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We presenta mixed integer linear programming(MIP) formulation for a traf�c engineeringproblem
wherewe addressthe restrictednumberof active tunnelson eachlink in the presenceof diversity re-
quirements.The designhassigni�cance in networks suchas multi-protocol-label-switching (MPLS)-
basednetworks wheresuchconditionscanbe applicable.For large networks, we presentthe solution
approachusingLagrangeandecompositionalgorithmby consideringthe dual problemandusingsub-
gradientoptimization.Thedualsubproblemsareshown to have integral solutionsfor continuousrelaxed
versions.Suchaconstructiongivesusthebene�t of solvingtheMIP problemwith aseriesof continuous
problems.We presentnumericalresultsfor fairly large networks generatedrandomlyusinga topology
andtraf�c generator. We alsopresentcomputationalresultsto show the in�uence of tunnelrestriction
anddiversityparameteron traf�c engineeringof anetwork.
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1 Intr oduction

Traf�c Engineeringis becominganincreasinglyimportantconsiderationfor thebackbonecom-
municationnetworks.For example,Multi-Protocol Label Switching(MPLS) providesoneof
themeansfor achieving traf�c engineeringin anetwork [1]. MPLSframework enablesexploit-
ing of thebene�tsof Constraint-BasedRoutingandNetwork Controls.An importantfeatureof
MPLSis its capabilitytosetupmultiplelabelswitchedpaths(LSP)betweensourceanddestina-
tionsandenableloadbalancingof traf�c betweenmultipleLSPs(“tunnels”).As degreeof load
balancingsupported(numberof pathsactivated)by a router is increased,betterperformance
canbeachieved.But suchaperformancebene�t comesatacomplexity cost.

EachLSPsetuprequiresa labelon eachintermediatenodewhich is usedfor switchingthe
input traf�c to thedestinedoutputport.Hencesettingup eachnew LSPbringsadditionallabel
to eachintermediatenode.To routeeachpacket, a label switchedrouter(LSR) hasto search
throughthe Label Swappingtable to �nd the matchinglabel and the port to get the output
label andthe port. It thenappendsthe output label to the packet andsendsthe packet to the
outputport.HenceeachactivatedLSPleadsto morelabelsat theLSR, therebyrequiringmore
processingto forwardeachpacket.

�
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In this paper, we presenta mixed integer linear optimizationformulationof a traf�c engi-
neeringproblemwherewe havecapturedrestrictionon tunnelsfor a routerin termsof number
of LSPsthatcanbesupportedon a speci�c link in thepresenceof multi-servicetraf�c classes;
further, we put restrictionon demand�o w on a pathby introducingdiversityconstraints.Typ-
ically, diversity constraintis introducedto provide somelevel of survivability, in caseoneof
theactiveLSPsis affecteddueto a link failure(see,for adifferentexample,[2]). While weuse
MPLSandLSPsto explaintheproblem,themodelcanbeapplicablein othertraf�c engineering
frameworkswheretherestrictionon thenumberof tunnelsis anissue.

Therestof thepaperis organizedasfollows.In section2,wepresentthedescription,parame-
tersandtheformulationasanMIP problem.In section3,wepresentadecompositionalgorithm
to solvetheMIP problemwith aseriesof continuousproblems.In section4, wepresentresults
for smallandlargenetworks(experimentalandrandomlygenerated).

2 Formulation

Weconsideranaggregated-�ow basednetwork,wheretraf�c data(packets)arriving to asource
for a speci�c destinationneedsto besentover oneof theactive LSPsbetweenthesourceand
thedestination.Traf�c databelongsto oneof theserviceclassesandhencecanonly besenton
theLSPsof its serviceclass.Eachserviceclassmaintainsits own setof LSPsbetweensource
anddestinations.The LSPsareassumednot to be sharedbetweenserviceclassessinceeach
serviceclasscanhave its own stringentend-to-endrequirement.The total LSPschosento be
activatedacrossthenetwork aresuchthat the total numberof LSPs�o wing througheachlink
arerestricted.Theformulationmaximizestheweightedcarried�o w acrossthenetwork while
honoringtheactiveLSPconstraintandLink Capacityconstraintoneverylink. We�rst describe
thenotation:

�

: Setof nodesin theNetwork � : Setof nodegroupswith traf�c
�

: Setof links �	� : Capacityof link 


�
�

: Setof serviceclassesatnodegroup � ��� : Maximumnumberof tunnelsallowed
on link 


���

�

: Unit revenueof serviceclass � and
nodegroup �

���

�

: Traf�c demandfor serviceclass� and
nodepair�

� : Minimum thresholdon �o w onapath �

�

�

: Maximum allowed fraction of de-
mand �o w for service class � and
nodepair�

We aregiventhefollowing information:
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. We initially
generateasetof candidatepathsfor eachserviceclassanddemandpair. Weassumethatapath
generator(suchasthek-shortestpathalgorithm)is usedto generatethesetof paths,�

�

�

.

Let ���

�

�

� be the numberof candidatepathsgeneratedfor serviceclass � �

�!�

of demand
�"�#� . We now introducethe fractional �ow variable $

�

�&%

associatedwith the path ' for
serviceclass �(�

�)�

of request�*�+� which takesa valuebetween0 and �

�

�

asthe fraction
of demand

�,�

�

allocatedto '.-0/ path.Here, �

�

�

restrictsthe maximumamountof �o w that can
beallocatedto any onepathandis referredto asdiversityconstraint.Diversityconstraintsare
usefulto incorporateacertaindegreeof fractionalsurvivability for aserviceclass.As discussed



earlier, dueto capacitylimitation, it is quitepossiblethata demandmaynot be routed(while
propernetwork designwould try to avoid suchsituationsby over-engineering;from atraf�c en-
gineeringmodelingstandpoint,it is necessaryto incorporatethis variableto avoid infeasibility
of theproblem).To considerthisaspect,wehave thefollowing constraint
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To addressthefractionof �o w of aserviceclassof thedemandoneachlink (for eachpath),we
now introducetheindicatornotationto mapbetweenthedemand,theserviceclassandthelink,
asthey relateto pathsasfollows:
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if path ' for serviceclass� of nodepair� useslink 
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otherwise.

Thus,the bandwidthneededon any link 
 (denotedby NO� ) to carry �o w for differentservice
classesanddemandscannow becapturedby theamount
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Sinceeachlink 
 hascapacity��� , we thushave thefollowing constraintsfor eachlink 
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Next, we considerthenumberof activeLSPssharinga link. Sincewe wantthatthenumberof
active tunnelson any link 
 shouldbelessthat �W� . We �rst needto haveavariablethatcaptures
if any givenpathis beingusedor not.Thevaluetake by sucha variabledependson thevalue
takenby thecorresponding�o w variable. Hence,wede�ne X

�

�&%

asthe(binary)tunnelactivity
variable,which is 1 if a pathis beingusedto route�o ws and0 otherwise.Sucha functionality
canbeachievedby incorporatingfollowing two constraints:

�

X

�

�&%
8

�

�

�

$

�

�&%

'Y�C�

�

�

?

�Z�

�
�;?

�.�@� (4)

$

�

�&%
8

X

�

�&%

'Y�C�

�

�

?

�>�

�
�;?

�[�@�

:

(5)

Theseconstraintsincorporateandforcedependenciesbetweenvariables,\ and ] . When $ is
0, constraint(4) forces X to be 0. On the otherhand,when X is 0, constraint(5) forces $ to
be0. Note theuseof thethresholdparameter, � , to limit thegenerationof tunnelsof very low
bandwidth.We forcetunnelconstraintusing
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Theobjective functionmaximizesthe total weighted�o w acceptedby thenetwork. Thus,the
traf�c engineeringproblem(P) canbeformulatedas
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subjectto constraints(1- 7).

Observe that thediversityconstraintcanplay a crucial role in the throughputachieved.For
smallervaluesof � it forcesthe useof multiple tunnelsandhenceincreasesthe con�ict be-
tweenvariousnodepairs.In sucha scenario,restrictionon active numberof tunnelscanresult
in seriousperformancedegradation.We will discussmoreon the role of diversity constraint
in section4. The problemis a Mixed IntegerLinear Programwith numberof variablesbeing
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� (Constraint(3) and(6)). SincetheMIP containsoverwhelmingnumberof
binary andcontinuousvariablesalongwith high numberof constraints,usingdirect solution
methodsthey couldonly besolvedfor smallnetworks.

3 Decompositionalgorithm

In thissection,wedescribeadecompositionalgorithmfor theproblem(P) usingLagrangeanre-
laxationwith dualityandsubgradientoptimization[3]. In ourcase,weconsidertheLagrangean
relaxationby observingthat theconstraints(4) and(5) arecouplingconstraintsbetweenvari-
ables$ and X . Hencewe take Lagrangeanrelaxationaroundthesetwo constraints,so that the
remainingconstraintsgetdecoupledfrom theobjectivefunction.In theprocess,we'll show that
oneof thesubproblemswith integrality constraintscanbesolvableby relaxingthe integrality
requirement.Firstwe startwith theLagrangean

prq

\

?

]Csut

?&v!w

H

1

�525R

1

�

25T

7

1

%U254
6

7ex

�

�

�

�

�

�

$

�

�&%(yIz

�

�{%

q
�

�

�

$

�

�&%o|

�

X

�

�&%

w

y }

�

�&%

q

X

�

�&%~|

$

�

�&%

w€•

:

(9)

Rearranging,weget
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Thiscanbewrittenas
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Notethatfor agiven t and
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Step
9

: Generate�
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andde-
rive \ and ]

Step— : Solve for �e†

Stepm : Check for convergence,if not con-
verged:go to Step—

Table-1:Algorithmic Steps
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Fig. 1. Diagram with location of points
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subjectto constraints(6) and(7).Thus,to solvetheoriginalproblem(P), weusethealgorithmic
stepsshown in Table-1.

Note that the solutionto the problemdescribedin Section2 consistsof solving threesmaller
problemsnamely,
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largenumberof variables.Thus,wediscussbelow how to solve

’

ƒ„q

t

?{v„w

.

3.1 Solving
’

ƒ‚q

t

?{v„w

Problem
’

ƒ!q

t

?&v!w

is a specialcaseof Multiple KnapsackProblem(MKP). MKP is known to
beNP complete.Thus,solvingtheGeneralMKP problemby directmethodsimposesa severe
constrainton the scalabilityof the solutionapproach.In our case,the volumeof eachitem is
equalto
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in all theknapsacksandsizeof eachknapsackis integral, makingthis special
caseeffectively solvableby fasterapproaches.Below we shallshow thattherealwaysexistsan
integral solutionfor theLP versionof MKP. Moreover, at leastonefeasibleoptimumsolution
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whereA is a ' x
¬

matrix with non-binaryentries(
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framework [4] is usedto solve the RMKP. It is suf�cient to considerthe family of problems
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andhencewe have N
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. Henceall the extremepoints (pointsof intersectionof
¬

planes)have binary values.And for the samereason,we caneffectively �nd solutionsusing
simplex approachwhichcheckstheextremepointsonly.

3.2 Solving the masterdual: �e†

Observe thattheproblem �e† is anunconstrainedoptimizationproblemwith variablest and
v

.
Thefunctionto beminimizedis nonsmooth,we usesubgradientapproach[3] to solve thedual
problem �e† . This methoditerateson thedualvariablest and

v

. Thusgiventhevalueof t and
v
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Thendualmultipliers, t and
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areupdatedusing
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We have usedthesubgradientmethodwith relaxationto minimize thenon-smoothdual func-
tion. Hencethesizes,
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Ø and
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Û , aregivenby
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where,
’àß

is the relaxed primal value.We take
ÞáH

n

:=<

andhalf it, if thesolutionvaluedoes
not changefor consecutive m

<

iterations.We put the maximumiterationboundas
9‡<�<�<

and
if reachedacceptthe maximumrevenuesolutionamongthe alreadyencounteredonesasthe
optimalsolution.

4 Resultsand Discussion

We have implementedour methodin �

»â»

usingCPLEX callablelibrariesto solve subprob-
lems.The aim of this sectionis three-fold:(a) to show the convergencebehavior depending
on whethertunnelingor capacityconstraintis dominant,(b) to show the interactionbetween
tunnelinganddiversity constraints,(c) to demonstratethe effectivenessof the decomposition
algorithm.

We startwith the �rst aim. Considerexperimentalnetworks shown in Figures2
|

5. For
experimentalnetworks EN-I, EN-II andEN-III, capacitiesof links aregiven in Figures2

|

5
anddemandsarepresentedin Tables1

|

3. For EN-IV, we considercapacityof
9«<‰ã›ä

n�n Mbps
for eachlink andassumedemandsbetweenall pairsof nodesof value

9‡<;<�<

Mbits andthree
serviceclassesareconsideredhere.

In order to understandthe convergencebehavior basedon the dominationof tunnelingor
capacityconstraint,weconstructtwo scenarios.For scenarioI, weincreasethecapacityof each
link to 10timesit presentvalue(

9‡<–ãåä

n;n ) Mbpsandallowednuberof tunnelsaremaintainedat
theirpresentvalue(5) andis referredto as`TunnelConstrainedScenario'(TCS).In scenarioII,
wemakeallowednumberof tunnelson eachlink to be5 timesits presentvalue(25)andhence
is referredto as`CapacityConstrainedScenario'(CCS).

We presentresultsregardingtheconvergencepropertiesfor theexperimentalnetworksEN-I
andEN-IV in plotspresentedin �gures 6 to 9. Resultsfor EN-II andEN-III weresimilar to the
onespresentedfor EN-I andaren't shown here.Theideais to observe theconvergencecharac-
teristicsfor thesetwo cases.Observe that the convergenceof the algorithmis goodfor small
aswell aslarge networks.For experimentsin TCS, the currentbestsolutionhasmuchlower
valuethanthevalueof therelaxedproblem.Sucha behavior canbeexplainedasfollows: the
relaxationis taken aroundthe tunnelconstraintsandthus,forcing themto be honoredwhich
leadsto muchlower objective value.As for theexperimentsin CCS,thecurrentbestsolution
closelyfollows therelaxedprimal value.The relaxedconstraintsarenearlyobviated(allowed
numberof tunnelsarefairly large).We canalsoobserve that theobjective valuedoesnot de-
creaseconsistentlyat eachstepof the iterationsincethealgorithmdoesnot guaranteedescent
andthereforeweneededto storethebestpossiblesolutionoverall iterations.With theehelpof
plotswe canconcludethattheconvergenceof thealgorithmis goodandthat fairly largesized
networkscanbeeffectively solvedusingthedecompositionalgorithm.
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k (S,D) æ•ç

è

æêé

è

æêë

è

1 ìîíêï¸ðòñ ðòóòóôí ðôíÒðòðôõ ðôíòíòí

2 ìîíêï©õÒñ óôíòíòí ö©÷Òøòóòó ðhö©íòí

3 ìîíêï¸óòñ ùêö©÷òí ÷êö©íÒó ö¸ðôíòí

4 ìúðhï©÷Òñ øôíòíòí ÷òûÒóôõ ûòõòíòí

5 ìúðhï©õÒñ üòûòüòí ûÒøôûòüòù õòùòíòí

6 ìúðhï¸óòñ óòðòóôíòí ö¸ðôíòõ ö©üòíòí

7 ìî÷êï©õÒñ øòóôíòí øòóôùòí óôíòí

8 ìî÷êï¸óòñ üêö©ùòíòí ðòðòðôû ö¸ðôíòí

Table2.Demandfor EN-I

k (S,D) æýç

è

æhé

è

æêë

è

1 ì�íêïòö¸ñ ÷Òøòóôí ðôõòüòûòõ ðôíòíòí

2 ì�íêï©÷Òñ ùòõò÷òí ÷òüòüòûòü ðôõòíòí

3 ì�íêï©õÒñ ûòíòüòí ûòùòõò÷ ö¸óôíòí

4 ì=öòï©÷Òñ ûòíòíòí ÷òíÒðôõ ö©üòíòí

5 ì=öòï©õÒñ ö©÷òûòíòí ö¸ðô÷òüòü ö©íòíòí

6 ì�÷êï©õÒñ óòóôüòí ÷òõÒóôüòõ ö©üòíòí

7 ì�÷êï¸óòñ ùòíò÷ ðôûêö©ü ö¸óôíòí

8 ì�õêï¸óòñ ðhö¸øôû ûòõÒðòð ðôíòíòí

Table3.Demandfor EN-II

k (S,D) æýç

è

æhé

è

æhë

è

1 ìîíêï¸ðòñ ö©õÒøôùòí ö©íòíòõòõ ðòóôíòí

2 ìîíêï©õÒñ ûòíòüòí øôûêö©õ ö¸ðôíòí

3 ìîíêï¸óòñ ðòðôí ðôùÒóôü õòüòíòí

4 ìþöòï¸ðòñ ö¸ðôûòùòí ö©íòíòí ÷Òóôíòí

5 ìþöòï©õÒñ üòíòíòí ö¸ðôûòõòõ øòðôíòí

6 ìúðhï©õÒñ ö©÷òùÒóôí õêö©ûòíÒø ûêö©ü

7 ìúðhï¸óòñ ðòøòðôí ö©ûòõòíÒó ðòøòðhö

8 ìîõêï¸óòñ óhö©íòí ðôõòüòûòõ ÷òíòí

Table4.Demandfor EN-III
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Fig. 9. EN-IV: CCS

No. 3-Tuple Rel.PrimalValue DualValue CurrentBestSoln. Iterations

1 (10,20,40) 42637.2 45340.2 19686.5 83

2 (30,90,120) 128522 133365 50752.5 85

3 (50,150,200) 167646 174177 53405.5 168

Table5.Resultsfor RandomTopologies

We next presentresultsdemonstratingthe interplay betweenthe tunnelingconstraintand
the diversityconstraint.The capacitiestaken werethe onesconsideredfor tunnelconstrained
scenario.In �gures 10, 11, 12 and13, we canobserve thatallowednumberof tunnelsindeed
impactthe throughputof the system.For smallernetworks the interplayis relatively lessand
we canreachthemaximumthroughputfor relatively smallnumberof tunnels(20

|

40) with a
moderatevalueof � (0.25).However, for largenetworkswith every nodepairgeneratingtraf�c
of multipleclasses(3 in ourcase),maintainingadecentvalueof � mightrequirea largenumber
of tunnelsto reachits maximumvalue.

For thethird aim,we have generatedvariousrandomtopologiesandclassbasedtraf�c with
the topology generatorusedin [5]. We representthe randomtopologiesthrougha 3-tuple

q

¬

•
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w

wherethey standfor thenumberof nodes,numberof links, totalnumberof demand
pairs,respectively (Table5). The numberof active tunnelsaresampledasuniform( ´

•

æ

•
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) for eachlink. Wehavesetthediversityparameterat �

H½<à:

n

�

. We foundthemethodto
converge in a reasonableamountof iterations,andfor therelaxedprimal problem,theduality
gapto bevery minimal. Finally notethat,all investigationsconductedhereassumedthat

�à�

�

is
1.0for all serviceclassesanddemands.By having differentvaluesof

�à�

�

, eitherbasedonservice
classor demand(or both),canalterresultsandconvergencepropertiesto a fairly highdegree.

To summarize,we havepresentedamixedintegerlinearoptimizationformulationfor a traf-
�c engineeringproblemwherewe addresstherestrictednumberof active tunnelson eachlink
in thepresenceof diversityrequirements.We have alsodevelopedaneffective dual-basedap-
proachto solvetheformulatedproblem.Throughcomputationalstudies,wehaveobservedthat
theincreasein throughputis not linearwith theincreasein themaximumnumberof tunnelsal-
lowed (per link); in fact, we encounterdiminishing returns.For over-provisionednetworks,
we observed that the tunnelconstraintindeedbecomesan issueandleadsto low throughput.
We alsonotedthat whenthe diversity factoris increasedbeyond 0.5, impacton the obtained
throughputis minimal for observedtunnelconstraints( � � ). Moreover, for largenetworkswith
reasonablediversityparameter(0.25),numberof tunnelsrequiredto reachmaximumthrough-
put could becomeconsiderablyhigh. Hencecompromiseneedsto be madein choosingthe
diversityparameterandtheactivenumberof tunnels.
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