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Abstract

We propcse a routing schemein which connetion requests
with specificbardwidth demand canbe assignedo oneof
several alternatve pathsconrectingthe sourceto the desti-
nation. The primary goal of this multiple-path routing ap-
proad is to compensatefor the inaccuacgy of the knowl-
edgeavailable to routing noces, causedby the limited fre-
guerey of link stateinformationexcharges. We studya col-
lection of K-shatest pathrouting schemesand investigate
their perfomanceundera variety of traffic conditiors and
network topolagies, including regular (torus) and realistic
(power—law) topdogies. We subsequely demastratethat
K -shatest pathrouting offers a lower blocking probability
in all scenaris andmore balanedlink utilization thanother
routing method discussedn the literature With our pro-
posedapprach,it is possibleto redue thefrequeng of link
stateexchangesandtheincuredbandvidth overhead with-
out compiomising the overall perfamanceof the network.

INTRODUCTION

With the growing diversification of networking applica-
tions and proliferation of integratel services,networks are
beingforcedto caterto a variety of traffic classeswith defi-
nite andoftencritical qudity of service(QoS)requiranents.
Traditiorally, routing algorittims have ignoredthe QoS is-
suesandfocusednestablishing“reasormable” pathbetween
sourceand destinatia, typically usingthe numter of hops
asthe sole measureof quality. In networks predaminantly
assuminga best-efort delivery paradgm, QoSrequiements
have beenviewed assecondry to routing with their fulfill-
mentleft to othercompmnentsof the pratocol suite,e.g.,be-
longing to transpat (call admission)r applicationlayerand
thusconpletely unavareof therouting issues.Nowadays, it
beconesmore andmoreevidert thatthe QoSrequrementof
moden networking applicatiors cannolongerbeignored by
routing algorithns [7], with their objective beingredefired

as selectingthe optimum path betweensourceanddestina-
tion that satisfiescertain(possiblymultiple) QoS constrans.
Theapplicationof constraintbasedouting is seenascentral
to providing QoSin interretworks, suchasthe currert Inter
net. Propsedsolutiors include modficationsto the Shot-
estPath First (SPF)schemeby addirg additional constraints
thatanedg (link) mustsatisfyin orderto beincluded in the
corstructedshortespath. Suchanapprachassumeshe ex-
istenceof reasonabldéink metricsfor the constrairts at hand
(e.g, perlink residu bandvidth information for bardwidth
corstraints).

Notally, constraintbasedrouting calls for explicit/source
routing to be usedaspartof the overall scheme.For exam
ple,for thesamesourceanddestinatiomodes,differentpaths
may have to be usedby differert flows at the samepoirt in
time. Suchroutingflexibility is notavailablewith traditioral
IP-basedrouting, which opeateshasednthedestinatiorad-
dressaloneand consegently makesno distinctionbetween
routing andforwarding.

A decowling of thesetwo fundionshasheenproposedre-
cently andimplemented using Multiprotocol Label Switch-
ing (MPLS) [9]. MPLS providesexactly the flexibility nec-
essaryto separatehe routing decisions(which can subse-
quently be basedon comgicatedobjectvesandconstrints)
from thesimpleforwardingmechairsm (basedn “labels” of
local significance,similar to virtua circuit routing). Since
MPLS does not assumea particular resourceresenation
schemethereis a needfor a protacol that perfoms the ac-
tual reserationandmapsits resultinto labels. Towards this
end two protocds have beenpropsed,CR-LDP [18] and
RSVP-TE[5], with asubsequerextersionby crankbackop-
tions[14].

In this spirit, we presenta routing path calculation and
selectionschemehat attemptsto mitigatethe lack of accu-
ratelink stateinformationby exploiting multiple pathsto the
samedestination It assumeshe existerce of an RSVP-TE
signalirg and resenation scheme,couged with crankack
capaliities, likethoseof [14], andwith anundelying MPLS
infrastructurecapalte of performingtheforwardng actions.

QoSrouting turns out to be consideably more complex
than uncorstrainedrouting especiallythat some conmbina-



tions of constraints(e.g., multiple additive constrants) re-
sultin NP-had problens [15], [25]. However, aspointed
out in [26] and [20], certain QoS metrics (notally, bard-
width, delayanddelayjitter) arenotindependentwhenspe-
cific schedling policiesareused.In particular with WFQ-
like schedling, the endto-enddelay and delay jitter de-
pendon the requestecbandwidh [26]. Guein, Ordaand
Williams [12] shaved that with WFQ-like scheduliig (un-
der somereasoable assumptiongaboutthe traffic patterr),
endto enddelayconstraintsanbetranslatednto bandvidth
requiements.Consequetly, several studiese.g.,[24], con-
siderbandvidth asthe solemetricin route computation. As
statedn [11], this simplifiesto someextentthe pathcompu-
tation process,sothattractablesolutionscanbe providedin
a numtker of interestingcases.Following this appoach,we
alsousebandvidth asour soleQoSmetric.

Anothe obvious metricthat shouldbe takeninto accoum
by a routing algorithm is the length of the connetion path
expressedasthehopcourt. Thenumberof hopsis agod in-
dicatorof thetotal amoun of resoucesusedalongthe path,
which is an importan factor from the viewpoint of econ-
omy, efficiency andglobal perfamanceof the network. Our
studiesindicatethatregaidlessof the othercriteria, it always
makessensdo keeptheconrectionpathasshortaspossible,
aslongasit fullfills the QoSconstraints.

To implemen QoS routing network nodes should be
aware of the stateof links, possibly locatedseveral hops
away. This calls for periadic exchange of link stateinfor-
mation,which contritutesextra traffic to the network. One
prodem with QoSroutingis therefae thetradeoff between
theaccungy of thelink stateinformationandtheoverteadn-
curredby exchargingthatinformation.As theovemeadmust
be kept at a negligible fraction of the total network bard-
width, the link informationis bound to merelyappoximate
thetrue stateof thelinks.

Themajority of studieson QoSrouting have beenaimedat
producinga singleoptimum path.With this apprach,only a
single pathis considerd betweena sourcedestinationpair,
even if there exist somealternatie, possibly sub-opimal,
paths.In caseof congestion thesinglepathapprachislikely
to aggavatethe prodem andmay even triggerrouting oscil-
lations. In contrast, multiple—gath routing would allow dif-
ferentsessiondetweerthesamesourceanddestinatiorto be
assignedo differert paths,depenéhg on the dynamic state
of their links. Intuitively, this appoachwill tendto smooth
out occasionaprodemsoccuring on somepaths,includng
thosecausedy inaccurae link stateinformation. This was
our primarymotivation to embak onthe presenstudy

Most proposalsfor QoSrouting are basedon versiors of
Link State(LS) routing, e.g.,[24], [4], [1], [3], [2], [19], [25].
Fromtheviewpant of asinglenode theamoun of informa-
tion that mustbe processedo keepthe link statedatabae
up to dategrows morethanlinearly with the nunberof links
in the network. Furthernore, LS informationis not merely
collected,but mustbe alsorelayedto othernoces. Conse-

quently, frequentexchangeof link stateinformation may be
prohibitively costly, especiallyin wide areanetworks of are-
alisticsize.Ontheotherhard, infrequentexchange andstale
stateof links, mayseverelyimpairthequality of routing. For-
mulatedin this context, the prodem of LS—based)oSrout-
ing is how to getacceptablgerformarce in networks with
inaccuatelink stateinformation.

Formally, we addressin this pape a bandvidth—
corstrainedmultiple—pathrouting prodem descrited asfol-
lows: Given a network represeted by a Directed Acyclic
Graph(DAG) G(V, A), the capacityof eachlink, b;;, where
ij € A, anda bandvidth requestB for a conrectionfrom
nock s to ¢, find the best K pathsfrom s to ¢ {P;|0 <
k < K}, suchthatb(P;) > B, V0 < k < K, where
b(Py) = min;jep, bi; is called the bottlereck bardwidth
of path P,. Besidesspecifyingthe optimality criteria that
definethe “best” paths,we have to also describethe con
structionandselectionstratgiesfor the K paths. The path
corstructionis performedeachtime new LS informationbe-
comes available, while the path selectionis performedfor
eachconnectio request.

We develop two catgyaries of K—shotest routing al-
gorithms, hop-based and bardwidth—kased, and corre
spordingly five pathselectionalgoritims: Best-K—Widest,
Randon—K -Widest,ShortestK -Widest,Best-K —Shatest,
andWidest-K—ShortestAlthoughtheseprotacolshavebeen
studiedo someextert in ourpreviouswork [16], thoseexper-
imentsinvolvedvery smallnetworksandtheir resultscanna
be generalizd ontorealisticwide-aeaervironments.In or-
derto appreatetheimpactof theplurality of pathg( K > 1),
in this pape we extend the previous work to significarly
larger networks (up to 1000noces)andtopolodges thathave
been[21] demorstratedio capturethe currentinterret topd-
ogyin amorerealisticway.

Our resultsdemastratethat routing basedon multiple
pathsgives betterperformarce in termsof blocking rateand
load balancethan single-pathsolutions,if the link statein-
formationis inaccurate. We also shav that somemultiple
pathsolutionsmayfail to take advartageof their supsedly
“bigger choice; if they do notaccoum properly for the pos-
sibleinaccuraiesin link stateinformation.We concludethat
hop-basedhlgorithms, i.e., onesusinghop court asthe pri-
marymetrics tendto outperformbandwidh—basedolutions,
andthatthe network topdogy hasa paranountimpactonthe
betavior of arouting algorithm

RELATED WORK

Recentstudieson multiple pathrouting include[13], [8],
[23], [12]. Work somevhat similar to our study hasbeen
repated in [12], where multiple paths with equd cost are
corstructedandusedat the sametime. However, an“equd-
cost multi-path” doesnot necessarilyexist for all source
destinatio pairs,which restrictsthe applicability of thatap-
proach. Another solution has beenproposedin [8], [23],



wherely all the multiple pathsare usedin parallelto route
asingletraffic stream.In contrastour schemds essentially
sequentialwith every single comectionbeirg setup along
onespecificpath. Theparallelmulti-pathrouting schemd8],
[23] redicestheresenation delaybutit sufersfrom syncho-
nizationprodemsandrequresreassemblyuffers atthedes-
tinationto accoun for traffic arriving out of order[7]. None
of thosestudiednvestigaeshow the perfamane of therout-
ing algoritmsrelatesto the accurag of thelink stateinfor-
mation.

In [6], the authos presenta K—slortestpathsalgoiithm
andevaluateits periormane. However, thatwork is basedn
a fully—conrectednetwork andis not applicableto realistic
wide areanetworking, e.g.,the Interret. The Bellman—ford
basedWidest—Shaestalgorithm studiedin [2] alsoprovides
multiple pathsbetweena sour@-destinatiorpair. However,
it ignoresthe equal-lop—caunt multiple patts, which prop-
erty, as we shall seelater, impairs the perfomanceof the
routing protacol if the link stateinformation is inaccuate.
Ma and Steenkistg20] investigde severalrouting schemes,
including the so-calledDynamic-Alternative(DA), andcom-
paretheir performarceunceravarietyof topologesandtraf-
fic condtions, but againthey ignore the issueof accuray
of the link stateinformation. In this paper we compareour
Widest-K—Shortes{WKS) variantto DA, with thelink state
informationbeingaccurateaswell asinaccuate.

The prodem of inaccuratdink stateinformationwasin-
vestigatel to someextentin [11] by evaluatingthe prokabil-
ity of succesgthe so-called‘safety”) of a pathconsistingof
links for which the LS informationis inaccuate. In contrast
to that appioach,we proposeto dissipatethe possibleinac-
curag of the stateinformation con@rninga single link by
admittingmultiple pathsbetweena given sourcedestination
pair.

Severalpapersliscusghealgorithns for finding K short-
estpathg[10], [22]. Our solutionsarebasednthealgoithm
presentedn [22], which we have modifiedto find K best
one-to—alllooplesgpaths.

THE ROUTING MODEL

Link staterouting requireseachrouterto maintaina link
state databasewhich is essentiallya map of the network
topolagy with associatedesouce allocation. When a net-
work link changs its state(i.e., goesup or down, or its uti-
lization is increasedor decreased)the network is flooded
with a link stateadwertisement(LSA) message.After the
link statedatabaset eachrouter is updated,the routerwill
re-calculate its routing tablesto all destinatims. LSA mes-
sagesanbeissuedperiodcally or whentheactuallink state
chan@ exceed a certainrelative or absolutethreshold[4].
Obviously, thereis atradeoff betweerthefrequeng of state
upddes(theaccurag of thelink statedatabaseandthe cost
of perfaming thoseupdatespothin termsof the extra net-
work bardwidth andthe processingime attherouters.

We assumen ourmode thataftereveryupdategachnoce
immedately hasthe full knowledge of the currentlink states
in thewholenetwork. Thisis justifiablebecaus¢éhepropaya-
tion delayof anLSA messagés geneally smallcomparedto
thelengthof the updateperiad andto thedurationof atraffic
sessionHowever, we do captue thefactthatthe updatesdo
not occurcortinuouslybut periddically, with a periad equal
tothelLS updateperiad (LSUP).

A sourcedestinatiorpathcanbe computedupm request,
i.e., whenit is demamuledby the source,or preconputedin
adwance,e.g.,periddically. In our study routesareprecom
putedperiodcally, with the computationperiodbeingequal
to LSUR Thus,by settingLSUP = 0, we canmodelthe be-
havior of our routingschemesvith accuratdink stateinfor-
mationandwith pathcomputationperformedon demarl.

Thepathselectiornprocessis carriedout for every connee
tion requestandis separateffom the pathcomputationalgo-
rithm. For a givendestinationthe sourcerouteris presented
with K pathsto chosefrom. The actualordering of those
pathsdependson the specificschemebeingusedandwill be
detailedin subsequersections.If the conrectioncanrot be
establishediia oneof the paths,e.g, dueto the insuficiert
remainng bottlereck bandvidth, the routerpicks oneof the
remainng pathsandtriesagain Therequesis blockedif no
pathis foundafterall K of themhave beenattempted.

PATH CONSTRUCTION

Our pathconstretion algorithm[16] is a label—-settingal-
gorithm basednthe Optimality Principleandbeinga gene-
alizationof Dijkstra’s algorithm[22], which we have mod-
fied to find K one-to—all looplesspathsinsteadof one-to—
one nortloopless paths. Its spacecomgexity is O(Km),
where K is the numker of pathsandm is the numkber of
edees. By usinga pertinett datastructure jts time compex-
ity canbekeptatthesamdevel O(K'm) [22].

With the hop countand path bottlereck bandwidh used
astwo separatenetrics,our algoithm will geneate K paths
thatareeithershortestin termsof the numbe of hops(hop—
basedalgoritms),or widestin termsof the bottlereckband
width (bandvidth—basedalgorithirs). In order to limit the
impad of requestsfor trivially small bandvidth, a threshold
is usedto prure unsuitalte links right away, atthe pathcon
structionstage.

PATH SELECTION

Below we list five pathselectionalgoithmsresultingfrom
two different major criteria and differentways of apgying
theminaor criteria.

BKW  Best-K-Widest:fromthe K widestpaths select
theonewhosebottleneckbandvidth mosttightly
fits therequesbandvidth (best—fit).

RKW  Randan-K-Widest: from the K widestpaths,

selectoneatrandbm.



SKW  ShortestK-Widest: from the K widest paths,
selectthe onewith theleastnumter of hops.

BKS Best#—Shatest: from the K shortespaths se-
lecttheonewhosebandwdth mosttightly fits the
connetionrequest.

WKS  Widest—K-Shdaest: from the K shotestpaths,

selectthe onewith thelargestbandvidth.

Note that, althowgh the namesShortest& -Wdest and
WdestHK —Sortestresembe Shortest—\idestfrom [25] and
Wdest—Shdest from [2], our algoiithms are quite different
from thosepreviously proppsedsolutiors. In particular our
SKW finds the top K paths,while the Shatest—\Wdest al-
gorithm of [25] usesthe “shortest-widestcorstraintduring
the (single) pathconstructio phase.Thatis, whenmultiple
labelswith the samebandwidh arefound, only the shortest
oneis permaentlylabeledandthe othe's aredeleted SKW
maintainsall the widestlabelsfor later useandis therefae
ableto find top K paths. It decices on the “shortest” path
during the pathselectionphaseratherthanwhenthe pathis
beingcompued.

Furthemore,notethatalthoudh the Widest—Shdestalgo-
rithm from [2] alsogeneatesmultiple pathsfor a given des-
tination, it is differentfrom WKS in thatit provides fewer
choicedor selectingshortpathsandtheresultingconnetion
is thuslik ely to needmoreresourcesln particdar, it usesan
uppe bourd for thehopcount andfor eachhopcouwnt, it only
keepsonewidestpath. Conseqently, it ignoresthe equal—
hop-eourt multiple paths. Besides the Widest—Shrdest al-
gorithm requiesthatthei + 1-th pathbe “wider” thanthe
i—th path. This makessensevhenthelink stateinformation
is accurde, but if it is notthe case somefeasiblepathsmay
beincorrectlyignared. Thus, thevery natureof thealgoiithm
in [2] impairsits performarcewhenthelink stateinformation
is inaccuate.

THE SIMULATION MODEL

In our simulationmockl, the link stateinformationis up-
datedperiodcally, with LSUPvarying from 0to 100minutes,
to createscenariosvith different levelsof accuray.

The most represetative of our simulation results have
beenobtainedor randan network corfiguratiors built by the
geneatorof Magori andPansiot[21]. Reasonabljarge net-
works geneatedby this programhave beendemmstratedo
obey themostrelevant (from theviewpaint of routing) powver
laws found in existing wide areanetworks (e.g.,sectionsof
theIntemet). A rancbm network configurationin our exper
imentsis charactdred by two parametes: the numter of
nodes IV, andthe averag nodedegree §. A typical value
of ¢ found in the Interretis 2.5 [21]. We considersparser
networks, with 6 = 2.0, aswell as densemetworks, with
6 = 2.9. For reliability, a single expaimenthasbeenveri-
fied onanumter of differenttopdogy samplegeneatedfor
agivenpair< N,§ >. For anetwork of areasonaly large
size(> 500nodes) the obtainel resultsarehighly consistent

acrass different topolagy samplegobeying the samepower
laws).

For refereme, we also considerreguar torus networks
with the samepopuations of nodes asthe power law con
figurations. Certainperfamancemeasuresnotaly our co-
efficient of variation (seebelow) may be affectedby the in-
herent irregularities presehin ary rancbm network, evenif
it is large and obeys reasonale statisticallaws. A regular
topdogy eliminateghoseprodemsandhelpsusfind outhow
muchour perfaomancemeasuesareinfluencedby statistical
aberationsin network corfiguratiors.

Every link in our network has the samebandvidth of
155vibps. The offered traffic consistsof rancomly gene-
atedsessionsvith exponentiallydistributedinterarival time.
Themeanvalueof this distribution is a simulationparamete
that deternines the globd load in the network. The dura
tion of a sessionis log-namally distributedwith a meanof
180 secondsandits bardwidth is uniformly distributed be-
tweenl and5 Mbps. The sourcedestinatiorpair is selected
atrandbm: every stationin thenetwork is equallylikely to be
selectedor thisrole.

Thetotalamoun of simulatedime for a singleexperiment
was originally setat 24 hours, and six independentexpeti-
mentswere usedto obtaina single poirt of a performarce
cune. The high obsenred consisteng of resultsallowed us
to reducegheamour of simulatedime by half, andthenum:
berof sampledy the samefactor

We areprimarily interestedn two performane measures
asfunctiors of the offered load and LS update periad: the
comectionblocking rate and the coeficient of variation of
thelink utilization. Theblocking rateis weightedby thecon
nection bandvidth [19], [20] anddefinel as:

> bandwidth_of blocked_connections
N >~ bandwidth_of requests

0

The coeficient of variation of thelink utilization captures
the variability of the load betweendifferentlinks andindi-
cateshow well the offered load is spreadover the network
resouces.We defineit as:

Std(LU)
Cy(LU) = ——=,
(L) uw(LU)
whereLU standdor link utilization (i.e.,thefractionof time
thelink is beirg used) Stdis the Standardeviationandu is
themean.

THE RESULTS

The goal of our experimentswasto answerthe following
guestions:
1. Isthereasinglepathselectioralgorithm (amorg theones
listed in Section) that gives consistentlythe best perfa-
mane?
2. How doesthe multiplepathappoachfarein the context
of inaccuatelink stateinformation? In particular how does
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the perfamanceof our multiple-pathroutingschemedepe
ontheLSUP?

3. How largeshoud themultiple-pathselectiorbe,i.e., how
doesk (the numter of pathsto chose from) affect the per
formanceof ourrouting scheme?

4. Whatarethe costsandberefits of the proppsedmultiple-
pathalgotithms?

5. How doesourrouting schemecompareto otherschemes?

Fig. 1, obtairedfor asmallandtypical network, illustrates
theblocking rateunderall five pathselectioralgorithns with
the numter of alterndive pathsk = 3. The trend shavn
in this figure hasbeenclearly visible in all our expeliments.
First,it turns outthatthehop-basedselectioralgoithms(i.e.,
WKS andBKS) unquestionablyoutpeform the bardwidth—
basedneg BKW, RKW andSKW), with WKS winningover
BKS. Although the superioity of WKS over BKS is not ob-
viousin Fig. 1, it becanesvisiblein alargerdensenetwork,
e.g.,seefFig. 2.

Thereasorwhy thehop-basedlgoithmswin in thiscom-
petitionis that by makingthe pathlengththe primary opti-
mization criterion they focus on minimizing the amount of
resoucesneededo sustaina comection. Conseqently, the
network tendsto uselessof its total bandvidth per session
andis thusableto accommdatemorecomections.

The two figures also demorstratethat pastsomenariow
initial rangeof LSUR, the quality of our routing schemesges-
peciallythe hop-basednes)is not adwersely affectedby the
inaccuaciesin thelink stateinformation. In all casesasthe
LS updateperiodgoesto infinity, theblocking ratestabilizes
to aconstantThisis notsurprising sincethenthecalculated
pathsare not much betterthan onesselectedat randan. A
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more importantobserationis therelative insensitvity of the
hop-basedschemeso theLS updateperiad.

Aside from blocking perfamance,we also madea com-
paris; betweenthe link stateerror distribution associated
with the two typesof algorithrrs. Basedon Fig. 3 andus-
ing a quartile-quantileplot method[17], we found that the
erra is apprximatelynormally distributed. Thefigureindi-
catesthatthe hop-basedalgoithms generatea smallervari-
anceof error Accordng to thegragh, we found thatwith the
hop-basedalgoritim, BKS, 98.400% erross lie in arangeas
narow as[—10%, 10%], while with the bandvidth—baed
algoithm, BKW, only 66.41% of erras arein that rangg,
andtheremainng 35.5%0 areout of this range meanimg that
thehop-basedhlgorithm geneatessmallerLS errorsthanthe
bardwidth—tasedone.

To answerguestior2 and3, we exaninedtheimpactof &
onthe performarce of a pathselectionalgoiithm, andfound
it to deped on the algorithm and on the network density
Fortunately the hop-basedschemegperfam quite well with
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a small numter of alternatie pathsto selectfrom. Fig. 4
and5 shaw the blocking rate of WKS in two mediumsized
networks for different valuesof k. In the sparsenetwork,
the impactof & is quite nggligible, which meansthat alter
native pathselectiorbringsabot little, if any, improverrent.
Thisis uncerstandale, becaselow comectiity implieslow
numter of alternatie pathswith compaable length (using
a compaableamoun of network resources)Conseqantly,
even thoudh multiple alternatve pathsmay still exist, they
tendto beof differentlength soselectinganalternatveto the
shortespathin suchasparsenetwork is statisticallya poaer
choicethanin a network offering multiple shortespaths.In
Fig. 5, we seea clearimprovemen causedy the statistical
presencef sensiblealternatves.

Regardessof thecircumstanes,thegapbetweerthecases
k = 1andk = 2 is significantlybiggerthanbetweerk = 2
andk = oo. Thisindicatesthatwhile it is advartageouso
have a choice thatchdce neednot be excessiely big. This
obsenationis goad news. It meanghatthecomplexity of the
routing algorithm canbewell contaired,becaseall it need
to dois to find just a few (e.g, 3) alternatve paths,which
effort is only mockeratelybigger thanfinding a singlepath.

Our primay intuition behindmultiple pathswasthatwith
severalalternatve routes,we would be ableto spreadhe of-
feredload more everly over the entire network. Thus,one
would expectthatthe betterpathselectioralgaithmsshould
resultin alowerobseredvalueof thecoeficiert of variation
of thelink utilization C,.

Alas, asindicatedby Fig. 6, this kind of study mustbe
doneon a regular topology to make sense. With local ir-
reguarities thatarebouwnd to occurin a randan network of
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ary size,by trying to corsistentlyfollow the shortestpaths,
arouting schemeamay quite legitimatdy createlocalizedhot
spots.Thosedepartuesfrom a uniform spreadf theoffered
loadwill tendto increasewith the deceasingaveragelength
of a conrectionpath, becase the irreguarities in topdogy

manifestthemseleson a small scale,andthey tendto dis-
appearwhenwe look at larger regions of the network. Con-
sequetly, in Fig. 6, the obseved value of C, is highe for
the pathselectionschemeshatoffer betterperformarce,i.e.,

targetshortempaths.Ontheotherhand,n Fig. 7, obtainedor

aperfedly reguar torusnetwork, the coeficientof variation

shavsareversedrend,whichremaindn aperfet¢ agreemen
with intuition.

Sofar we have only exanined the perfomanceimprove-
mentof the proppsedmultiplepathschemein thefollowing
wewill look atthecostof it. Themajoroverheadn ourrout-
ing pratocol consistsof the signalingoverheadandthe link
stateexchangeoverhead.With QoSrouting, we needto make
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aresenationalongtheselectegathbefae routingarequest.

The costexperdedduring this procedireis calledsignaling
overhead. Fig. 8 shavs that WKS with LSUP = 120 and
K = 2 or K = 3 outpeforms the shortestpath routing

schemeawith LSUP =120 In otherwords,the multiple-path

schemawith inaccuateinformationwins over thesinglepath
schemewith accuratanformation. This performane bene-
fit is obtainedat a costof increasedsignalirg overthead,as
shavnin Fig. 9. Neverthelessasrevealedin Fig. 10, thetotal

costof the multiplepathschemewith inaccurae information
is far lessthanthat of the singlepathscheme Therefae, we

cansaythatthe proppsedmultiple-path schemds a scalable
solution.

The confrontationof WKS with the Dynamic—Aternative
(DA) proposedn [20] illustrateswhy routingschemeshatdo
notaccount for theinaccuaciesin thelink stateinformation
may perfom pooly, evenif they appea superiorwhenthat
informationis accuate. This compaison hasbeendoneon
the MCI topology usedin [20]. We obseve thatif thelink
stateinformationis accuratgLSUP = 0), DA andWKS ex-
hibit almostthesameperfamancgFig. 11). However, WKS
perfamsbetterthanDA with outdatedink stateinformation
(LSUP=1200secondsn Fig. 11). For detailedexplanation,
pleasaeferto[16].

Assumethatfor a givensource—dstinationpair: the paths
in theroutingtablearedenotedath(i) (1 < i < K for WKS
andl < ¢ < 2 for DA), bw(3) is the bottleneckbandvidth
of theith path,hop(4) is thehopcourt of theith path,h in
is the hopcountof thethe minimum hoppath, H is thetotal
numker of different hop countsfor all the K paths.Letn be

the hopcourt of aminimum-hag path. Accordng to [20], a
DA pathis a Widest—Shaestpathwith no morethann + 1
hops. DA actuallyis a multiple—pathschemewith K = 2,
hop(2) — hop(1) = 1, andbw(2) > bw(1). In the caseof
LSUP=0, if thereexist pathswith h,;, andh,;, + 1 hogs,
DA hastwo alternatie pathsto choosefrom. But the situa-
tionis morecompex for WKS. Whenthepathsarecalculated
basednaccuratdink stateinformation,therearein factonly
H, not K, pathsthat canpossiblysucceed.This is because
for all thepathswith thesamdength,if thewidestroutefails,
theotherswill alsofail dueto their smallerbandwidh. Only
if H > 1 canWKS have atleasttwo alternatve paths.Thus,
if thelink stateinformationis accurateWKS mayoccasion
ally provide fewer feasiblepathsthan DA. However, this is
notthe casewhenLSUP > 0. For WKS, evenif H = 1, all
K pathscanpossiblybe successful Besidesfor DA, some
pathsare eliminatedby the restrictionbw(2) > bw(1), and
thoseeliminatedpathscould be feasibledueto the inaccu
rateinformation. Thus, if LSUP > 0, WKS alwaysprovides
K > 2 routesto selectfrom while DA providesat mosttwo.
As illustratedin Fig. 12, WKS outpeforms DA evenwhen
K =2.

CONCLUSIONS

We have studied a collection of multiple-path routing
schemesndinvestigaed their perfomanceundera diverse
setof realistic network topdogies. Our study consideed a
diversesetof traffic condtions andtopdogies(including re-
alistic topolagy models)with theintentionof uncovetring the
berefitsandlimitations of multiple-pathroutingschemes.

Our expetiments have indicated that the propsed ap-
proachto routing offers a significantimprovementover the
single-@ath appoach, especiallyif the link stateinforma-
tion is outddaed andinaccuate. The experimentsalsoshov
that the hop-basedalgorithms consistentlywin over the
bardwidth—tasedones. The bestof our routing algorithms,
Widest-K—-Shortestalso outpeforms the dynamicalterna
tive whenopertingwith thesamevalueof K = 2.

We have demanstratedthat a multiple choice of routing
pathsis onepossibleremedyfor the problem of limited ac-
curay of thelink stateinformation,whichis bourd to haun
all networks of non-tiivial size.Routingsolutionsthatdo not
take this prableminto accountwill poaly scaleto large net-
works, in whichthelink stateinformationcanna be updated
andpropaatedtoo often As it turns out, it is moreimpor-
tantto have a choiceat all thanto be ableto choase from
a large selection. Conseqeantly, in termsof compuational
compexity, our routing algoiithms are compaableto those
thatpreferto stickto asinglepath.Overall,thereis ampleev-
idene thatmultiplepathschemeganbe a scalablesolution
for QoSrouting in environmentswith inaccurateink statein-
formation. Neverthelessthe schemegpresentedherefor the
pathconstrictionandselectiorareby nomeangheonly way
to considerK alternatepathsin QoSrouting Moreover, de-



spitethe evidencedadwartage of Widest# —Shortestother
schemesnay exist that perform equallywell. At the same
time, avarietyof relevart issuesbecomenterestingo study
Oneexampleis whetherit is possibleto appioachthe perfor-
manceof selectionschemeghat selectbetweenthe shortest
paths(asWidest# -Shortestloes);f, insteadwe areforced
to selectbetweenthe widest patls due to adminsitratve or
contractual restrictionsthat prohibit a view of the topology
(andhenceof the hopcourt) of othernetwork providers.
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