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Abstract—Routing with service restorability is of much impor-
tancein Multi-Pr otocol Label Switched (MPLS) networks, and is
a necessityin optical networks. For restoration, eachconnection
has an active path and a disjoint backup path. The backup path
enablesselvice restoration upon active path failure. For band-
width efficiency backups may be shared. This requiresthat at
least the aggregatebackup bandwidth usedon eachlink be dis-
trib uted to nodesperforming route computations. If this informa-
tion is not available, sharing is not possible. Also, one schemein
usefor restorability in optical networks is for the senderto trans-
mit simultaneouslyon the two disjoint paths and for the recever
to choosedata fr om the path with stronger signal. This hasthe ad-
vantageof fast recever-initiated recovery upon failur e but it does
not allow backup sharing.

In this paper, we considerthe problemof efficientdynamicrout-
ing of restorableconnectionswhen backup sharing is not allowed.
Our objective is to be able to route as many connectionsas possi-
ble for one-at-a-timearri vals and no knowledgeof futur e arri vals.
Sincesharing cannot be usedfor achieving efficiency, the goal is
to achieve efficiency by improved path selection. We show that
by using the minimume-interfer enceideasusedfor non-restorable
routing, we can develop efficient algorithms that outperform pre-
viously proposedalgorithms for restorablerouting suchasrouting
with the min-hop lik e objective of finding two disjoint paths with
minimum total hop-count. We presenttwo new and efficient al-
gorithms for restorablerouting without sharing, and one of them
requires only shortest path computations. We demonstrate that
both algorithms perform very well in comparison to previously
proposedalgorithms.

|. INTRODUCTION

Restoringserviceafter failuresis animportantissuein both
MPLS [5], [13] andopticalnetworks[6]. For restorationeach
connectioris routedalongtwo disjoint paths:a primary (active
path)anda secondarybackup)path. The backuppathis used
for restoringconnecwity if the active pathfails. The backup
pathcanpossiblybesharedor bandwidthefficiency. However,
this maynot bealwayspossible For sharingto be possiblethe
nodesperforming route computationamust knov the amount
of bandwidthon eachlink thatis currentlybeingusedfor pro-
viding backup. While this canbe disseminatedby simple ex-
tensiondo link-staterouting protocols currentextensionsonly
disseminatdink statusandthebandwidthusedfor carryingac-
tive pathg[10]. Sharingis alsonot possiblevhenthe sendeisi-
multaneouslytransmitson both pathsandthe recever chooses
to receive datafrom the path with the strongersignal. This
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schemeénhasbeenusedin opticalnetworksdespitets bandwidth
inefficiency becausat permitsvery quick and simplerestora-
tion sinceonly therecever needdo detectandactuponfailure.

In this paperwe consideithe problemof dynamicrouting of
restorableconnectionsThisis similarto the problemstudiedin
[12]. However, in [12] the emphasiss on the developmentof
algorithmsthatpermitefficientbackupsharingwhile usingonly
aggregateinformationon active andbackuplink usageTheno
sharingcaseis studiedin [12] to provide an upperboundon
efficiengy, andthe algorithmusedcomputegwo disjoint paths
thatminimizethetotallink costs,.e.,it is therestorableouting
analogof min-hoprouting. The focusof this paperis only on
thenosharingcase Sincewe cannotachieve efficiency by shar
ing, our objective hereis to improve performanceéyy improved
pathselection.For somealternatve approacheto this problem
in the contet of optical networks, see[3] andthe references
therein.

For dynamic routing of non-restorableconnections,a re-
cently proposedalgorithmthatperformsvery well is minimum
interferencerouting [9]. Herethe ideais thata newly routed
connectiors pathmustnot interferetoo muchwith pathsthat
mightbecritical to satisfyfuturedemandgasexplainedin more
detaillater). In this paper we develop two new algorithmsfor
routingrestorableeonnectionsvheretheobjectiveistoimprove
performancedy routing usingthe minimum interferencecrite-
ria. Note that even thoughwe usethe minimum interference
criteria, the developedalgorithmsare new andare not simple
extensionsof the algorithmsin [9]. However, aswith the algo-
rithmsin [9], theonly informationneededor routingis thelink
residualbandwidthsandknowledgeof network ingress-gress
pairsis exploited to achieze performancamprovements. No
assumptionare maderegarding knowledge of future arrivals
and connectionsarrive one-at-a-timeo the network. Clearly,
we would like to acceptasmary connectionsas possibleand
minimizethe numberof rejectedrequests.

The paperis organizedas follows. We first review the ba-
sic notionspertinentto minimuminterferenceouting. We then
formally statethe minimume-interferenceouting problemfor
restorableconnectionsSectiondV & V presentwo new algo-
rithmsfor min-interferenceoutingof connectionsvith backup.
Notethatoneof theminvolvesonly shortespathcomputations.
Performanceeomparisonglemonstratinghe efficiency of the



new algorithmsarein SectionVI. Concludingremarksarein
SectionViIL.

Il. MINIMUM INTERFERENCE ROUTING: BASIC IDEAS

Wedescribaghebasicminimuminterferencedeasasis appli-
cableto therouting of two disjoint paths.A completedescrip-
tion of themotivationfor theminimuminterferencecriteriaand
its usefor routingasinglepatharein [9]. Aswill beseerbelow,
routingtwo pathschangesherouting problemsubstantiallyre-
quiring the developmentof new routingalgorithms.

The key ideain min-interferencerouting is to pick paths
that do not interferetoo much with potentialfuture demands
betweendifferentingress-gresspairs. To defineinterference
concretelyfor the restorablerouting problem, we requirethe
conceptof maximun-routeflows[11] [1], which we describe
below.

A. Maximum2-routeFlow

Recallthatroutingof arestorablelemancdasto bedoneover
apair of link-disjoint paths(onefor the active andthe otherfor
thebackup).An elementar2-flowis definedto beaflow of one
unit alonga pair of link-disjoint paths.Considerthe network in
Figure 1 of 7 nodesand8 links, sharedby two ingress-gress
pairs(S1, D1) and(Ss, Ds). In thisfigure,for example,a flow
of oneunit on eachof the paths1-4-3and1-2-3togethercon-
stitutean elementary2-flow for thepair (S1, D).
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Fig. 1. lllustrative Example

A 2-routeflow is ary flow suchthat canbe expressechsa
non-ngative linear sumof elementary2-flows. Therefore,a
flow of 5 unitsonboth1-4-3and1-2-3constitutea 2-routeflow
for (S1, D1). Similarly, aflow of 2 unitson both5-1-4-3-7and
5-1-2-3-7togetherwith 4 units on 5-6-7, constitutea 2-route
flow (it canbe decomposeihto 2 timesan elementary2-flow
along the edge-disjointpath pair 5-1-4-3-7 and 5-6-7, and 2
timesanelementary2-flow alongthe edge-disjoinpathpair 5-
1-2-3-7and5-6-7). Note thatthe sumof several 2-routeflows
is alsoa 2-routeflow. Sinceevery demandwith backuprouted
in anetwork is a 2-routeflow, the bandwidthrouted(including
both active and backuppaths)betweenary ingressandegress
constitutea 2-routeflow.

The value of a 2-routeflow is the total amountof flow (in-
cludingbothactive andbackuppaths)hatenterghedestination
nodefor thatflow. Therefore for the 2-routeflow thatrepre-
sentsthe bandwidthroutedbetweeraningress-gresspair, the

valueis twice the total amountof bandwidthroutedon the ac-
tive paths(or the backuppaths).Dependingon the contet, the
term 2-routeflow will be usedto meanthevalueof theflow as
well astheflow itself. The maximunm-routeflow betweertwo
nodess a2-routeflow with themaximumvaluethatcanbesent
betweenthe two nodes,without exceedingthe link capacities.
Themaximum2-routeflow for (Sy, Dy) is 10 units (5 unitson
both of the paths1-4-3 and 1-2-3). Similarly, it is easyto see
thatthe maximuma2-routeflow for (Ss, D5) is also10 units.

The maximum2-routeflow for aningress-gresspair is an
upperboundon the total amountof restorableébandwidththat
canberoutedbetweerthatingress-gresspair. Thereforethe
maximum2-routeflow for an ingress-gresspair canbe con-
sideredasa measureof the “open capacity”betweenthat pair.
Whenwe route a demand the maximum2-routeflow for one
or moreingress-gresspairscould possiblydecreaseln min-
interferencerouting, we try to routedemandsuchthatthis re-
ductionin the maximumz2-routeflow for the differentingress-
egresspairsis assmallaspossible.

B. MaximumFlow versusMaximum2-route Flow

Now we demonstratéhe differencebetweermaximumflow
(maxflow) [2] andmaximum2-routeflow by anexample.

Considerthe pair (S, D2) in the network of Figurel. The
maxflow for this pairis 10 units,whichis thesameasthe maxi-
mum2-routeflow for this pair. Now considetthepair (S, D).
Notethatthemaxflaw for this pairis 15 units,whereashe max-
imum 2-routeflow for the pair is only 10 units. This simple
exampledemonstratethe intuitively obvious resultthat max-
imum 2-routeflow is always upperboundedby the maxflow.
In general,the maximum2-routeflow could be lessthanthe
maxflow, asin the caseof thepair (S1, D).

In the caseof non-restorablalemandshe maxflov for an
ingress-gresspair can be thoughtof asa measureé‘open ca-
pacity” betweerthat particularingressand egress[9], sinceit
representshe maximumamountof traffic that can be routed
betweenthat ingress-gresspair. For example,we canroute
15 units of non-restorablélow betweenS; and D;. However,
only 5 units of restorabledemandsanbe routedandtherefore
thetotalamountof bandwidthusedby theactive andthebackup
pathis only 10 units.

Clearly maxflowv in generalis not a good indicator of the
maximumamountof restorabldlow thatcanberoutedbetween
aningress-gresspair, andinsteadwe needto determinemaxi-
mum 2-routeflow.

C. 2-Critical Links

The ideaof 2-critical links is centralto the developmentof
theroutingalgorithmsin this paper

Definition1: A link is definedto be 2-critical for aningress-
egressairif thevalueof maximum2-routeflow for theingress-
egresair decreasewhenthe capacityof thelink is decreased
infinitesimally,

This definition is analogousto the definition of 1-critical
links in thethecaseof non-restorabldemandsThesel-critical
links arelinks that belongto somemincut. (This follows di-
rectly from the maxflon- mincut theorem). By the definition



of 2-critical links, if the currentrestorableconnection(active
or badkuppath)is alonga 2-critical link thenthe maximum
2-routeflow betweera particularingress-gresspairwill bere-
duced.

A link couldbe 2-critical for several differentingress-gress
pairs. Sincein generalwe areinterestedn keepingthe maxi-
mum 2-routeflows betweenall ingress-gresspairsashigh as
possible we would lik e to avoid routing connectiongactive as
well asbackuppaths)over these2-critical links, to the extent
possible. We now illustrate the importanceof using 2-critical
links for routing restorableflows. Considerthe ingress-gress
pair (S1, D7) in the network in Figurel. Notethatall of the
links 1-4, 4-3, 1-2 and 2-3 are 1-critical for this pair, sincethe
maxflow for this pair decrease# a connectiors routedonary
of theselinks. However, it is easyto seethatonly thelinks 1-4
and4-3 are 2-critical for this ingress-gresspair, thelinks 1-2
and2-3arenot.

Now considerademandf 1 unit betweenS, andD-, which
requiresan active as well as a backup path. Clearly one
amongstheactive or thebackuppathhasto beroutedover 5-6-
7,whereagheotheronecanberoutedeitherover 1-4-3or over
1-2-3.If we usethepathl-4-3,thetotalamountof demandhat
canberoutedbetweenS; andD; dropsdown by 1 unit. How-
ever, if the path1-2-3is used thetotal amountof demanadhat
canberoutedbetweenS; and D, remainghesame.Therefore,
we would like to usethe path1-2-3andnot 1-4-3. If we route
basedon 2-critical links for (S1, D7), we would pick the path
1-2-3 (recall that only the links 1-4 and 4-3 are 2-critical for
(S1, D1), andwe areroutingsoasto avoid the 2-critical links).
However, if we route basedon 1-critical links, both the paths
1-2-3and1-4-3areequivalent(sinceall thelinks 1-4,4-3,1-2,
2-3 arel-critical). Thereforejf routingis doneon the basisof
the 1-critical links, it is possiblethatthe path1-4-3is chosen,
andnot1-2-3. Thereforeasthis exampledemonstratesputing
on the basisof 1-critical links may not provide goodroutesin
thecaseof connectionsvith backupsThereasorfor thisis that
1-critical links arecomputedon the basisof maxflov whichis,
in general,not an indicatorof the amountof demandthat can
be routed betweenan ingress-gresspair, as we have argued
before.

In SectionslV & V, we will presentefficient algorithmsto
determinghe 2-critical links for ary ingress-gresspair.

D. Path Computation

Oncethe2-criticallinks areidentified,wewouldlik eto avoid
routingconnection®n 2-criticallinks asmuchaspossible It is
easyto shaw thattheproblemof determininghepaththatmini-
mizestheinterferencés NP-Completeln orderto approximate
the solutionto this problemwe first definethe criticality index
of alink.

Definition2: The criticality index of a link [ denotedby
w(l), is definedasthe numberof sourcedestinationpairs for
whichthelink is 2-critical.

We approximatethe problemof determiningthe path setthat
minimizesinterferenceo the problemof determiningthe path
set(two disjoint paths)thatminimizesthe sumof thecriticality
indicesof the links in the pathset. We usethe algorithm of

SuurballeandTarjan[14] to solwe this disjoint pathproblemas
outlinedin SectionlV.

I1l. PROBLEM STATEMENT

Let G = (N, L, B) describethe given network, where is
the setof routers(nodes)and £ the setof links (edges)and
B the bandwidthof the links. Let n denotethe numberof
nodesandm the numberof links in the network. Assumethat
thereare a setof distinguishednode (router) pairs?. These
canbe thoughtof asthe setof potentialingress-gressrouter
pairs. Therefore all connectionset-uprequestfdemandshare
assumedo occurbetweerthesepairs. We denotea genericel-
ementof this setby (s, d). Let p denotethe cardinalityof the
setP. For each(s,d) € P, let Js,4 denotethe setof all edge-
disjoint pathpairsbetweensources anddestinationd. There-
fore, 7,4 is the setof pathpairsover which ademandoetween
(s,d) canberouted. Demandsareassumedo arrive oneat a
time. The currentdemandis assumedo be of D units from
sourcenodea to thedestinatiomodeb, where(a, b) € P. The
objective is to determinea pair of link disjoint pathsbetweern:
andb to routethis bandwidthrequesbf D units. We areinter
estedin routing a demandover an edge-disjoinpathpair such
thatthe sumof thecriticality indicesof thelinks in thepathpair
is minimized. As explainedin the previous section this policy
is basedon theintuition thatwe wantto routedemandsn such
a way thatthey do not significantly decreasg¢he maximum2-
routeflows for thedifferentingress-gresspairs. Thereforethe
optimal pathpair j* for ademando be routedbetween(s, d)
is obtainedas

. . ol L
j argjlggd;w() 1)

Oneof pathsof the optimal pathpair canbe usedfor the active
path,andthe otherfor thebackuppath.Notethatsinceresidual
capacitiecchangeasdemandsreroutedor terminatedthe set
of the 2-critical links for ary ingress-gresspair changes.

The next two sections presenttwo differentalgorithmsfor
the min-interferencerouting problem. Both the algorithmsre-
quire the computationof the setof 2-critical links. It will be
shawn thatthe 2-critical links canbedeterminedrom themax-
imum 2-routeflows. The first algorithm computesthe maxi-
mum 2-routeflows exactly by solving a sequencef maxflov
problems.This allows usto computethe setof 2-critical links
exactly. The secondalgorithmcomputeghe maximumz2-route
flows approximatelyby solving a sequenceof shortestpath
problems. Sincethe problemis solved approximatelythe al-
gorithmdetermine®nly a setof approximately2-critical links
(thatcontainsthetrue setof 2-critical links). The secondalgo-
rithm is very simpleto implementand enablesus to trade off
accurag for computationatompleity.

IV. A ROUTING ALGORITHM BASED ON MAXFLOW
COMPUTATION

Herewe presentheexactalgorithm.As mentionedtherout-
ing algorithmis basedon computingthe setof 2-critical links,
which in turn is basedon computingmaximumz2-routeflows.
Maximum 2-route flows are computedby computingcertain
maxflons, aswe describebelow.



A. Maximum2-routeFlow Computation

We use an algorithm developedby Kishimoto [11] which
computesthe maximum K -route flow betweentwo nodesin
anetwork by solvingatmost(K + 1) maxflov problems.The
algorithmis fairly simple,andfor K = 2 (thecasein whichwe
areinterested)the algorithmworksasdescribedelow.

For ary network G = (W, £, B), let G* = (N, L, B*) de-
notea network with the samesetof nodesandedgesasG, but
whereall edgecapacitiegreaterthanu aresetto u. Therefore,
forary link [ € £, b} = min{u,b;}, whereb; andb}' arethe
capacitieof edgel in G andGY, respectiely. Network G* is
thereforea capacity-boundedersionof network GG, wherethe
capacityboundis u.

As statedn [1], aninterestingfactthatrelateshe maximum
2-routeflow with maxflowsis thatif thecapacityu is choserap-
propriately thena maxflov computedn the capacity-bounded
network G* is amaximumz2-routeflow in theoriginal network
G. Moreover, if the value of the maximum2-routeflow in G
is v*, thenthe maxflow in the network G*~ with u* = (v*/2)
is a maximum2-routeflow in G (seealsoLemma3 in Ap-
pendixl). Intuitively, thefollowing algorithmcanbeviewedas
onethattries to find the appropriatecapacitybound,«*. Ini-
tially, the capacityboundis setto half of the maxflow valuein
G. If themaxflov valuein theresultingcapacity-boundedet-
work is the sameasthe maxflav valuein the original network,
thenthe capacityboundis the correctone. Otherwise the ca-
pacity boundis revised (basedon the maxflov valuesalready
computedasstatedbelow) sothatit correspondso the correct
capacitybound. The following algorithm givesthe maximum
2-routeflow betweerntwo nodess andd in the network.

Algorithm max_2-route_flow(s, d)

Stepl. Computethe maxflov between(s,d). Let the
maxflon valuebe vy.

Step2.  Setu < vg/2. Now computehemaxflov between
(s,d) in network G*. Let the maxflov be f; and
its valuebewv;. Notethatv; < vy = 2u.

Step3. If v; = 2u, stop. Then f; is a maximumz2-route
flowin G.

Stepd. If v; < 2u, setu «— (v — vp/2). Now compute

the maxflov between(s,d) in network G*. Let

the maxflov be f; andits valuebe v,. Then f5

is a maximum?2-routeflow in G, and v, satisfies
vy = 2u = 2v1 — vg.

Theproofof correctnessf theabove algorithmcanbefound
in [11]. The maxflov betweentwo nodesin a network canbe
computedin time O(n?y/m) by the Goldbeg Tarjan highest
labelpreflov pushalgorithm[8]. Sincethis algorithmsolvesat
mostthreemaxflav problemstherunningtime of thealgorithm

is O(n2y/m).

B. 2-Critical Link Computation

The solution of the maximum 2-routeflow is now usedto
computethe set of 2-critical links for the ingress-gresspair
(a,b). The next theoremgivesthe conditionsthata link needs
to satisfyfor it to be 2-critical. In the following, let f* be a
maximum2-routeflow between(s, d) in a network G, andits
valuebev*. Letw* = (v*/2). Thenit is easyto seethat f*

is a feasibleflow in G*". Let G'%. betheflow residualgraph

for flow f* in G*". LetC,, denotethe setof 2-critical links for
(s,d) € P. Also, letb; ;) denotethe capacityof edge(i, j) in
network G. A 2-critical link for (s, d) is characterizedby the
following theorem.

Theoeml: An edge(i,j) € Cyq if andonly if both of the
following conditionsaresatisfied

. b(i,j) S u*.

« Thereis nopathbetween and; in G%..

Thetheorenis provedin Appendixl. AssuminghatG;i and
u* arealreadyknown, to determinewhetheralink is 2-critical
or not (on the basisof the above result) requiresus to run a
depthfirst searchalgorithm,andrequiresO(m) time. Notethat
u* and f* are alreadyknown from max_2-route flow(s, d).
Therefore,the determinationof the setof 2-critical links for
(s,d) (by constructingheresidualflow graphG%. andcheck-
ing the abore setof conditionsfor eachedge),requiresanad-
ditional O(m?) time. In practice however, the overall running
time of the procedureof determiningthe 2-critical links will be
dominatedby the maximumz2-routeflow computation.

C. Disjoint Path Computation

Oncethe setof 2-critical links areknown, the link critical-
ity indicesare computedaccordingly Now we describehow
we cancomputethe disjoint pathpair with the leasttotal criti-
cality index (i.e., the disjoint path pair that satisfieg(1)). This
problemcan be formulatedas a minimum cost network flow
problemwhereeachlink hasunit capacity andthe costof the
link is thelink criticality index asjustcomputedAlso, thereis
asupplyof 2 unitsatnodes andademandf 2 unitsatnoded.
Any standardnin-costflow algorithmcanbe usedto solve this
problem.

A very fastandsimplealgorithmfor this min-weight(short-
est)disjoint pathproblemis presentedh [14] andis givenhere
for thesale of completenessThealgorithmworksasdescribed
belaw. In thealgorithm,it is assumedhatthelengthof any link
lis setto its criticality index, w(l).

Algorithm shortestdisjoint _path(s, d)

Stepl. Determinethe shortespathtreefrom nodes. Let
d; representhe shortespathlengthfrom notes to
nodei. Wereplacehelengthof link I = (i, j) with
w(l) = d(j) + d(i).

Let ; represent shortestpathfrom s to d. Re-
verseall thelinks on | andleave all the lengths
as computedin Stepl. Solve the shortestpath
problembetweemodess andd on this new graph
with thenew lengths.Let 5 representhisshortest
path.
If ary of thereversed ; links belongto », elim-
inatetheselinks from ; and 5 to form link sets
and ,.Theset ; ,isthesetoflink disjoint
optimalpaths.

Step2.

Step3.

The proof of correctnes®f this algorithmcanbe foundin
[14]. Notethatthesealgorithmsrequiresusto solve two short-
estpathproblemswhich canbedonein O(m +n  gn) time.



D. RoutingAlgorithm

Notethatin orderto computethelink criticality indices,we
needto computethe setof 2-critical links for all ingress-gress
pairsin P. Therefore,from the abore discussionwe seethat
therunningtime of theoverall algorithmis O (p(n2?/m +m?))
(recallthatp is thetotal numberof ingress-gresspairs).

Note that if we are routing a restorabledemandwhich re-
quires D units of bandwidthon both the active and backup
pathswe needto first eliminateall links with aresidualcapac-
ity lessthan D unitsin the network, andthenrun the disjoint
pathfinding algorithmin the new network thusobtained.

The main stepsof the Mimumum-InterferenceRestorable
Routing (MIRR) algorithm are given in the adjoining fig-
ure.

Remarks

« Ingress-gresspair (s,d) canhave aweightof ; associ-
atedwith it. Thenthecriticality index of alink canbede-
finedasthe sumof the weightsof theingress-gresspairs
for whichthethelink is 2-critical. For the sale of simplic-
ity, we have consideredhe specialcasewhere ,;, = 1
for all (s, d). Thealgorithmis alsoapplicablein themore
generakaseof dissimilarpair weights.

« The weights can be madeinversely proportionalto the
maximum2-routeflow values,.e, ;4 = 1/v}, wherev?,
is the maximum?2-routeflow valuefor theingress-gress
pair (s, d). Thisweightingimpliesthatthe 2-critical links
for the ingress-gresspairswith lower maximumz2-route
flow valueswill be weightedheavier than the onesfor
which the maximum2-routeflow valueis higher

Minimum Interfer enceRestorableRouting (MIRR)
algorithm

Input:
A graphG (N, £) andasetB of residualcapacitieon all
theedgesAn ingressnodea andanegressodeb between
which aflow of D unitshave to routed.

Output:
Two disjointpathshetweeru andb, eachhaving acapacity
of D units.

Algorithm:

1. Computethe maximum2-routeflows
theproceduranax_2-route_flow.

2. Computethe2-criticallink setsC;q (s, d) € P fromthe
maximumz2-routeflows obtainedin the previous step,by
usingthe conditionsstatedn Theoreml.

3. Computethecriticality indicesw(l) [ €

4. Eliminate all links which have residual bandwidthless
than D andform areducecdhetwork.

5. Assumethatw(!) is thelengthof link I, andcomputethe
optimal disjoint path pair between: andb usingthe pro-
cedureshortestdisjoint _path.

6. Chooseone of the two pathsobtainedfrom the previous
stepasthe active path,androutethe demandof D units
onthatpath. The otherpathis the backuppath.

(s,d) € P using

V. A ROUTING ALGORITHM BASED ON SHORTEST PATH
COMPUTATION

In this sectionwe presenta routing algorithmthat doesnot
requiremaxflov computationunlikethealgorithmpresentedh
thelastsection.Insteadjn this primal-dualalgorithm,themax-
imum 2-routeflow problemis solved as a sequencef short-
est disjoint path problems. Note that shortestdisjoint path
pair computationg(as describedin shortestdisjoint_path in
the previous section)require solving two shortestpath prob-
lems,andarethereforeare considerablysimplerthanmaxflov
computationsHowever, thisalgorithmcomputegshemaximum
2-routeflows only approximately andtherefore,the setof 2-
critical links determinedoy this algorithmis approximatetoo.
It is possible however, to computethe maximum2-routeflow
at ary desiredlevel of accurag with increasedunningtime.
Thereforewe cantradeoff accurag for computatiortime.

A. Maximum2-routeFlow Computation

First we provide analternatve formulationof the maximum
2-routeflow problem,in termsof a linear program. Thenwe
will shav how thislinearprogramcanbe solved efficiently us-
ing shortesdisjoint pathproblems.

Let (s, d) bethe source-destinatiopair for which we want
to computethe maximum2-routeflow. For eachdisjoint path
pair j € Jsq, associatea variable ; suchthatit represents
the flow on j (i.e, the flow on ead of the two disjoint paths
of j). Therefore,the maximum2-routeflow problemcanbe
formulatedas

ma imi Z j
J€Tsa

Y i<h  leL

jlej

Notethatthe objective functionof theproblem is simplythe
total flow on the setof active paths(or the setof backuppaths)
betweens andd, whereaghe constraintfor ary link { simply
statesthat the overall flow (active plus backup)on the link is
lessthanthe link capacity Note that the numberof disjoint
pathpairsin agraphcanbevery large, andthereforetherecan
be a very large numberof variablesin the above linear pro-
gram. However, in the solutionwe describebelov, we do not
needto keeptrack of the flows on eachdisjoint pathpair, and
thetime complity doesnot dependon the numberof disjoint
pathpairs. Theapproachs basednawork by Gaig andKone-
mann[7], in which they propose -approximationalgorithms
for multicommodity flows and someother fractional packing
problems. This kind of approachappliesin our casetoo, and
allows us to develop a simple -approximationalgorithm for
themaximum2-routeflow problem.

Now let uslook atthedualof theproblem . For eachedge
| € L, associateadualvariable ;, whichwe will call the“dual
length” of the edge.Thenthe dualof the problemis asfollows

minimi Z by

le
Yool jeTu
lej

l leLl



Let denotethe vectorof the dual lengths. The “length” of
adisjoint pathpair j, representeas! n  ;( ), is definedas
thesumof theduallengthsof all linksonj,i.e.,i n  ;( )=
>1e; 1 Let () denotethelengthof the “shortest"disjoint
pathpair, i.e., () = minjez,l n ;( ). Now notethat
thewhole constraintsetin the problem  canbe simply writ-
tenas () 1. Thenthedualproblem canbe written as

min{}>, o () L }-

Theapproactpresentedh [7] is aprimal-dualapproachand
proceedsn iterations. At ary iteration, both the primal flow
variablesaswell asthe dual lengthvariablesare updatedin a
certainway. We briefly describehow this approachworks in
our case.

Let beasmallnumberchoserappropriatelydependingn
thedesiredevel of accurag. As we will seelater, theaccurag
of thealgorithmdepend®n as(1 — ). Let ,(i — 1) denote
theduallengthof ary edgel atthebeginningofthei iteration.
Initialize thelengthof everyedgeas ;( ) = , for somesmall
constant ( needdo bechoseronthebasisof , aswewill see
later). Now atthei iterative step,we addflow onthedisjoint
pathpairof length ( (i — 1)), i.e.,theontheshortestisjoint
pathpair. The amountof flow addedis equalto the minimum
of the capacitiegthe actual capacitiesnot the residualones)
of all edgeson the shortestisjoint pathpair. Let b denotethis
minimum capacity Thenb units of flow is addedon eachof
thetwo pathsof the shortestdisjoint pathpair. Now thelength
of ary edgel on the shortestdisjoint path pair is updatedas

1 — 1(1+ b/b) (thelengthsof therestof theedgeswhere
no flow is added arekeptunchanged)This is thelengthof the
arcfor the next shortespathiteration. Therefore the lengthof
anedgeincreasessmoreandmoreflow is routedon anedge.
As mentionedwe alwaysaddflow onthe shortestisjoint path
pair; intuitively, therefore we aretrying to avoid addingflows
on pathswhich are more loaded. Note that the length of the
shortestdisjoint path pair, ( (7)) is strictly increasingwith
theiterationnumberi. The algorithmstopsat the iterationin
which this lengthbecomesequalto or exceedsl for the first
time (recallthatary feasibledual solutionrequiresthis length
to benolessthanl).

Notethatin everyiterative step we areaddingflows on paths
without ary consideratiorof the amountof flow thathasbeen

alreadyrouted on the edges,or the edgeresidualcapacities.

Therefore aswe would expect,this algorithm,on termination,
couldproduceaninfeasibleflow assignmentln theend,there-
fore, the flows are “scaled” down so that they correspondo
feasibleflows. We will seehow this scalingfactor needsto
be chosen(dependingon and ) sothattheresultingflow is
closeto optimal,andalsofeasible.We describehe stepsin the
algorithm:

Algorithm approx_max_2-route_flow(s, d)

Stepl. (Initialization) Chooseanappropriate and . Set
1 le L.
Step2. (Shortesdisjoint pathpair computation)Compute

j, the shortestdisjoint path pair betweens andd
basedbnthelengths ;. If ( ), thelengthof j is
notlessthanl, goto Step4.

Step3.  (Flow andlengthupdate)Computeb, theminimum
of the capacitiesof all links on j. Add aflow of b
on eachof thetwo pathsin j. Also for of all links
[ on j, multiply theduallength ; by (1 + b/b;).
Go backto Step2.

(Scaling)Find anappropriatescalingfactor , and
scaledown the entireflow by soasto make the

flow feasible.

Step4.

Thevaluesof and arechoserasperTheorem?2 (seebe-
low). Note that computationof the shortestdisjoint path pair
(requiredin Step2) can be done using the algorithm short-
estdisjoint_path outlinedin the previous section. Also note
thatthescaling(Step4) is simply doneby dividing theflows on
all links by the scalingfactor .

Now we will seehow we needto choosehe scalingfactor
and sothatwe obtaina flow thatis feasibleandalsocloseto
optimal. Theresultis statedin the following theorem. In the
theorem,we assumehat denoteshe maximumnumberof
edgesn a pathover which flow is routed.

Theoem2: Assumethat is given. Now choose as =
1+ )Xa+)2)?r,and = g =11+

g, 2 ). Thenthe 2-routeflow found by algorithm ap-
prox_max_2-route_flow is atleast(1 — )? timesthemaximum
2-routeflow. Moreover, with this choiceof , therunningtime
of thealgorithmisatmostm 1 g, 2 s Where  isthe
time requiredto computethe shortespathsbetweertwo nodes
in thegraph.

Note that sincethe approximatiorfactorof the algorithmis
(1 — )2, we canachieve ary desiredaccurag be choosinga
sufficiently small . Of coursechoosingasmaller resultsis a
higherrunningtime, asthe abore resultshavs. Notethat
is O(m +n gn). Thereforethe overall runningtime of the
algorithmis O(m(m +n gn) + g 2 ).

Theorem2 canbe proved by proceedingxactly in thesame
way asin the analysispresentedn [7] for the maximummul-
ticommaodityflow problem. The proof is a straightforvard ex-
tensionof the proof outlinedin [7] andis omittedfor brevity.

B. 2-Critical Link Computation

Once the maximum 2-route flow between(s, d) hasbeen
computedwe could usethe conditionsstatedin Theoreml to
determinethe setof 2-critical links for (s, d), asbefore. How-
ever, sincethe maximumz2-routeflow computedn this caseis
only approximatewe canexpectthatthe setof 2-critical links
obtainedby this procedurewill alsobe approximate.Let f be
theflow thatapprox_max_2-route_flow computesandlet v be
thecorrespondindlow value(notethatv is thevalueof thetotal
flow, including active andbackupflows, andis thereforeequal
to twice the primal objectie function value). Setthe capacity
boundu asu = v/2. Thenfollowing Theoreml, we could
consideralink (i, j) to be2-criticaliff boththefollowing con-
ditions hold: i) b(; ;) < wu, ii) thereis no pathbetweenmnodes
iandj in G;j. However, someof the 2-critical links obtained

basedon thesecriteriamay not be 2-critical at all, andwe may
alsofail to includesomelinks thatareactually2-critical.

Now notethatthe algorithmapprox_max_2-route_flow not
only findsafeasibleandclose-to-optimaprimal solution,but it



alsoproducesafeasibledualsolution(notethatontermination,
the length of the shortestdisjoint path pair is greaterthan 1,
whichmeanghatthe constraintof thedualproblem aresat-
isfied). Let ; denotetheduallengthof arny edgel whentheal-
gorithmapprox_max_2-route_flow terminates.Thenv be two
timesthe dual objective functionvalue,i.e.,v = 2%, b;.
Then, by weakduality, v < v* < v, wherev* is the maxi-
mum 2-routeflow value. Define v = v — v to bethe duality
gap. Thealgorithmdescribedbelon usesthe primal solution,
andthevalueof the dualsolution,to obtainthe setof 2-critical
links. Notethatin thealgorithm,G'Jj(/\/,E — (i,7)) represents

thegraphconstructedrom G}‘ by removing theedge(s, j).

Algorithm approx_2-critical _links (s, d)

Stepl. Find the maximum 2-route flow for (s,d) (ap-
proximately)using the algorithm approx_max_2-
route flow. Let f betheflow, v beits value. Also
let v betwice thedualvalueobtained.

Setu = (v/2), andu = (v/2). Computethegraph
G“Jf. Letb(; ;) denotethe capacityof edge(i, j) in
G;j.

For eachedge(i, j) € L, include(7,5) in Csq iff
all of thefollowing conditionshold:

) ba,y) < u.

iii) Thereis nopathbetween andj in G‘;(N, L—

Step2.

Step3.

(i,7)) with capacitygreatetthan( v — b; ;).

The conditionsi),ii),iii) of Step3 are necessaryonditions
for anedge(, j) to be 2-critical for (s, d) in network G. In
otherwords, the algorithmapprox_2-critical _links will find a
supersebf theactualsetof 2-critical links. By comparingwith
the conditionsin Theoreml, it is easyto seethatfor the case

v = (i.e.,theprimalandthedualproblemshave beensolved
optimally), the algorithmapprox_2-critical _links findsthe ex-
actsetof 2-criticallinks.

Note that once f is known, the computationof the graph
G;ﬁ requiresO(m) time. The depthfirst searchin approx_2-

critical _links can also be solved in O(m) time. Therefore,
computatiorof the setsof 2-critical links for all ingress-gress
pairsrequiresO(m?) time.

Oncethe setsof 2-critical links for all ingress-gresspairs
have beencomputedthe link criticality indicesare computed
accordingly Thenthe shortestdisjoint path pair canbe com-
putedby algorithmshortest disjoint _path outlinedin the Sec-
tion IV-C. As mentionedbefore,this algorithmrunsin O(m +
n gn)time.

Notethatthe overall routing algorithmin this caseis similar
to the one presentedn SectionlV-D, exceptfor the methods
of computingmaximum 2-route flows and the 2-critical link
sets. A high level view of this routing algorithm can be ob-
tainedfrom the algorithmMIRR outlinedin SectionlV-D, by
replacingstepsl & 2 appropriately usingthe algorithmsap-
prox_max_2-route_flow and approx_2-critical _links. In the
restof this paperwe will referto this routingalgorithmasthe
approxMIRR.

Fig.2. Network1 ( aretheingress-gresspairs)

VI. SIMULATION RESULTS

In this section,we comparethe algorithmsproposedn this
paper MIRR andapproxMIRR, with amin-hopbasedouting
algorithmfor the sameproblem,as presentedn [12]. In the
algorithm describedn [12], eachdemandis routedon a dis-
joint pathpair for which thetotal numberof links (hops)onthe
pathpairis the minimum. This algorithmis, therefore a natu-
ral generalizatiorof themin-hopalgorithmoriginally proposed
for the caseof routing no-backupconnections.Note that the
min-hopdisjoint pathpair canbe computedoy usingthe algo-
rithm shortest disjoint _path (aftersettingall theedgeweights
(lengths)to 1). As we demonstratdelav, algorithmsMIRR
andapproxMIRR, wherelinks areweighedaccordingto their
criticality indices, perform significantly betterthan this min-
hopbasedoutingalgorithm.

The performancebjective thatwe considelis theproportion
of demandsejectedby aroutingalgorithm.In all of theexperi-
mentalresultspresentedh this paperwe assumehatdemands
arrive betweenreachingress-gresspair accordingto a Poisson
processwith anaveragerate , andtheholdingtimesareexpo-
nentially distributedwith meani. The bandwidthrequiredby
thesedemandsareintegral, anduniformly distributedbetween
1 and3 units.

Figure 2 shavs the network we consider(experimentation
on 3 othernetworksalsoyieldedsimilar results). The network,
takenfrom [4], has18 nodesand30links, andrepresents typ-
ical ISPnetwork. All link capacitiesareassumedo be20 units.
Figures3-5shaw the proportionof rejecteddemandsinderdif-
ferentload conditions,namely —=5,7,9. Theproportion
of demandsejectedby themin-hopbasedhlgorithmunderiow,
moderateandhigh load conditionsareroughly 10%, 20% and
30%, respectiely. The rejectionratiosare shovn for 20 dif-
ferenttrials, whereeachtrial correspondso a differentdemand
pattern(generatedy a differentrandomseed). The rejection
ratiois measuredver awindow of 20000demands.

Let ustake a closerlook at Figure 3. Firstly notethatthe
rejectionratio in MIRR is significantly betterthanmin-hopin
all thetrials. NotethatMIRR andapproxMIRR with =0.1
performvery closely Also, min-hopandapproxMIRR with
= 0.5 performvery closely Moreover, notethat the rejection
ratio for approxMIRR with = 0.3is greaterthanthat of ap-
prox MIRR with = 0.1, but lessthanthat of approxMIRR
with = 0.5. An examinationof Figures4 & 5 (rejectionratios
underhigherload)alsorevealsa similar trend.

Figures3-5 demonstratehat the performanceof MIRR is
significantlybetterthanthemin-hopbasedlgorithm.Theplots
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alsodemonstrat¢hatfor smallvaluesof theapproximatiorpa-
rameter , approxMIRR performssimilar to MIRR, whereas
for large valuesof , its performancedegradesand becomes
similar to min-hop. This is intuitively expected,since is a
measuref theaccurag of thecomputatiorof the maximumz2-
routeflows (andtherefore|t is alsoa measureof the accurag
of thecomputatiorof the setof 2-critical links).

Tablel shavsthe averagerelative improvementin therejec-
tion ratios (with respectto the min-hop basedalgorithm) un-
der MIRR andapproxMIRR for our network, andfor various
valuesof = —. Relative improvementof MIRR compared
to min-hopis computedas( (min-hop)- (MIRR))/ (min-
hop),where (min-hop)and (MIRR) aretherejectionratios
undermin-hopandMIRR, respectiely. Relative improvement
of approxMIRR over min-hopis also definedsimilarly. The
averagingis doneover 20 independentrials, asshavn in Fig-
ures3-5.

Theresultsshav the quantitatve performancemprovement

022 L L L L L L L
0 2 4 8 10 12 14 16 18 20
Fig.5. Rejectionratiounderhighload( ).
approx approx approx
MIRR MIRR MIRR MIRR
(= D= )](=.)
5| 0.50 0.50 0.33 0.04
7| 0.25 0.25 0.18 0.04
9| 0.13 0.13 0.10 0.03
TABLE |
AVERAGE RELATIVE IMPROVEMENT IN REJECTION RATIOS (COMPARED TO
MIN-HOP)

of MIRR over min-hop. They alsodemonstratéhatthe perfor
manceof approxMIRR degradesmoothlyfrom MIRR to min-
hopasthevalueof increasesNotethatalarger alsoimplies
a lower runningtime. Therefore the algorithmapproxMIRR
providesatradeof betweerperformancendcomputationiime.
Thisallows usto runthealgorithmata suitableoperatingpoint,
determinednthebasisof thedesiredperformancéevel andthe
computationatime budget.

VII. CONCLUDING REMARKS

The needfor restorability introducesmary new and inter
estingissuesto the well-studiedareaof QoS routing. With
restorabilitybeing a necessityin optical networks andan im-
portantaspectof MPLS networks, dynamicrouting of wave-
lengthsor bandwidthguaranteegathswith restorabilityis an
importantareaof study Restorable&eonnectiondiave anactive
and a disjoint backuppath, with the backuppath being pos-
sibly sharedfor efficiengy. In several circumstancesbackup
path sharingmay not be possible. An importantone is the
casewheredatais simultaneouslysenton both pathsto facil-
itate very fastrecovery uponfailure. Whensharingis not pos-
sible, performanceefficienciescan be obtainedonly by good
pathselection.In this paperwe developedtwo new algorithms,
thatusethe minimume-interferenceriteria, for efficiently rout-
ing restorableconnections.As was shown in the paper these



algorithmsarenotsimpleextensionof miniumume-interference
basedrouting algorithmsfor non-restorableonnections.One
of thenew algorithmsusesonly shortespathcomputationsand
is easyto implement. Both the proposedalgorithmsperform
very well andimprove on the previously proposedeast-total-
costdisjoint pathroutingalgorithm.

APPENDIX |: PROOF OF THEOREM 1
We first statea lemmathatwill beusedin the proof.

Lemma3: Let thevalueof maximum2-routeflow for (s, d)
in G bev*. Letu* = (v*/2). Thenamaximumz2-routeflow
for (s,d) in G is amaximumflow for (s,d) in G*", andvice
versa.

The abore lemmafollows straightforvardly from Lemma?2
of [1], andwe will notproveit here.Now we statethe proof of
Theoreml.

Proof of Theorem 1:

(Necessity)o seethatthefirst conditionis necessaryconsider
theflow f* in G. Notethattheflow onedge(s, j) (correspond-
ing to f*) canbeno greatetthanu*. Thereforejf b; ;)  u”,
aninfinitesimalreductionof the capacityof (i, j) doesnot re-
ducethe maximum2-routeflow. So, necessityof first condi-
tion, b(; j) < u*, is obvious.

For the secondcondition,considertheflow f* in G**. Note
thatfrom the previouslemma, f* is amaxflov in G*". If there
existsa pathbetween andj in G;ﬁ:, thenwe couldreducethe
flow onedge(i, j) (correspondingo f*) by asmallamountand
routeit on thatpath. The new flow thusobtainedhasthe same
valueasf*, andis thereforeamaxflov in G*". FromLemma3,
it is alsoa maximum 2-routeflow in G. Therefore,if there
existsa pathbetweeni andj in G}I, reductionof the capacity
of edge(i, 7) infinitesimally doesnot causea reductionin the
maximum?2-routeflow in G. Therefore the secondcondition
is alsonecessary

(Suficiency)Assumethatthetwo conditionsstatedn thetheo-
remhold. We needto shov thatthe edge(s, j) is 2-critical for
(s,d)inG.

Firstwe arguethatedge(i, j) belongsto a minimumcut for
(s,d) in G*". Notethatin the flow residualgrath;I, edge
(i,7) mustbefilled to capacity otherwisea pathwould exist
between: and, trivially (the edge(i, j) itself constituteghe
path). Sinceall edgecapacitiesare assumegositive, this im-
plies thatthereis a positive flow on edge(i, j). This implies
thattheremustbe a pathfrom i to s, anda pathfrom to j, in
G'.. Now notethatif thereexists a pathfrom s to j in G'.,
then this would imply the existenceof a path between:i and
4 in G¥., thuscontradictingour assumption.Therefore there
cannotbe a pathfrom s to j in G%.. By asimilar agument,t
follows thattherecannotexist a pathbetween and in G%..

Now let representhesetof nodeseachabldrom sources
in G%.. Fromtheabove discussionj ¢ . Also, sincef* isa
maxflov in G*~ (by Lemma3), it followsthat ¢ (elsethere
would have beenanaugmentingpathin G%.). Let represent
the setof nodesreachablefrom i in the residualgraph. Let

. Notethatbothj and arenotin . Therefore
N,

edge(i, j) belongsn theminimumcut (

Now assumefor the sale of contradiction that (¢, j) is not
2-critical for (s, d) in G. Let G representhe graphformedby
reducingthecapacityof (i, j) in G by asmallpositve number
(all otheredgecapacitiesn G areleft unchanged)Sinceedge
(,7) is not 2-critical (by assumption)the value of the maxi-
mum 2-routeflow in G is v* (recallthatthe maximum2-route
flow doesnotdecreasdf thecapacityof a non-2-criticallink is
decreasethy a smallamount). Therefore from Lemmas3, the
maxflov valuein G** mustbe equalto v*. Now let us com-
parethethe graphsG*” andG"". Sinceb; ;) < u*, G* can
be constructedrom G** by decreasinghe capacityof (i, ;)
in G*" by (leaving the capacitiesof all otheredgesin G**
unchanged).Since (i, j) belongsto a mincuton G** (aswe
have shawvn above), it follows from the maxflov-mincut the-
oremthat the maxflov valuein G** the strictly lessthanthe
maxflov valuein G** (by the maxflav-mincut theorem,the
maxflov value decreasesvheneer the capacityof the mincut
is decreased).Note that by Lemma3, the maxflov valuein
G*" isequalto v*. Thereforejt follows thatthemaxflov value
in G*" mustbe strictly lessthan v*. Therefore we arrive at
a contradiction,proving that (4, j) is 2-critical for (s, d) in G.
|
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