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ABSTRACT

Thereserveddelivery servicecanhelp the informationserviceprovidersto provide moreconsistentperformanceto their
customersby theprovisioningof reservedbandwidthon a delivery subnetwork. However, thecon�gurationproblemof a
reserveddeliverysubnetwork is ahardoptimizationproblemwith noef�cient exactalgorithmbesidesexhaustsearches.In
this paper, we introduceareserveddeliverysubnetwork con�gurationalgorithmbasedonanideaof themaximum sharing
shortest path tree (MSSPT).Theproposedalgorithmis motivatedby theobservationthatthepathsharingof multiple �o ws
reducethecostin reserveddelivery subnetworks. Thus,a solutioncloseto theoptimalcouldoccurin a subnetwork with
the maximumdegreeof �o w sharing. The maximumsharingshortestpathtreeproblemcanbe categorizedasa multi-
criteriashortestpathproblem.Usinganalgorithmbasedontheshortest path network (SPN,auniquesubnetwork in which
every paths → u is a shortestpath in the original graph),we develop an ef�cient algorithmfor the maximumsharing
shortestpathproblem.Theproposedalgorithmis anapproximationalgorithmin naturebecauseit takestheMSSPTasthe
approximationsolutionto thereserveddeliverysubnetwork con�gurationproblem.Ourexperimentalresultsshow thatthe
proposedalgorithmhasgoodperformanceagainstaneasilycomputedlower bound,but hastime complexity comparable
to asinglesourceshortestpathalgorithm.

Keywords: Reserveddeliveryservice,reserveddeliverysubnetwork (RDS),maximumsharingshortestpathtree(MSSPT),
shortestpathnetwork (SPN).

1. INTRODUCTION

A Reserved Delivery Subnetwork (RDS)is a semi-privatenetwork infrastructureusedby aninformationserviceprovider
to allow it to deliver moreconsistentperformanceto its customers.Theendpoints of anRDSincludea source node and
a large numberof sink nodes distributedwithin a �x ed network infrastructure.Sink nodesare typically routerswithin
metropolitanareaswherecustomersof theinformationservicearefound. A network providerselectsa setof links within
thenetwork anddimensionsbandwidthreservationsonthoselinks in orderto accommodateexpectedtraf�c �o wsfrom the
server to thevarioussink nodes.This allows traf�c from thesourcenodeto �o w throughto thesinkswithout contention
from othertraf�c sources,improving qualityof service.

To allow for variability in thetraf�c volumeatsinknodes,reservationsaredimensionedbasedonthemeanandvariance
of theexpectedtraf�c. Links thatcarrylargetraf�c volumesaregenerallymoreef�cient thanlinks thatcarrysmalltraf�c
volumes,sincetheamountof bandwidththatmustbereservedto accommodatetraf�c variabilitybecomesasmallerfraction
of thetotal astraf�c volumegrows. This effect makesit bene�cial to grouptogether�o ws goingfrom thesourceto sinks
that arecloseto oneanother. An exampleRDS is shown in Fig. 1. Note that astraf�c �o ws diverge to reachdifferent
sinks,thetotal reservedbandwidthon the“downstreamlinks” will generallybelargerthanthereservedbandwidthon the
upstreamlink (or links).

WeformulatedtheRDScon�gurationproblemasaminimumconcavecostnetwork �o w problem(MCCNFP),1 awell-
known NP-hardproblem.2 An approximationalgorithmwasintroducedasa solutionin.3 Thealgorithmis a variantof
theclassicalaugmentingpathalgorithmfor themin cost�o w problemwith linearcosts(constantcostperunit �o w).4
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(a)Reserveddeliverynetwork. (b) Detail view of thebandwidthreservationona router.

Figure 1: Reserved Delivery Subnetwork.

In thispaper, weproposeanovel RDScon�gurationalgorithm.Thealgorithmis motivatedby theobservationthatpath
sharingof multiple �o ws in a reserveddelivery subnetwork lowersthe total cost. Therefore,we cangeneratea reserved
delivery subnetwork with the maximumdegreeof pathsharingto approximatethe optimal solutions. Toward this end,
we develop an algorithmto usethe maximum sharing shortest path tree (MSSPT)asthe delivery subnetwork. We use
theconceptof theshortest path network (SPN)introducedby Xue andSun5 to formulatetheRDScon�gurationproblem
asa multi-criteria shortestpathproblem,andpresenta MSSPTsolution. Sink demanddistributionsarealsotaken into
the considerationof the proposedalgorithm. Our preliminaryresultsshow that the proposedalgorithmhascomparable
performanceastheMCCNFP-basedapproximationalgorithmin,3 but haslower time complexity.

Therestof thepaperis organizedasfollows. TheRDScon�gurationproblemis de�ned in Section2. We alsoshow
that subnetworkswith a largenumberof sharedpathshave lower costsbecauseof the traf�c variation. In Section3, we
proposethealgorithmthatcomputestheMSSPTin a network. Sucha subnetwork hasthemaximumsharedpathsamong
all shortestpathtreesfrom thesource,andcanbesolvedasa multi-criteriashortestpathproblem.Our evaluationresults
presentedin Section4 show that theproposedalgorithmhascomparableperformancewith theapproximationalgorithm
asa previously known ef�cient algorithmfor a varietyof sink demands,but haslower time complexity. We concludethe
paperin Section5.

2. THE COST ADVANTAGE OF SHARING IN RESERVED DELIVER Y SUBNETWORKS

We startwith anelementaryobservation. If thetraf�c on a link consistsof a largenumberof independentandstatistically
similar streams,themeanandthevarianceof thetotal traf�c scalesdirectly with thenumberof �o ws. So,we let σ(µ) =
αµ1=2 denotethe standarddeviation of a traf�c streamwith meanµ, whereα is a parameter. Note that whenµ = α2,
σ(µ) = µ. That is, α2 is the meantraf�c ratefor which the meanandstandarddeviation arethe same.Given a traf�c
�o w with meanµ andstandarddeviationσ(µ), asuitablechoicefor thereservedbandwidthis µ + kσ(µ) = µ + kαµ1=2,
wherek is a small constant(say3). With thesepreliminaries,we cannow proceedwith a formal statementof theRDS
con�gurationproblem.

We aregivena directedgraph(or network) G = (V, E) andtwo real-valuedfunctionsl(·) andb(·) de�ned on E. We
refer to l(e) asthe length of edgee andb(e) as its bandwidth. We alsode�ne a real-valuededge capacity c(e), which
representsthemeanrateof the largestreservationthatcanbecarriedby edgee. Theedgecapacitysatis�estheequation

c(e) + kαc1=2(e) = b(e) andis equalto
(

−kα +
√

k2α2 + 4b(e)
)2

/4.

We arealsogivena source node r ∈ V anda setof sink nodes S ⊆ V , with eachsink nodes having a meandemand
µ (s). Theminimumcostreserveddeliverynetwork thatsatis�esthemeandemands,while respectingthebandwidthlimits
on thenetwork links canbefoundby solvinga minimumcost�o w problem.In theminimumcost�o w problem,the�o w
into eachsink is givenby thesink's meandemand,andthe total �o w on eachlink e is boundedby c(e). In addition,A
pseudosink t is added.An extra pseudolink is addedfrom eachsinkss to t, which hasa capacityof µ(s) andlengthof
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Figure 2: Two s → u shortest paths.

0. Thecostof a �o w x on anedgee is de�ned to be l(e)(x + kαx1=2). Thesecondfactorin this expressioncorresponds
to theamountof bandwidththatmustbereservedto accommodatethevariationof a �o w of magnitudex. Note that the
costfunctionis concave. TheoptimalRDSis thesubgraphof G de�ned by theedgeswith non-zero�o ws. Thecostof the
subnetwork is thesumof thecostsof the�o wson its edges.In thiscostfunction,weassumethatthestandarddeviationof
traf�c is proportionalto thetraf�c mean.We think this holdstruefor mostof thetraf�c in backbonenetworks.

Fromtheabovecostfunctionde�nition, wecanseethatasthenumberof �o wssharinganedgeincreases,therequired
bandwidthreservation also increasesslowly becauseof the concavity effectsof the secondfactor in the cost function.
Therefore,the incrementalcostincurredby addinga speci�c amountof �o w on anedgewith moreshared�o ws is lower
thanthatona lesssharededge.For example,addinga �o w of unit amountto a unit lengthedgewith 2 currentsharedunit
amount�o ws yieldsanincrementalcostof about1.948,whereastheincurredincrementalcoston a unit lengthedgewith
100currentsharedunit �o ws is about1.15.

3. A CONFIGURATION ALGORITHM USING MAXIMUM SHARING SHORTEST PATH TREES

Thecostadvantagesof moresharedpathsarethedriving motivationof theadoptionof themaximum sharing shortest path
tree (MSSPT)in the RDS con�guration. Basedon the costanalysis,we canseegreaterdegreeof pathsharingcreates
subnetworkswith lesscosts.In this section,a MSSPT-basedcon�guration algorithmis presented.We �rst introducethe
SPNfor a graphwith a �x ed sourcenode. Basedon the notion of the SPN,we solve the problemof �nding a MSSPT
asa multi-criteriashortestpathproblem.TheMSSPTsolutionis takenasour reserveddelivery subnetwork. It shouldbe
noticedthat thesink demanddistribution canaffect thequality of the resultsaswell. Thus,theeffectsof sink demands
distributionsarealsotakeninto consideration.

3.1.ShortestPath Networks (SPN)and Multi-criteria ShortestPath Problems

XueandSun5 introducedtheconceptof theshortest path network (SPN)in agraphasatool for dealingwith multi-criteria
problems.A shortestpathfrom a sourcenodeto othernodesin a graphcanbe not unique. For example,if two disjoint
pathswith thesamelengthexist betweenthesourcenodes andanothernodeu, therearetwo possibleshortests→ u paths
(Fig. 2.) Becauseof suchnon-uniquenessof shortestpaths,theshortestpathtreeof agraphwith agivensourcenodeis not
uniqueeither. A SPNN of a givengraphG with a �x edsourcenodes is de�ned asa subnetwork of G with theproperty
thatans → u pathin G is a shortestpathin G if andonly if it is a pathin N .5 In contrastwith shortestpathtrees,the
SPNis uniquefor a givennetwork.

TheSPNof agivengraphcanbeeasilycomputedbasedonasinglesourceshortestpathalgorithm.First,weconstruct
a shortestpathtreefrom thesourcenoder usinga singlesourceshortestpathalgorithm.Then,nodesthatareunreachable
from r and edgesincident to thesenodesare deleted. Edgesthat violate the shortestpath inequity (that is, d(u) >
d(v) + l(u, v)) arealsoeliminatedfrom the graph. The resultingsubnetwork is the SPNof the original network. The
pseudocodeof constructinga SPNis shown in Algorithm 1.

3.2.Maximum Sharing ShortestPath TreeAlgorithm

Whenwe obtaintheSPNN = (V, E∗) of a givennetwork G, we canuseN asthebasisfor computingtheMSSPTby
solvinga multi-criteriaproblem.To get theshortestpathtreewith themaximumnumberof shared�o ws,we mustcount
thepossiblenumbersof shared�o ws on all edgesin N . This canbedonein a methodsimilar to thebreadth�rst search
algorithm. Startingwith the sink nodes,we track the reachablenodesof every node. For an edgeencountered,update



Algorithm 1 CreateSPN(): ComputetheSPNof a givennetwork.
1: Runany singlesourceshortestpathalgorithmonG.
2: ∀u ∈ V, d(u) ← shortestdistancefrom s to u.
3: for all u ∈ V suchthatd(u) = ∞ do
4: for all edgee = (u, v) or e = (w, u) do
5: E ← E − {e}
6: end for
7: V ← V − {u}
8: end for
9: for all edge(u, v) ∈ E suchthatd(u) + l(u, v) > d(v) do

10: E ← E − {(u, v)}.
11: end for

thetail nodeby unifying its reachablenodessetwith thereachablenodessetof theheadnode,andupdatethenumberof
shared�o wsontheedgeto includethe�o wsto thesinksin thereachablenodessetof theheadnode.Theauxiliaryroutine
to computethenumberof possible�o wsonedgesis shown in Algorithm 2.

Algorithm 2 FlowCount(): Countthenumberof shared�o wsonedges.
Require: TheSPNN = (V, E∗) of G.

1: for all e ∈ E∗ do
2: Fe ← {}
3: end for
4: for all u ∈ V do
5: if u ∈ S then
6: Ru ← {u}
7: else
8: Ru ← {}
9: end if

10: end for
11: ∀s ∈ S, adds to thetail of a queueR
12: while R 6= {} do
13: Removethenodein theheadof R, u← head(R)
14: for all e = (u, r) ∈ E∗ do
15: Ru ← Ru ∪ Rr

16: Fe ← Fe ∪ Rr

17: end for
18: Add u to thetail of R
19: end while
20: for all e ∈ E∗ do
21: fe ← |Fe|
22: end for

With thenumberof possibleshared�o wsonedges,wecancomputetheMSSPT. Wedothisby solvingasinglesource
shortestpathproblemontheSPNwith theedgelengthrede�nedastheinverseof thenumberof shared�o ws. Thepseudo
codeof constructingtheMSSPTis shown in Algorithm 3.

3.3.Reserved Delivery Subnetwork Con�guration Algorithm

WhenweobtaintheMSSPT, wecanadd�o wsonthepathsof thetreefrom theroot to all sinks.Thepseudocodeis shown
in Algorithm 4.



Algorithm 3 CreateMSSPT(): ComputetheMSSPTfor a givennetwork.
1: CreateSPN(), N = (V, E∗) of G.
2: CountFlow().
3: ∀e ∈ E∗, l′(e) ← 1

f e

.
4: Runany singlesourceshortestpathalgorithmonN with regardto l′(·).

Algorithm 4 SetupFlows(): Computethereserveddelivery treefor a givensetof sinks.
Require: Themaximum sharing shortest path tree T of thegivennetwork G.

1: for all u ∈ S do
2: for all e ∈ T ande ∈ paths→ u do
3: load(e) ← load(e) + µu

4: capacity(e) ← capacity(e) − µu

5: end for
6: end for

3.3.1. For Networks with Diverse Sink Demands

Algorithm 4 works well for caseswhereall sinkshave aboutthe sameamountof demandsbecauseit only countsthe
number of the�o ws on anedgeinsteadof theamount of the�o ws. With somemodi�cations to theoriginal CountFlow()
routine,we cantake into accountof the demandsamount. In the modi�ed FlowCount() routine,we keeptrack of the
possiblesharedamountof �o wson edgesinsteadof thenumberof shared�o ws. Themodi�ed algorithmaccountsfor the
sinkdemandsdiversityandworkswell for bothuniformanddiversesinkdemandcases.Therevisedpseudocodeis shown
in Algorithm 5.

Algorithm 5 FlowCount(): Counttheamountof shared�o wsonedges.
Require: TheSPNN = (V, E∗) of G.

1: for all e ∈ E∗ do
2: Fe ← {}
3: end for
4: for all u ∈ V do
5: if u ∈ S then
6: Ru ← {u}
7: else
8: Ru ← {}
9: end if

10: end for
11: ∀s ∈ S, adds to thetail of a queueR
12: while R 6= {} do
13: Removethenodein theheadof R, u← head(R)
14: for all e = (u, r) ∈ E∗ do
15: Ru ← Ru ∪ Rr

16: Fe ← Fe ∪ Rr

17: end for
18: Add u to thetail of R
19: end while
20: for all e ∈ E∗ do
21: fe ←

∑

u∈Fe

µu

22: end for
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Figure 3: The maximum sharing shortest path tree as an approximation.

3.4.Algorithm Analysis

3.4.1. Time Complexity

Thetime CreateSPN() routinetakesdependson thesinglesourceshortestpathalgorithmin line 1. Line 1 throughline 11
of theFlowCount() routinetakesO(m + n), wherem = |E| andn = |V |. Becauseit is clearthat theSPNof a network
is a daganddoesnot containany loop, the loop from line 12 throughline 19 terminatesin O(nm) time. The total time
complexity of theFlowCount() routineis O(nm). Runningtime of theCreateMSSPT() routineis alsodeterminedby the
singlesourceshortestpathalgorithmemployed in line 5. The SetupFlows() routinetakesO(nm). Therefore,the time
complexity of theproposedalgorithmis dominatedby thesinglesourceshortestpathalgorithmusedin CreateSPN() and
CreateMSSPT(). If we useanef�cient shortestpathalgorithm,we cangetthetime complexity of O(n logn + nm). This
is morecostlythanthepuresinglesourceshortestpathalgorithm,but still veryef�cient.

3.4.2. Approximation Analysis

Ourproposedalgorithmis anapproximationalgorithmin naturebecauseit usestheMSSPTastheapproximationsolution
to theoptimalsolutionof theRDScon�guration problem.While sharing�o ws on a pathlower thecost,but theoptimal
solutionis notnecessarilyaMSSPT. This is becausetheSPNexcludessomenon-shortestpathsthatareusedin theoptimal
solution.For example,Fig. 3 showsacasewhereMSSPTdoesnot resultin anoptimalsolution.Fig. 3ashowstheoriginal
network in whichr is therootnodeanda, b, e arethesinknodes.Thelabeloneachedgeshowsthelengthof thatedge.All
sinkshaveauniformdemandsof 1. Fig. 3bshowstheoptimalsolutionwherethetotal costis 83.606,whereastheMSSPT
solutionshown in Fig. 3c hasa costof 84.485.Furtheranalysisof theapproximationperformanceratio (the ratio of the
approximationsolutionto anoptimalsolution)will beinvestigatedin futurework.

4. EXPERIMENT AL RESULTS

4.1.Experiment Methodology

We evaluatedour algorithm with a 15× 15 torus network. The root and the sink nodesare randomlyselected. The
sink demandsin thetorusarealsorandomlyselectedin a rangewith speci�c maximum-to-minimumdemandratios. We
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Figure 4: Percentage cost differences.

comparethecostsof thesubnetwork generatedby theproposedalgorithmandasetof easilycomputedlowerbounds.The
lower boundsarecomputedby dividing the sinksinto equal-sizedpie sliceswith the root asthe center, andassumeall
sinksin thesame“slice” sharethepathto theroot. We alsovary thediversityof sink demandsby changingthemaximum
to minimumsinkdemandratio (µmax /µmin ) from 1 to 20. Therelativecostdifferencesaremeasuredandcompared.

4.2.Numerical Results

Thenumericalresultson thetorustopologyareshown in Fig. 4. Thecurveslabeled“MSSPT” and“AMCA” representthe
resultsfrom theproposedalgorithmanda previousapproximationsolutionalgorithmwe developed,3 respectively. The
curveslabeledwith “LB*( p)” arethecostfrom easilycomputedlower boundaswe discussedpreviously, wherep is the
numberof “pie slices”. Fromtheseresults,we canseethat thequality of thegeneratedsubnetwork by theMSSPT-based
algorithmareno morethantwice asthe lower bounds.Becausethe lower boundin thecomparisonis anover-optimistic
bounds,it is reasonableto belive that the performanceis within twice of the optimal solutionsalthougha moreformal
proof cangivea moreassertivestatementaboutits performance.

In addition,the resultsin Fig. 5 alsoshow that the proposedalgorithmhascomparableperformanceasthe previous
approximationalgorithm,3 which hashighercomputationalcomplexity thanthe proposedalgorithm. The computation
complexity of the previous algorithm is O(n2 logn + nm).3 In contrast,the computationcomplexity of the MSSPT
algorithmis O(n logn + nm) aswe discussedearlier. Thesaving is dueto thereducedcomputationof theshortestpath
trees.

5. CONCLUSIONS AND FUTURE WORK

In this paper, we proposeda reserved delivery subnetwork (RDS) con�guration algorithmusing the newly introduced
maximum sharing shortest path tree (MSSPT).Themotivationof theproposedalgorithmis to take advantageof thecost
bene�tsof multipleshared�o wsin RDS.Basedonthenotionof theshortestpathnetwork (SPN)in anetwork,wesolvethe
problemasa multi-criteriashortestpathproblem.Our experimentalresultsshow thattheproposedalgorithmcanachieve
comparableresultswith anearlierapproximationalgorithm,but with lowercomputationalcomplexity.

Theproposedalgorithmis anapproximationalgorithmin naturebecauseof theassumptionthat theoptimal solution
is a shortestpathtree. We would investigatehow thealgorithmcompareto anoptimalsolutionobtainedfrom anexhaust
searchalgorithm. Although suchalgorithmsare impracticalfor applicationswith large numberof nodes,they provide
insightsto theproblemitself andtheperformanceof theproposedalgorithm.
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