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Abstract
We proposea routing schemein which connection requests
with specificbandwidth demands canbeassignedto oneof
several alternative pathsconnectingthe sourceto the desti-
nation. The primary goal of this multiple-path routing ap-
proach is to compensatefor the inaccuracy of the knowl-
edgeavailable to routing nodes, causedby the limited fre-
quency of link stateinformationexchanges.We studya col-
lection of � -shortest path routing schemesand investigate
their performanceundera variety of traffic conditions and
network topologies, including regular (torus) and realistic
(power–law) topologies. We subsequently demonstratethat
� -shortestpathrouting offers a lower blocking probability
in all scenarios andmore balancedlink utilization thanother
routing methods discussedin the literature. With our pro-
posedapproach,it is possibleto reduce thefrequency of link
stateexchanges,andtheincurredbandwidth overhead,with-
out compromising the overall performanceof the network.

INTRODUCTION

With the growing diversification of networking applica-
tions and proliferation of integrated services,networks are
beingforcedto caterto a varietyof traffic classeswith defi-
nite andoftencritical quality of service(QoS)requirements.
Traditionally, routing algorithms have ignoredthe QoS is-
suesandfocusedonestablishinga“reasonable”pathbetween
sourceanddestination, typically usingthe number of hops
as the solemeasureof quality. In networks predominantly
assuminga best-effort delivery paradigm, QoSrequirements
have beenviewedassecondary to routing, with their fulfill-
mentleft to othercomponentsof theprotocol suite,e.g.,be-
longing to transport (call admission)or applicationlayerand
thuscompletelyunawareof therouting issues.Nowadays,it
becomesmoreandmoreevident thattheQoSrequirementsof
modern networking applicationscanno longerbeignoredby
routing algorithms [7], with their objective beingredefined

asselectingthe optimum pathbetweensourceanddestina-
tion thatsatisfiescertain(possiblymultiple) QoSconstrains.
Theapplicationof constraint-basedrouting is seenascentral
to providing QoSin internetworks,suchasthecurrent Inter-
net. Proposedsolutions include modificationsto the Short-
estPathFirst (SPF)schemeby adding additional constraints
thatanedge (link) mustsatisfyin orderto beincluded in the
constructedshortestpath.Suchanapproachassumestheex-
istenceof reasonablelink metricsfor theconstraints at hand
(e.g., per-link residual bandwidth informationfor bandwidth
constraints).

Notably, constraint-basedrouting calls for explicit/source
routing to beusedaspartof theoverall scheme.For exam-
ple,for thesamesourceanddestinationnodes,differentpaths
mayhave to beusedby different flows at thesamepoint in
time. Suchroutingflexibility is notavailablewith traditional
IP-basedrouting,whichoperatesbasedonthedestinationad-
dressaloneand, consequently, makesno distinctionbetween
routing andforwarding.

A decoupling of thesetwo functionshasbeenproposedre-
cently andimplemented usingMultiprotocol Label Switch-
ing (MPLS) [9]. MPLS providesexactly theflexibility nec-
essaryto separatethe routing decisions(which can subse-
quently bebasedon complicatedobjectivesandconstraints)
from thesimpleforwardingmechanism(basedon“labels” of
local significance,similar to virtual circuit routing). Since
MPLS does not assumea particular resourcereservation
scheme,thereis a needfor a protocol that performs the ac-
tual reservationandmapsits resultinto labels.Towards this
end, two protocols have beenproposed,CR-LDP [18] and
RSVP-TE[5], with asubsequent extensionby crankbackop-
tions[14].

In this spirit, we presenta routing path calculation and
selectionschemethat attemptsto mitigatethe lack of accu-
ratelink stateinformationby exploiting multiple pathsto the
samedestination. It assumesthe existence of an RSVP-TE
signaling and reservation scheme,coupled with crankback
capabilities, like thoseof [14], andwith anunderlying MPLS
infrastructurecapable of performingtheforwarding actions.

QoSrouting turns out to be considerably more complex
than unconstrainedrouting, especiallythat somecombina-



tions of constraints(e.g., multiple additive constraints) re-
sult in NP–hard problems [15], [25]. However, aspointed
out in [26] and [20], certain QoS metrics (notably, band-
width, delayanddelayjitter) arenot independentwhenspe-
cific scheduling policiesareused.In particular, with WFQ–
like scheduling, the end-to-end delay and delay jitter de-
pendon the requestedbandwidth [26]. Guerin, Orda and
Williams [12] showed that with WFQ–like scheduling (un-
der somereasonableassumptionsaboutthe traffic pattern),
endto enddelayconstraintscanbetranslatedinto bandwidth
requirements.Consequently, severalstudies,e.g.,[24], con-
siderbandwidth asthesolemetric in route computation. As
statedin [11], this simplifiesto someextentthepathcompu-
tationprocess,so that tractablesolutionscanbeprovidedin
a number of interestingcases.Following this approach,we
alsousebandwidth asoursoleQoSmetric.

Another obviousmetric thatshouldbetaken into account
by a routing algorithm is the lengthof the connection path
expressedasthehopcount. Thenumberof hops is agood in-
dicatorof thetotal amount of resourcesusedalongthepath,
which is an important factor from the viewpoint of econ-
omy, efficiency andglobalperformanceof thenetwork. Our
studiesindicatethatregardlessof theothercriteria,it always
makessenseto keeptheconnectionpathasshortaspossible,
aslongasit fullfills theQoSconstraints.

To implement QoS routing, network nodes should be
aware of the stateof links, possibly locatedseveral hops
away. This calls for periodic exchange of link stateinfor-
mation,which contributesextra traffic to the network. One
problem with QoSroutingis therefore thetrade-off between
theaccuracy of thelink stateinformationandtheoverheadin-
curredbyexchangingthatinformation.As theoverheadmust
be kept at a negligible fraction of the total network band-
width, the link informationis bound to merelyapproximate
thetruestateof thelinks.

Themajorityof studiesonQoSrouting havebeenaimedat
producingasingleoptimumpath.With thisapproach,only a
singlepathis considered betweena source-destinationpair,
even if there exist somealternative, possiblysub-optimal,
paths.In caseof congestion,thesinglepathapproachis likely
to aggravatetheproblem andmayeven triggerrouting oscil-
lations. In contrast,multiple–path routing would allow dif-
ferentsessionsbetweenthesamesourceanddestinationto be
assignedto different paths,depending on the dynamic state
of their links. Intuitively, this approachwill tendto smooth
out occasionalproblemsoccurring on somepaths,including
thosecausedby inaccurate link stateinformation. This was
ourprimarymotivation to embark onthepresent study.

Most proposalsfor QoSrouting arebasedon versions of
Link State(LS) routing,e.g.,[24], [4], [1], [3], [2], [19], [25].
Fromtheviewpoint of asinglenode,theamount of informa-
tion that must be processedto keepthe link statedatabase
up to dategrowsmorethanlinearlywith thenumberof links
in the network. Furthermore, LS informationis not merely
collected,but mustbe also relayedto othernodes. Conse-

quently, frequentexchangeof link stateinformationmaybe
prohibitively costly, especiallyin wideareanetworksof a re-
alisticsize.Ontheotherhand, infrequentexchange,andstale
stateof links,mayseverelyimpairthequalityof routing. For-
mulatedin this context, theproblem of LS–basedQoSrout-
ing is how to get acceptableperformance in networks with
inaccuratelink stateinformation.

Formally, we address in this paper a bandwidth–
constrainedmultiple–pathrouting problem describedasfol-
lows: Given a network represented by a DirectedAcyclic
Graph(DAG) �����	��

� , thecapacityof eachlink, ����� , where����� 
 , anda bandwidth request� for a connectionfrom
node � to � , find the best � pathsfrom � to � ����� � !#"
$&% �'� , such that �(� � � ��)*� , + !," $-% � , where
�(� � � �/.*0 �21 ���4365�78�9��� is called the bottleneck bandwidth
of path

�:�
. Besidesspecifyingthe optimality criteria that

definethe “best” paths,we have to also describethe con-
structionandselectionstrategiesfor the � paths. Thepath
constructionis performedeachtime new LS informationbe-
comes available, while the path selectionis performedfor
eachconnection request.

We develop two categories of � –shortest routing al-
gorithms, hop–based and bandwidth–based, and corre-
spondingly five pathselectionalgorithms: Best–� –Widest,
Random–� –Widest,Shortest–� –Widest,Best–� –Shortest,
andWidest–� –Shortest.Althoughtheseprotocolshavebeen
studiedtosomeextent in ourpreviouswork [16], thoseexper-
imentsinvolvedverysmallnetworksandtheir resultscannot
begeneralized ontorealisticwide-areaenvironments.In or-
derto appreciatetheimpactof thepluralityof paths( �<;>= ),
in this paper we extend the previous work to significantly
larger networks(up to 1000nodes)andtopologies thathave
been[21] demonstratedto capturethecurrentInternet topol-
ogy in a morerealisticway.

Our resultsdemonstratethat routing basedon multiple
pathsgives betterperformancein termsof blocking rateand
load balancethansingle-pathsolutions,if the link statein-
formation is inaccurate. We also show that somemultiple
pathsolutionsmayfail to take advantageof their supposedly
“bigger choice,” if they do not account properly for thepos-
sibleinaccuraciesin link stateinformation.Weconcludethat
hop–basedalgorithms, i.e., onesusinghopcount asthepri-
marymetrics,tendtooutperformbandwidth–basedsolutions,
andthatthenetwork topology hasaparamountimpactonthe
behavior of a routing algorithm.

RELATED WORK

Recentstudieson multiple pathrouting include[13], [8],
[23], [12]. Work somewhat similar to our study hasbeen
reported in [12], wheremultiple paths with equal cost are
constructedandusedat thesametime. However, an“equal-
cost multi-path” doesnot necessarilyexist for all source-
destination pairs,which restrictstheapplicabilityof thatap-
proach. Another solution has beenproposedin [8], [23],



whereby all the multiple pathsareusedin parallel to route
a single? traffic stream.In contrast,our schemeis essentially
sequential,with every singleconnectionbeing setup along
onespecificpath.Theparallelmulti-pathrouting scheme[8],
[23] reducesthereservationdelaybut it suffersfromsynchro-
nizationproblemsandrequiresreassemblybuffersat thedes-
tinationto account for traffic arriving out of order[7]. None
of thosestudiesinvestigateshow theperformanceof therout-
ing algorithmsrelatesto theaccuracy of the link stateinfor-
mation.

In [6], the authors presenta � –shortestpathsalgorithm
andevaluateits performance. However, thatwork is basedon
a fully–connectednetwork andis not applicableto realistic
wide areanetworking, e.g.,the Internet. TheBellman–Ford
basedWidest–Shortestalgorithm studiedin [2] alsoprovides
multiple pathsbetweena source-destinationpair. However,
it ignoresthe equal–hop–count multiple paths, which prop-
erty, as we shall seelater, impairs the performanceof the
routing protocol if the link stateinformation is inaccurate.
Ma andSteenkiste[20] investigate several routingschemes,
including theso-calledDynamic–Alternative(DA), andcom-
paretheirperformanceunderavarietyof topologiesandtraf-
fic conditions, but againthey ignore the issueof accuracy
of the link stateinformation. In this paper, we compareour
Widest–� –Shortest(WKS) variantto DA, with thelink state
informationbeingaccurateaswell asinaccurate.

The problem of inaccuratelink stateinformation wasin-
vestigated to someextent in [11] by evaluatingtheprobabil-
ity of success(theso-called“safety”) of a pathconsistingof
links for which theLS informationis inaccurate. In contrast
to that approach,we proposeto dissipatethe possibleinac-
curacy of the stateinformation concerninga single link by
admittingmultiple pathsbetweena givensource-destination
pair.

Severalpapersdiscussthealgorithms for finding � short-
estpaths[10], [22]. Oursolutionsarebasedonthealgorithm
presentedin [22], which we have modified to find � best
one–to–all looplesspaths.

THE ROUTING MODEL

Link staterouting requireseachrouterto maintaina link
statedatabase,which is essentiallya map of the network
topology with associatedresource allocation. Whena net-
work link changes its state(i.e., goesup or down, or its uti-
lization is increasedor decreased), the network is flooded
with a link stateadvertisement(LSA) message.After the
link statedatabaseat eachrouter is updated,the routerwill
re-calculate its routing tablesto all destinations. LSA mes-
sagescanbeissuedperiodically or whentheactuallink state
change exceeds a certainrelative or absolutethreshold[4].
Obviously, thereis a trade-off betweenthefrequency of state
updates(theaccuracy of thelink statedatabase)andthecost
of performing thoseupdates,both in termsof the extra net-
work bandwidthandtheprocessingtime at therouters.

Weassumein ourmodel thataftereveryupdate,eachnode
immediately hasthefull knowledgeof thecurrentlink states
in thewholenetwork. Thisis justifiablebecausethepropaga-
tion delayof anLSA messageis generally smallcomparedto
thelengthof theupdateperiod andto thedurationof a traffic
session.However, we do capture thefactthattheupdatesdo
not occurcontinuouslybut periodically, with a period equal
to theLS updateperiod (LSUP).

A source–destinationpathcanbecomputedupon request,
i.e., whenit is demandedby the source,or precomputedin
advance,e.g.,periodically. In our study, routesareprecom-
putedperiodically, with thecomputationperiodbeingequal
to LSUP. Thus,by settingLSUP= 0, we canmodelthebe-
havior of our routingschemeswith accuratelink stateinfor-
mationandwith pathcomputationperformedondemand.

Thepathselectionprocessis carriedout for every connec-
tion requestandis separatedfrom thepathcomputationalgo-
rithm. For a givendestination, thesourcerouteris presented
with � pathsto choosefrom. The actualordering of those
pathsdependson thespecificschemebeingusedandwill be
detailedin subsequent sections.If theconnectioncannot be
establishedvia oneof thepaths,e.g., dueto the insufficient
remaining bottleneckbandwidth, therouterpicksoneof the
remaining pathsandtriesagain. Therequestis blockedif no
pathis foundafterall � of themhavebeenattempted.

PATH CONSTRUCTION

Our pathconstruction algorithm[16] is a label–settingal-
gorithm basedontheOptimalityPrincipleandbeingagener-
alizationof Dijkstra’s algorithm[22], which we have modi-
fied to find � one–to–all looplesspathsinsteadof one–to–
one non-loopless paths. Its spacecomplexity is @A���B0C� ,
where � is the number of pathsand 0 is the number of
edges.By usinga pertinent datastructure,its time complex-
ity canbekeptat thesamelevel @A�D�E0F� [22].

With the hop countandpathbottleneck bandwidth used
astwo separatemetrics,ouralgorithm will generate � paths
thatareeithershortestin termsof thenumber of hops(hop–
basedalgorithms),or widestin termsof thebottleneckband-
width (bandwidth–basedalgorithms). In order to limit the
impact of requestsfor trivially smallbandwidth, a threshold
is usedto prune unsuitable links right away, at thepathcon-
structionstage.

PATH SELECTION

Below welist fivepathselectionalgorithmsresultingfrom
two different major criteria anddifferentways of applying
theminor criteria.

BKW Best–� –Widest:fromthe � widestpaths,select
theonewhosebottleneckbandwidth mosttightly
fits therequestbandwidth (best–fit).

RKW Random–� –Widest: from the � widestpaths,
selectoneat random.



SKW Shortest–� –Widest: from the � widest paths,
selecttheonewith theleastnumber of hops.

BKS Best–� –Shortest:from the � shortestpaths,se-
lecttheonewhosebandwidthmosttightly fits the
connection request.

WKS Widest–K–Shortest: from the � shortestpaths,
selecttheonewith thelargestbandwidth.

Note that, although the namesShortest–� –Widest and
Widest–� –Shortestresemble Shortest–Widestfrom [25] and
Widest–Shortest from [2], our algorithms arequitedifferent
from thosepreviously proposedsolutions. In particular, our
SKW finds the top � paths,while the Shortest–Widest al-
gorithm of [25] usesthe “shortest-widest”constraintduring
the(single)pathconstruction phase.That is, whenmultiple
labelswith thesamebandwidth arefound, only theshortest
oneis permanently labeledandtheothers aredeleted. SKW
maintainsall the widestlabelsfor later useandis therefore
able to find top � paths. It decideson the “shortest”path
during thepathselectionphaseratherthanwhenthepathis
beingcomputed.

Furthermore,notethatalthough theWidest–Shortestalgo-
rithm from [2] alsogeneratesmultiple pathsfor a given des-
tination, it is differentfrom WKS in that it provides fewer
choicesfor selectingshortpaths,andtheresultingconnection
is thuslikely to needmoreresources.In particular, it usesan
upper bound for thehopcount andfor eachhopcount, it only
keepsonewidestpath. Consequently, it ignoresthe equal–
hop–count multiple paths. Besides,the Widest–Shortest al-
gorithm requiresthat the

�HG = –th pathbe “wider” thanthe�
–th path. This makessensewhenthelink stateinformation

is accurate, but if it is not thecase,somefeasiblepathsmay
beincorrectly ignored.Thus,theverynatureof thealgorithm
in [2] impairsits performancewhenthelink stateinformation
is inaccurate.

THE SIMULATION MODEL

In our simulationmodel, the link stateinformationis up-
datedperiodically, with LSUPvarying from0 to100minutes,
to createscenarioswith different levelsof accuracy.

The most representative of our simulation results have
beenobtainedfor random network configurationsbuilt by the
generatorof Magoni andPansiot[21]. Reasonablylargenet-
worksgeneratedby this programhave beendemonstratedto
obey themostrelevant (from theviewpoint of routing) power
laws found in existing wide areanetworks (e.g.,sectionsof
theInternet). A random network configurationin our exper-
iments is characterized by two parameters: the number of
nodes I , and the average nodedegree J . A typical value
of J found in the Internet is KMLON [21]. We considersparser
networks, with JP.QK L ! , as well as densernetworks, with
JB.&KML R . For reliability, a singleexperiment hasbeenveri-
fiedonanumberof differenttopology samplesgeneratedfor
a givenpair

" I , JC; . For a network of a reasonably large
size( )SN !6! nodes),theobtained resultsarehighly consistent

acrossdifferent topology samples(obeying the samepower
laws).

For reference, we also considerregular torus networks
with the samepopulationsof nodes as the power law con-
figurations. Certainperformancemeasures,notably our co-
efficient of variation (seebelow) maybeaffectedby the in-
herent irregularities present in any random network, even if
it is large andobeys reasonable statisticallaws. A regular
topologyeliminatesthoseproblemsandhelpsusfindouthow
muchourperformancemeasuresareinfluencedby statistical
aberrationsin network configurations.

Every link in our network has the samebandwidth of
155Mbps. The offered traffic consistsof randomly gener-
atedsessionswith exponentiallydistributedinterarrival time.
Themeanvalueof thisdistribution is asimulationparameter
that determines the global load in the network. The dura-
tion of a sessionis log-normally distributedwith a meanof
180seconds,andits bandwidth is uniformly distributedbe-
tween1 and5 Mbps. Thesource-destinationpair is selected
atrandom: everystationin thenetwork is equallylikely to be
selectedfor this role.

Thetotalamount of simulatedtimefor asingleexperiment
wasoriginally setat 24 hours, andsix independentexperi-
mentswereusedto obtaina singlepoint of a performance
curve. The high observed consistency of resultsallowedus
to reducetheamount of simulatedtimeby half, andthenum-
berof samplesby thesamefactor.

We areprimarily interestedin two performance measures
as functions of the offered load andLS updateperiod: the
connectionblocking rateandthe coefficient of variation of
thelink utilization. Theblocking rateis weightedby thecon-
nection bandwidth [19], [20] anddefined as:

T .
U �9V 1XW�Y��ZW �\[ ]_^ �9`�](a $Mb W a4] 1c1 b a9� � ] 1 �U �4V 1XW�Y��ZW �\[ ]_^ d bfefghb �i�\�

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

jlk �Dmonp�8.
q � W ��mlnp�g ��mlnp� �

wheremon standsfor link utilization(i.e., thefractionof time
thelink is being used), Stdis theStandardDeviationand

g
is

themean.

THE RESULTS
Thegoalof our experimentswasto answerthe following

questions:
1. Is thereasinglepathselectionalgorithm (among theones
listed in Section) that gives consistentlythe best perfor-
mance?
2. How doesthe multiple-pathapproachfarein the context
of inaccuratelink stateinformation?In particular, how does
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theperformanceof ourmultiple-pathroutingschemedepend
on theLSUP?
3. How largeshould themultiple-pathselectionbe,i.e.,how
does

$
(thenumber of pathsto choosefrom) affect the per-

formanceof our routing scheme?
4. Whatarethecostsandbenefitsof theproposedmultiple-
pathalgorithms?
5. How doesour routing schemecompareto otherschemes?

Fig. 1, obtainedfor asmallandtypicalnetwork, illustrates
theblocking rateunderall fivepathselectionalgorithmswith
the number of alternative paths

$ .xw . The trend shown
in this figurehasbeenclearlyvisible in all our experiments.
First,it turnsoutthatthehop–basedselectionalgorithms(i.e.,
WKS andBKS) unquestionablyoutperform thebandwidth–
basedones(BKW, RKW andSKW),with WKSwinningover
BKS. Although thesuperiority of WKS over BKS is not ob-
viousin Fig. 1, it becomesvisible in a larger/densernetwork,
e.g.,seeFig. 2.

Thereasonwhy thehop–basedalgorithmswin in thiscom-
petition is that by makingthe pathlengththe primary opti-
mizationcriterion they focuson minimizing the amount of
resourcesneededto sustaina connection.Consequently, the
network tendsto uselessof its total bandwidth per session
andis thusableto accommodatemoreconnections.

The two figures alsodemonstratethat pastsomenarrow
initial rangeof LSUP, thequalityof our routing schemes(es-
peciallythehop–basedones)is notadverselyaffectedby the
inaccuraciesin thelink stateinformation. In all cases,asthe
LS updateperiodgoesto infinity, theblocking ratestabilizes
to aconstant.This is notsurprising, sincethenthecalculated
pathsarenot muchbetterthanonesselectedat random. A
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more importantobservationis therelative insensitivity of the
hop–basedschemesto theLS updateperiod.

Aside from blocking performance,we alsomadea com-
parison betweenthe link stateerror distribution associated
with the two typesof algorithms. Basedon Fig. 3 andus-
ing a quantile-quantileplot method[17], we found that the
error is approximatelynormally distributed.Thefigureindi-
catesthat thehop–basedalgorithmsgeneratea smallervari-
anceof error. According to thegraph, we foundthatwith the
hop–basedalgorithm, BKS, 98.40% errors lie in a rangeas
narrow as [ y 10%, 10%], while with the bandwidth–based
algorithm, BKW, only 66.41% of errors are in that range,
andtheremaining 35.59% areoutof this range,meaning that
thehop–basedalgorithm generatessmallerLS errorsthanthe
bandwidth–basedone.

To answerquestionK and w , we examinedtheimpactof
$

on theperformanceof a pathselectionalgorithm, andfound
it to depend on the algorithm and on the network density.
Fortunately, thehop–basedschemesperform quitewell with
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a small number of alternative pathsto selectfrom. Fig. 4
and5 show theblocking rateof WKS in two medium-sized
networks for different valuesof

$
. In the sparsenetwork,

the impactof
$

is quite negligible, which meansthat alter-
nativepathselectionbringsabout little, if any, improvement.
This is understandable, becauselow connectivity implieslow
number of alternative pathswith comparable length (using
a comparableamount of network resources).Consequently,
even though multiple alternative pathsmay still exist, they
tendto beof differentlength, soselectinganalternativeto the
shortestpathin suchasparsenetwork is statisticallyapoorer
choicethanin a network offering multiple shortestpaths.In
Fig. 5, we seea clearimprovement causedby thestatistical
presenceof sensiblealternatives.

Regardlessof thecircumstances,thegapbetweenthecases$ .z= and
$ .{K is significantlybiggerthanbetween

$ .|K
and

$ .~} . This indicatesthatwhile it is advantageousto
have a choice, thatchoice neednot beexcessively big. This
observationis good news. It meansthatthecomplexity of the
routing algorithm canbewell contained,becauseall it needs
to do is to find just a few (e.g., 3) alternative paths,which
effort is only moderatelybigger thanfindinga singlepath.

Our primary intuition behindmultiple pathswasthatwith
severalalternative routes,we wouldbeableto spreadtheof-
feredload more evenly over the entirenetwork. Thus,one
wouldexpectthatthebetterpathselectionalgorithmsshould
resultin a lowerobservedvalueof thecoefficient of variation
of thelink utilization

j k
.

Alas, as indicatedby Fig. 6, this kind of studymust be
doneon a regular topology to make sense. With local ir-
regularities that arebound to occurin a random network of
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Fig. 8. Blocking ratecomparison of multiple pathandsinglepathrouting
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Fig. 9. Signaling overhead comparison of multiple-path and single path
routing

any size,by trying to consistentlyfollow theshortestpaths,
a routing schememayquitelegitimately createlocalizedhot
spots.Thosedeparturesfrom auniform spreadof theoffered
loadwill tendto increasewith thedecreasingaveragelength
of a connectionpath,because the irregularities in topology
manifest themselveson a small scale,andthey tendto dis-
appearwhenwe look at larger regions of thenetwork. Con-
sequently, in Fig. 6, the observed valueof

j�k
is higher for

thepathselectionschemesthatoffer betterperformance,i.e.,
targetshorterpaths.Ontheotherhand,in Fig.7,obtainedfor
a perfectly regular torusnetwork, thecoefficientof variation
showsareversedtrend,whichremainsin aperfect agreement
with intuition.

So far we have only examined theperformanceimprove-
mentof theproposedmultiple-pathscheme,in thefollowing
wewill look at thecostof it. Themajoroverheadin ourrout-
ing protocol consistsof the signalingoverheadandthe link
stateexchangeoverhead.With QoSrouting,weneedtomake
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Fig.10. Totaloverhead comparisonof multiple-pathandsinglepathrouting
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areservationalongtheselectedpathbeforeroutingarequest.
Thecostexpendedduring this procedure is calledsignaling
overhead. Fig. 8 shows that WKS with LSUP = 1200 and� ���

or
� ���

outperforms the shortestpath routing
schemewith LSUP= 120. In otherwords,themultiple-path
schemewith inaccurateinformationwinsover thesinglepath
schemewith accurateinformation. This performance bene-
fit is obtainedat a costof increasedsignaling overhead,as
shown in Fig.9. Nevertheless,asrevealedin Fig.10,thetotal
costof themultiple-pathschemewith inaccurate information
is far lessthanthatof thesinglepathscheme.Therefore,we
cansaythattheproposedmultiple-pathschemeis a scalable
solution.

Theconfrontationof WKS with theDynamic–Alternative
(DA)proposedin [20] illustrateswhyroutingschemesthatdo
not account for theinaccuraciesin thelink stateinformation
mayperform poorly, even if they appear superiorwhenthat
informationis accurate. This comparison hasbeendoneon
the MCI topology usedin [20]. We observe that if the link
stateinformationis accurate(LSUP= 0), DA andWKS ex-
hibit almostthesameperformance(Fig.11). However, WKS
performsbetterthanDA with outdatedlink stateinformation
(LSUP= 1200secondsin Fig. 11). For detailedexplanation,
pleasereferto [16].

Assumethatfor a givensource–destinationpair: thepaths
in theroutingtablearedenoted�����\���D��� ( ���P�	� �

for WKS
and �C�,��� �

for DA), �9������� is the bottleneckbandwidth
of the � th path, ����� �D�Z� is thehopcount of the � th path, �	¡l¢¤£
is thehopcountof thetheminimum hoppath, ¥ is thetotal
number of different hopcountsfor all the

�
paths.Let ¦ be

thehopcount of a minimum-hop path. According to [20], a
DA pathis a Widest–Shortestpathwith no morethan ¦u§¨�
hops. DA actuallyis a multiple–pathschemewith

�©�ª�
,

����� � � �¬«������ �\��� � � , and ����� � �A­®�����\��� . In the caseof
LSUP= 0, if thereexist pathswith � ¡o¢¤£ and � ¡l¢¤£ §P� hops,
DA hastwo alternative pathsto choosefrom. But thesitua-
tion ismorecomplex for WKS.Whenthepathsarecalculated
basedonaccuratelink stateinformation,therearein factonly
¥ , not

�
, pathsthatcanpossiblysucceed.This is because

for all thepathswith thesamelength,if thewidestroutefails,
theotherswill alsofail dueto their smallerbandwidth. Only
if ¥<­¯� canWKS haveat leasttwo alternativepaths.Thus,
if thelink stateinformationis accurate,WKS mayoccasion-
ally provide fewer feasiblepathsthanDA. However, this is
not thecasewhenLSUP ­ 0. For WKS, evenif ¥ � � , all�

pathscanpossiblybesuccessful.Besides,for DA, some
pathsareeliminatedby the restriction ����� � ��­°�����\��� , and
thoseeliminatedpathscould be feasibledueto the inaccu-
rateinformation.Thus, if LSUP ­ 0, WKS alwaysprovides�<±S�

routesto selectfrom while DA providesat mosttwo.
As illustratedin Fig. 12, WKS outperforms DA even when�²�¨�

.

CONCLUSIONS

We have studied a collection of multiple-path routing
schemesandinvestigated their performanceundera diverse
setof realisticnetwork topologies. Our studyconsidered a
diversesetof traffic conditions andtopologies(including re-
alistic topology models)with theintentionof uncovering the
benefitsandlimitationsof multiple-pathroutingschemes.

Our experiments have indicated that the proposed ap-
proachto routing offers a significantimprovementover the
single-path approach, especiallyif the link state informa-
tion is outdated andinaccurate. Theexperimentsalsoshow
that the hop–basedalgorithms consistentlywin over the
bandwidth–basedones. Thebestof our routing algorithms,
Widest–

�
–Shortest,alsooutperforms the dynamicalterna-

tivewhenoperatingwith thesamevalueof
�³�>�

.
We have demonstratedthat a multiple choiceof routing

pathsis onepossibleremedyfor the problem of limited ac-
curacy of thelink stateinformation,which is bound to haunt
all networksof non-trivial size.Routingsolutionsthatdonot
take this probleminto accountwill poorly scaleto largenet-
works, in which thelink stateinformationcannot beupdated
andpropagatedtoo often. As it turns out, it is moreimpor-
tant to have a choiceat all than to be able to choose from
a large selection. Consequently, in termsof computational
complexity, our routing algorithms arecomparableto those
thatpreferto stickto asinglepath.Overall,thereis ampleev-
idence thatmultiple-pathschemescanbea scalablesolution
for QoSrouting in environmentswith inaccuratelink statein-
formation. Nevertheless,theschemespresentedherefor the
pathconstructionandselectionareby nomeanstheonly way
to considerK alternatepathsin QoSrouting. Moreover, de-



spitethe evidencedadvantageof Widest–� –Shortest,other
schemes´ may exist that perform equallywell. At the same
time,avarietyof relevant issuesbecomeinterestingto study.
Oneexampleis whetherit is possibleto approachtheperfor-
manceof selectionschemesthatselectbetweentheshortest
paths(asWidest–� –Shortestdoes),if, instead,weareforced
to selectbetweenthe widestpaths due to adminsitrative or
contractual restrictionsthat prohibit a view of the topology
(andhenceof thehopcount) of othernetwork providers.
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