basestationandinto the rangeof another[11,33]; pacletslost during
suchtransitionsalsoinitiate TCP’s congestioravoidance Severalresearcherbave addressedp-
timizing TCP in wirelesslast-hopenvironments[5,11,33,3%. In ad hoc networks, if ary of the
hopsconstituing the pathfails dueto nodemobility, TCP paclketswill be droppedandcongestion
avoidancewill beinitiated. Sincethe routing algorithmis responsibldor finding pathsbetween
communcatingnodes,t hasa directinfluenceon the frequeny of pacletlossesdueto mobility.
Otherwork focusedon reducingthe falsecongestioravoidanceeffect in ad hoc networks by us-
ing techniguessuchasexplicit lossnotificationand randomizedcongestioravoidance[8,16,18].
Sincepreemptve maintenanceliminatesmostdisconnectios, therereasorto believe thatit will
achieve a similar effect to theseoptimizationson TCP performanceThis improvementis beyond
thatobtainedrom betterroutinganddoesnotrequirechangeso TCP.

5 Preempive Route Maintenance CaseStudies

As wasnotedpreviously, preemptve maintenanceanbe addedto ary Ad hoc routing protocols
(we have only investigatedon-demandnes).In orderto evaluatepreemptve route maintenance,
the Dynamic SourceRouting (DSR) protocol and AODV protocolswere modified to incorpo-
ratepreemptve maintenanceWe call the modifiedversionsPreemptre DynamicSourceRouting
(PDSR)andPreemptie AODV (PAODV), respectrely. We focuson DSR for the sale of brevity
andto allow detailedanalysisAODV is usedto illustratethatthe resultsarenot specificto DSR.
In this sectionwe describethe modificationsmadeto DSR. The channelfading modelandthe
algorithmfor stableestimateof signalpower arealsodescribed.



5.1 Preemptive Warning Generation

If the receved signalstrengthis below & - Prange the nodewhich receved the paclet with sub-
thresholdsignal strengthstartspinging the adjacentnode(which transmited the paclet thatwas
recevedwith below-thresholdpower). Uponreceving theping,anodeimmediatelyrespondsvith

a pong(which, like a ping is alsoa minimum sizedpaclet usedto “probe” the link state).Upon
receving the responsethe original node (which receved the paclet with low power) pingsthe
adjacentnode againand receves a pong again.n suchping-porg responsesre monitoredfor

signalstrength During this monitoringperiodif thetotal numberof badpacletsrecevedis above
acertainthresholdvaluek thenaroutewarningis sentbackto thesourcelf thereis noresponsé¢o
aping within a timeoutperiod Tying-imeout thena routewarningis sentback. Thus,the total length
of time window in whichthelink stateis montoredcanbeaslargeasn x Tyingtimeour Theoriginal
NS2codehasbeenmodifiedto incorporaten, K, Tping-imeou @ndafew otherparameterasinputs.

Uponreceving aroutewarning,thesourcenitiatesaroutediscovery in orderto find ahigherqual-
ity pathto switchto. In experimens, it wasobseredthatmultiple pacletscausedepeatedroute-
warning” messagefrom the samelink. To preventthis behaior, a field wasaddedto the DSR
headerwhich was designateds “signal-strengthHireshold. If any noderecevesa paclet with
signalstrengthbelow thisvalue, it initiateslink-monitoring (via the ping-pongprobes)andif nec-
essarysendsaroutewarningbackto the sourcelnitially the sourcesetssignal-stength-threshold
to (8- Prange). Uponreceving thefirst routewarning,thesubsequerpacletsaretransmitedwith a
signal-strendt-thresholdof O to preventrepeatedoutewarnings.Note thatthis mechanisndoes
not requireintermedia¢ nodesto storeary additionalpath information. It is significantly more
flexible thanhaving staticor locally generatedhresholdandthereis little additional overhead.

5.2 Route Cache Behavior

In orderto minimize thediscovery time, routingalgorithmsprovide routecacheghatkeepdiscov-
ered/overheadpathsfor future use.For example,the currentDSR implementationprovidestwo
cachesthe primary cacheis intendedto storeroutesthat werelearnedfirst hand,while the sec-
ondarycachestoresroutesthatare“overheard ™y snooping The currentimplenentationof DSR
doesnot discrimirate betweenthesecachesjt simply searchedoth cachesvhenlooking for a
route.Moreover, pathsthatresidein cachesarenot “aged”; thus,a pathin the cachemaybecome
invalid by thetime it is calledupon.In addition,nodesmay reply from their cachesvhena path
requesis receved, propagatinghesestalepaths.

To illustratethe effect of stalepaths,we conducteda simple experimentusingthe NS-2 simula-
tor. The experimentconsistedof 35 nodesin a 700x700areausing CBR communicatio. Each
noderandomlypicksa pointin the simulaton areaandstartsmoving towardsit; whenthepointis
reachedanotheiis pickedwith no pausdime. Scenariosvith two differentspeedsandtwo differ-
entnumbersof communicatingnodepairswere studied. We studiedtwo configurationsof DSR:
conventicnal DSR and DSR with the route cachesize reducedto 1 entry per path. Figure 3(a)

10
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Fig. 3. Effectof DSRCache

shaws the overheadfor the two cacheconfigurationsObviously, with a single cacheentry per
path,arouteflood is requiredafter every pathbreak.However, sinceeachpathis obtainedin re-
sponseo a route searchyvery few stalepathsare encounteredA stalepathis definedasa path
that breakswithout successfullydelivering even a single datapaclet. Sucha pathis dueto stale
informationin thecacheFigure3(b) shavs thenumberof stalepathsfor thesamescenariosNote
thatfor regular DSR, the numter of stalepathsis quite highin a shortsimulaton time (400 sec).
Theseconclusios areconsiséntwith thoseof otherstudieq18,25].

Due to the high ratio of stale cachepaths,we disabledthe DSR caches(both local and cache
replies).Empirically, we saw thatthe costof a pathdiscovery is significantlylower thanthe time
to recover from a pathdisconnectOnly onepathis keptfor eachactive destinaton. In addition,
in our algorithm,we bypasghering 0 search(a localizedqueryof immedateneighbors)10,23]
sincethelikelihod of finding a pathis smallwith cacherepliesdisabledallowing usto save the
timeoutcoston this phase We note that this aspectof the implementationcan be significantly
optimized(reducingboththe numberof discoveriesandthe costperdiscovery) by usingeffective
cachingwith a highersuccessate. For exampleHu and Johnsa analyzedthe effect of several
cacheparameter$19] on cacheoperation.Otherwork exploredlocalizedqueryfloodsbasedon
previouspath[12] or locationinformatian [24] to reducequerycosts.In otherwork, we suggested
active cacheoptimizationsto raisethequality of thepathsn thecachd27]. To demonstatethatthe
resultsare not dependenon turning the cachingoff, we shav theresultsfor AODV [30] with no
modificationto its cacheoperationbecausets cachemanagementchemeaesultsin high success
rateson recoveredpaths.

5.3 Path Query Implementation

Whenaqueryfloodis generatedh responséo awarningon a given path,thefirst pathrecevedis
immedatelyused Any successie pathsfoundby thequeryflood arecomparedigainsthepathin
useandthe shorterpathis picked. Improvementsin this aspecbf the algorithm thatdiscriminate

11



basedon otherfactors(for example,to pick thelesscongesteghath)arealsopossiltte.

Theflood is generatedvhile the original “bad” pathis still active; we might receve the original
path (or anotherpath) which is aboutto be disconmectedsoon.In orderto discover only good
guality pathsthe queryis taggedwith aminimumdesiredthresholdon eachlink of thepath.This
thresholds currentlysetasthepreemptve thresholdput canbedifferent(ideally, it wouldaccount
for thetime of the flood + the time for anotherdiscovery if it is aboutto go into the preemptve
regionitself). Intermediatenodesthatreceve a pathrequespacket with a signalpower belov the
thresholdactasif they did notrecevethatpaclet. This hastheeffect of “limiting therange”of the
nodessoif all theavailablepathsarebelow the desiredthresholdwe will discover no alternatve
paths.A more efficient implemenation would have the route reply phaseof the querykeepthe
minimum power on the reply route. The sourcewould thenselectthe bestpathavailable,in case
noneareabove thedesiredhreshold.

6 Experimental Study

An extendedversionof UCB/LBNL network simulator (NS-2[2]) wasusedfor the experimen-
tal study NS-2 is a discreteevent simulatorthat was developedas part of the VINT projectat
the LawrenceBerkeley NationalLaboratory The extensonsimplemenéd by the CMU Monarch
project[3] enableit to simudate mobilenodesconnectedy wirelessnetwork interfacesThe NS-2
DSR protocolimplemenation was extendedwith preemptve maintenances per the description
in Sectionb.

To simulatethe effectsof fadingandothertransientsywe modifiedthe channelpropagatiormodel
providedin NS-2.Insteadof markingthe pacletas“bad” (i.e.,ashaving anerror)asis donein NS-
2, we decreasehe power level to modelthe effectsof fadingaccordingto a statisticaldistribution
thatapproxinatesRayleighfading. The error modelassignsoneof two statesto eachlink: good
or bad.If thelink is in the goodstate thereceved power (calculatedoy the original NS-2)is left
unchangedlf thelink is in the badstatethenthe receved power is decreasetby a multiplicative
factor which is a uniformly distributed randomnumber(real) between2 and 100. This model
approximatestypicalfadingscenaricsuchastheoneillustratedin [32, page71] andaccountgor
deepfades(upto 20dB,i.e., a signalstrengthreductionby a factorof 100).

The lengthof time the link remainsin eachstateis determinedby an exponenially distributed
randomvariable.The meanlengthof stayin the goodstate(meanof the exponentally distributed
randomvariablegoverning thegoodstate)wassetto 20,000paclets.Lik ewise,themean(average)
stayin the badstatewassetat 2 paclets. This corresponds$o a meanpaclet errorratio (BER) is
10~4. We believe this is a goodapproximatiorof a moderatequality wirelesschannel(i.e., BER
10-% andburstyerrors).Notethatnoteveryfaderesultsn anactualerror(droppedpaclet) because
if theinitial strengths high,reductionby afactorof upto 100maystill leave it above thedetection
threshold.

For eachpacletrecevedwith asignalstrengthbelow thepreemptvethresholde startpingingthe

12



previous-h@ nodeasdescribedabove. Thetimeoutperiodassociatedvith eachping is Tping-timeout
= 0.04secondslf noresponsés recevedwithin thistime aftersendinga ping (ary ping) aroute-

warningis initiated. Upto 3 pingsaresent(i.e.,n = 3). Thus,in effect,awindow of upto3 x 0.04

= 0.12 secondds monitored after transmiting the first ping. If 3 paclets (pongresponsesjata
paclets,or routingpaclets)with astrengthbelow the preemptve thresholdarerecevedwithin this

window, thenaroutewarningis sentout (therecanbeinterveningpacketswhicharerecevedwith a

signalstrengthabove thethresholdwe count3 sub-thresholgacletswithin thewindow to trigger

aroutewarning).Thesevalueswerechoserarbitrarily andcanbenefitfrom empiricaltuning Note

that sincethe averagedurationof the badstatedueto temporaryfadingsis 2 paclets,we require
3 low-strengthpaclets (a numberbiggerthanthe averagefadeinterval of 2 paclets)to indicate
thatthe link is badwith sufficient consisteng to warranta routewarning.In general,depending
uponthe congestiontraffic rate (CBR), obsered link stateand othervariablesiit is possibé to

dynamicallyadjustthe numbem of pingssent,thetimeoutperiod,the critical (threshold number
of pacletswith sub-thresholgower after which a route warningis generatedetc. In the setof

experimentsdescribedn this paper however, theseparametersvereinputtedat the startof each
run (andwerenot dynamicallyadjusted) Suchdynamicadaptations atopic for futurework.
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For an unbiasedcomparisonscenariosimilar to thoseprevioudy studied[10,25] were selected
andsimulatedwith andwithout proactvity. More specifically we consideredgcenariosvith a set
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of 35 nodesin an areaof 700 metersby 700 meters.Nodesrandomlypick a locationwithin the
simulatedareaandstartmoving towardsit. Therewere 10 sourcenodestransmittng to 10 desti-
nationnodesat a ConstanBit Rate(CBR) with 5 paclets/secln addition,two mobility scenarios
were considered(i) low mobility (max.nodespeedl0 m/s);and (ii) high mobility (max.node
speed20 m/s). Note thatboth the selectedCBR valuesrepresensignificantload on the network
giventhe large numberof nodessharinga relatively small area— theimmediaterangeof a node
(Tt range?) representsiearly40%of thewholearea.

6.1 Preemptive Routing Analysis

The direct effect of preemptve routing can be seenby examinng the numker of broken paths
(Figure4). The horizontallineson eachfigure correspondo baselineDSR (with no modifications
whatso&er) underhigh mobility andlow mobility. The numberof broken pathsis shavn asthe

preemptve ratio () is increasedNote that he casewith & = 1 correspondsto non-preemptive

PDSR which is equalto DSR with the modified cachebehavior describedin Section5. Thus,
non-preemptie PDSRresultssolatetheeffectsof thecachemodificationdrom thosedueto proac-
tivity. At the kneeof the curve, the proactvity thresholdprovidessufficient time to initiate redis-

covery; lower valuescannotavoid all pathbreakswhile highervaluesrestrictthe effective range
andincreasehe overheadunnecessarilyWe notethatthe optimal preemptve thresholdincreases
with mobility andCBR rate,to allow moretime to recover giventhe higherspeedf thenodesand

longerlateng respectiely.
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It is evidentthat preemptve routing drasticallyreduceghe numberof broken paths,eliminating
mostof themunderthe low CBR case.Underhigh CBR, collisions are more frequentandlarge
variability in latenciexanbeexperiencedlueto theexponenial back-of initiatedwhenacollision
occurs[15]. Undertheseconditians, the preemptve warning may not provide sufficient time for
pathdiscovery. Accordingly, while proactvity significantly reduceshe numberof broken paths,
the numberremainshigherthanthe low CBR case.Proactvity is even more successfufor the
high mobility scenariosvherethe pathbreakfrequeng is higher Very high proactvity thresholds
areinefficient (a proactvity thresholdof 4 correspondso limiting the effective rangeby 28%and
coverageareaby 48%!).In practice theusefulrangeof proactvity shoutl berestrictedvell belon
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0 = 2. An alternatve measuref the effectivenesf proactvity is thetotal recovery time experi-
encedby broken paths;we obsened this value going down drasticallyaswell underpreemptve
routingimplementations.

Figure5 shawvs the meanoverall paclet lateng. Significantreductiondn latengy canbe obsened
in the bestcase(e.g.,at d ~ 1.2 which is closeto the optimal value of preemptve threshold).
Thereductionin lateng is largely dueto avoiding the delaysassociatedavith pathbreaksin fact,
latencieson establishegathscanbe expectedto increaseslightly becauseroactvity limits the
effective rangeslighty —an*“optimal” pathwith alink belown the proactvity thresholds rejected
in favor of a longer pathwith higherquality links. Figure 6 plots the standarddeviation of the
lateng (jitter) asa percentagef the meanlateng. Pleasenote that thesejitter valuesmustbe
takenwith a grain of saltsincevariancein the delaysis expecteddueto variationsin pathlength
anddueto congestionldeally, thejitter would be measurean a perconnectiorbasis.However,

by eliminatingthe very high delaysfor disconnectegaths the overalljitter valuesareimproved.

Figure7 shavs the overheadof PDSRcomparedo DSR. While the overheads higher we note
thatmostof the overheadwas experiencedalsoby the non-preemptie versionof PDSR(d = 1,
correspondingo DSR with cachingdisabled)andincreasednly slightly for proactvitiesin the
practicalrange.Thisindicatesghatmostof the overheads dueto the modifiedcachebehaior (no
pathrepliesfrom cache)andnot dueto the additionof proactvity. Thereis reasorto believe that
theoverheadwill dropwith aneffective cachingstratayy.

To illustrate that the resultsare not specificto DSR, we incorporatedpreemptve maintenance
into AODV, a distancevectorbasedoutingalgorithmfor ad hoc networks. The modificationswe
hadto make for AODV were somavhat differentthanthoseincorporatedor DSR. Specifically
datapacletsdo not carry the full sourcein their headerrather normaldistancevectorroutingis
implemented.Thus, the sourceis not availablein the network headerPeekinginto the transport
headercanbedone,butis nota cleansolution. So,we includedthe sourceaddressn the pacletto
allow thewarningto occur Finally, AODV cachebehaior ensureshatthe cachesarefreshwith a
high probability —we did not have to turn off the cachesaswe did with DSR.

Figure8 andFigure9 shav the numberof broken pathsandthe paclet lateng for thesameCBR
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traffic scenariosAgain, the numberof broken pathsis drasticallyreducedandthelateng is im-
provedby upto 30%in thebestcase We notethatthe numberof brokenpathsfor baselineAODV
is lessthanthatfor baselineDSR (potentiallydueto the bettercachingscheme)Figure 10 shavs
numberof AODV pacletsintroduced As canbeexpectedthe overheadncreasesvith preemptve
routing(dueto searchegprovocatvely startedhatprove to beunnecessaryHowever, we notethat



the increasds significantly lower thanthe increasein the DSR case.This strengthenshe claim
thatthe DSRincreasevasmainly dueto turningoff the caching.

6.2 TCP Analysis

We consideredhreeTCPtraffic scenarios(i) telnet: pairsof nodessimulatetelnetsessionsvhere
smallmessageareexchangedvith “humandelays’betweerthem.Here,lateng is themainper

formancemetric; (ii) ftp: a sendersendsa continuousdatastreamto a recever at the maximum

rate possibeé for the durationof the experiment.In this case throughpt is the appropriatemea-
sureof performanceand (iii) http: several http senersandclientsareinitiated, with eachclient
generatingequestof exponentialy distributedsizesto ary of the seners.This caserepresents
middle groundbetweerthefirst two cases.

Destination
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Fig. 11. Effect of TCPBack-df

Figurell shavssequencef eventsthatoccurwhena pathis broken.Onthisdiagramarrows that
do not reachfrom oneendof the diagramto the otherrepresentiroppedpaclets (or failed route
requests)Note thatthe sendtimesshownn on thefigure representhe TCP sendtimesandnot the
actualtime thatthe pacletleavesthe node.Thefirst “send” of the paclet fails becauseherouteis
broken. After the senderis notified of the pathfailure it hasto wait until the TCP back-of timer
expires;thistakes0.2 secondsn this case(theinitial back-of timervalueis twice the conserative
estimateof RTT asmeasuredy the coarsegrain 0.1 secondT CP timer). After the timeout,the
pacletis re-senttherebytriggeringa routerequestAfter theroutereply is receved,the pacletis
delivered.In this case the ack alsosuffers a pathfailure. The pacletis retransmitted.4 seconds
afterthefirst one(twicethe previousback-of value).Finally, theackfor thisretransmisgin causes
aroutediscovery, afterwhich the pacletis acked. In this case,TCP back-of consumedabout0.6
second®f thetotal delay(66%).

Figurel2 shavsthecongestiorwindow sizefor PDSRwith andwithout preemptve maintenance.
We chosepreemptve ratio 1.0 ratherthan baselineDSR to eliminatethe effects of stalecache
entriesobsenedin DSRtherebyisolating the effect of preemptve maintenanceAs canbeseenn
thediagramthe congestiorwindow sizeis, on average higherfor the preemptve case.
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Figures13 and 14 showv the averagepaclet lateng in the telnetscenariosBaselineDSR is the
the left mostpoint on eachplot. Again, the performanceof baselineDSR is significantly lower
than PDSRwith no preemptve maintenancelueto the bad cachingbehaior obseredin DSR.
Adding preemptve maintenancéurtherimprovedthelateng by up to 40%.An interestilg obser
vationaboutthe behaior of baselineDSRis thatthe lateny improved asthe numter of senders
increasedA possilte explanaton is that the cachebehaior is improved as nodeslisten to traf-
fic/routerequestgrom the otherpaths— this makestheir cachedresher Thus,the cachedbenefit
from abettersamplirg of the network state.Thethroughputvasalmostidentical in all casessince
theofferedloadis relatively light.

The sessionatenciesfor the http scenariosareshowvn in Figuresl5 and16. The sessiodateny
includesthetime betweersendinga requestandreceving theresponseThistime includeswhat-
ever processingime is necessanat the sener; this time cannotbe improved. The size of the
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responsés exponentally distributed (but sizeis consisentacrosscomparedscenarios)At the op-
timal preemptve values theimprovementfrom preemptve maintenancever preemptve ratio of
1.0is significant (around40% in the bestcase).An exceptionis the caseof 5 clientsandseners
in high mobiity. This casecorrespondso a very high network load, with 25 openpathsin this
small region. The preemptve overheadstartsto significantly interferewith the datatraffic. The
behaior of baselineDSR is betterthanthe telnetcase;this canalsobe explainedby the higher
numberof active pathsallowing betterupdatesof the cachestates(making DSR’s cacheuseful
vs. PDSRwhich doesnot useary caching).lt bearsrepeatingthat turning off cachingis not an
inherentpropertyof preemptve maintenancegur preemptve AODV extensia doesnot interfere
with AODV’ s cachingbehaior becauséAODV maintainssignificantly fresherpathsthanDSR.

The paclet lateng for the FTP scenariosare shovn in Figure17. The lateng is mamginally im-
provedin theonesendercasewith preemptve maintenancel hesmallimprovenentrelativeto the
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http andtelnetcasesanbe explained by the smallnumberof pacletsaffectedby the pathdiscon-
nects(relative to thevery high ftp datatraffic). FTPrepresentavery highloadonthenetwork —a
singleftp connectiorhasbeenobsenredto saturatea wirelessLAN in experimenal settingg34].
Thus, the higherfrequeng of pathdiscovery in PDSRcanincreasecongestionin this high load
scenarioThisis especiallytrue asthenumberof active ftp connectionsncreasedeyond 1. More-
over, we obsened a fairnessproblemin multiple-sendefftp casewhich skews theseresults;this
problemis furtheraddressethterin this section.

Figure18 shavsthethroughputfor the FTP scenarioThe multiple-sendefairnesgproblemagain
distortsthe 3-sendercase. A smallimprovement(around10%) in throughputis achiezed dueto
preemptve maintenancén the single sendercase In [27], we noticedthat TCP performancevith
a singlecacheentryis very goodbecauset periodicallyfinds a new freshpath,while old paths
in the cachebecomestale. The problemis especiallybadfor TCP sincehaving a numberof stale
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pathsin seriescansignificantlyraisethe bacloff timer. Moreover, oftenthe samestalepathshave

to be expired by the destinatbn (alsoin series)oncea valid pathis found by the sourceandthe

TCP paclet is receved in orderto find a return pathfor the ACK paclet. Several actve cache
optimizationswereinvestgatedresultingin over 50% improvementin TCP performanceWe are
currently investgating the combired effect of active route cacheoptimization with preemptve

maintenance.

Telnet DSR Overhead (High Mobility)
3000

One Sender —<—
Three Senders &
Five Senders ---2---
2500
A
A
.’A»V
g B
o 2000 - a
%) A
g Wi
Q .
ol
o
% 1500
a
u— o
(=] =y o
9] L B
2 g
E 1000 &
5
b4
500 w
0 " " "
0 0.5 1 15 2

Preemptive Factor

Fig. 19. RoutingOverhead- High Mobility

The overheadresults(Figure 19) weresimilar to thoseobsenedin the CBR scenariosFigure 20
shaws the “packet jitter” (the standarddeviation of the lateny as a percentagef the average
lateng). Jitter is significantlyreducedby PDSRbecauset reduceshe numberof broken paths
andtheassociatedelays.

Figure 21 shaws the sequencenumbersof TCP paclets as a function of time for an FTP sce-
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nariowith threesendefrecever pairs. Thereare extensve periodswheresomeflows arenot able
to deliver ary paclets(the lower two flows on Figure 21) with at leastoneflow dominatng the
bandwidth.While TCP suffers from known fairnessproblems(favoring short RTT paths[20]),

that aloneis not sufficient to explain the gaps.Furtheranalysisshaved that, during thesegaps,
the senderdoesnot have a routeto the recever. Furthermorethe routerequestgeneratedvere
not successfu(no repliesarereceved). This behaior is illustratedin Figure 22 which shavs the
eventsoccurringduringatypical inactive period.Again, on this diagram arrons thatdo notreach
from oneendof thediagramto theotherrepresentiroppedpaclets(or failedrouterequests)Also,

the sendtimesshownn on thefigure representhe TCP sendtimesandnot the actualtime thatthe
paclet leavesthe node.Several failed route requestscan be seen(with successie re-discwery
attemptsexponentialy baclked-of with an upperlimit of 20 secondsas per DSR). Meanwhile,
TCP exponenial retransmitback-of canbe seento bein progressAfter examinng our scenaf
ios, we discovered that the network was not partitiored; path(s)were available for the blocked

22



Destination

Source ¢ } } } } } } } } } time
2119 218.8 225.8 232.7 239.6 246.6 253.5 260.5 267.4 274.4 281.3

Packet Types

TCP Data/ACK Packet ~  -------- Route Request/Reply Packet Route Error Packet

Fig. 22. Behavior in Inactive Period

send-recefe pair(s).We conjecturaghatsomeflows monopolzethebandwidh andblock theroute
requesipacletsgeneratedy the otherflows. The likely reasondor this unfairnessarethe MAC

layereffectssimilar to thoseobsenedby Gerlaetal [16]. However, their studyconsideredgcenar
ioswith nomobiity. Thereforethelargegapsin throughpubbsenedin thoseexperimentannot
aloneexplainthefailuresattheroutinglevel — whena pathwasavailable,no gapswereobsened.

We areinvestgatingthisissue.
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Consistentwvith obsenrations in [18], the inactvity periodswere obsened evenin the caseof a
singlesender/receger pair for the baselineDSR (Figure23). In examinng the detailedtraceswe
noticedthattheinactvity wasdueto DSR repeatedlyswitching to pathsfrom the cachethatturn
outto bestale.Thisalsocausedhe TCPtimerto back-of exponentally, furtherexacerbatinghe
problem.As canbe obsenedin Figure 23, oncecachingwasturnedoff (PDSRwith preemptve
ratio 1.0),theinactiity periodswereeliminated.This arguesfor actve managementf thecached
paths.
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7 Concluding Remarks

In traditional mobile andwired-network routingalgorithirs, a changeof pathoccursin oneof two
cases{i) alink alongthe pathfails; or (ii) a shorterpathis found.A link failureis costly since:
(i) multiple retransmissins/tineoutsare requiredto detectthe failure; (i) a new pathhasto be
found andused(in on-demandouting). Sincepathsfail soinfrequentlyin wired networks, this
is not animportantcost.Routing protocolsin mobile ad-hocnetworks follow this modeldespite
the significantly higherfrequeng of pathdisconnectionshat occurin this ervironment.In this
paperwe presentec classof algorithns thatinitiatesproactve pathswitchesvhenthe quality of
apathin usebecomesuspectWe shovedthatthis proactvity avoidsusinga paththatis aboutto
fail andeliminatesheassociatedostsof detectinghefailureandrecoveringfrom it, significantly
improving the performancef the network.

We focusedon signalpower alongeachhop of the pathasa measuref the quality of the path(a
morerobust definition of quality couldinclude morefactorssuchasthe ageof the path,number
of hops,congestioin More specifically usingan estimateof the time neededo completea path
guery andrelatingthat time to the motion patternsof the nodes,we derived a thresholdon the
signalpower thatwill allow the nodesenoughtime to recover beforethe pathgetsdisconnected.
Whena paclet is receved with a signalpower below this thresholdby a paclet alonga path, it
generateswarningpaclet destinedo thesourceof the path.Thesourcetheninitiatesa searcHor
ahigherquality path(a pathwhereall thelinks areabove thethreshold)andimmediatey switches
to it, avoiding a pathbreakaltogether

As acasestudy DSRandAODV wereextendedor preemptve maintenancéwe call the modified
algorithns PDSRandPAODV respectiely). In DSR, route cacheusewas disabledto minimize

falsecachereplies.Despitenot usingarny caching,PDSRdemonstratedignificantimprovements
overnon-proactre DSR:thenumberof brokenpathswassignificantlyreducedandthelateng and
jitter of all pacletswerealsoimproved. As expectedthe overheadalsoincreasedincesomepath
discoveries arebeingcarriedout proactvely; however, muchof theincreasevasdueto disablng

caching.

Theeffectof preemptve routingon TCP performancevasalsoinvestgatedfor anumberof traffic
scenariosPreemptie routingreduceshe numberof disconnectiongherebyavoidingunnecessary
TCP bacloff resultingin significantimprovementin the performanceof TCP. This improvement
is obtainedwithout requiringchangeso TCP The effect of stalecachepathsin DSR causesig-
nificantreductionin performanceof TCP. Elsevherewe studiedactive route cacheoptimizaton
by validatirg cachedpathsinfrequently pruninglow quality pathsanddoingscopedpportunisic
searchesor shorterpaths.Theseoptimizationsresultedin dramaticimprovementin TCP perfor
mancg?27]. We areinvestgatingcombiningthe optimized cachewith preemptve routing.We also
obsenedunfairnessssueswith multiple TCP connections.

We are currentlyworking on providing a more comprehensie evaluation of preemptve routing.

More specifically we are: (i) conductingoverheadandhand-of delaystudiesvs. table-driven al-
gorithms (ii) studyingotherscenarioglarger networks andlessdensenodepopulaton). Finally,
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in preemptve routemaintenancethefirst measuref a quality of a pathwasthatthelink integrity
(beingabove the acceptablehreshold).The lengthof the pathwasa secondarymeasureWe are
currentlystudyingthe consoldationof otherquality measuregsuchaspathcongestio andage)
into amorecomprehense modelfor choosinghe optimalpath.
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