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ABSTRACT

Theresereddelivery servicecanhelp the informationserviceprovidersto provide moreconsistenperformanceo their
customerdy the provisioning of resened bandwidthon a delivery subnetwark. However, the con guration problemof a
reseneddelivery subnetvark is a hardoptimizationproblemwith no ef cient exactalgorithmbesidesxhaustsearchesln
this paperwe introduceareseneddelivery subnetvark con gurationalgorithmbasedn anideaof the maximum sharing
shortest path tree (MSSPT).The proposedlgorithmis motivatedby the obsenationthatthe pathsharingof multiple o ws
reducethe costin reseneddelivery subnetvaorks. Thus,a solutioncloseto the optimal could occurin a subnetverk with
the maximumdegreeof o w sharing. The maximumsharingshortestpathtree problemcanbe cateyorizedas a multi-
criteriashortespathproblem.Usinganalgorithmbasedn the shortest path network (SPN,a uniquesubnetverk in which
every paths — w is a shortestpathin the original graph),we develop an ef cient algorithmfor the maximumsharing
shortespathproblem.Theproposedlgorithmis anapproximatioralgorithmin naturebecausé takesthe MSSPTasthe
approximatiorsolutionto thereseneddelivery subnetvork con guration problem.Our experimentaresultsshow thatthe
proposedalgorithmhasgood performanceagainstan easily computedower bound,but hastime compleity comparable
to asinglesourceshortespathalgorithm.

Keywor ds: Resereddeliveryservice resereddeliverysubnetvork (RDS),maximumsharingshortespathtree(MSSPT),
shortespathnetwork (SPN).

1. INTRODUCTION

A Reserved Délivery Subnetwork (RDS)is a semi-prvatenetwork infrastructureusedby aninformationserviceprovider
to allow it to deliver more consistenperformanceo its customers.The endpoints of an RDS includea source node and
a large numberof sink nodes distributed within a x ed network infrastructure. Sink nodesare typically routerswithin
metropolitanareasvherecustomerf the informationservicearefound. A network provider selectsa setof links within
thenetwork anddimensiondbandwidthresenationsonthoselinks in orderto accommodatexpectedrafc o wsfrom the
sener to the varioussink nodes.This allows traf ¢ from the sourcenodeto o w throughto the sinkswithout contention
from othertraf ¢ sourcesimproving quality of service.

Toallow for variability in thetraf ¢ volumeatsinknodesyesenationsaredimensionedbasednthemeanandvariance
of theexpectedtrafc. Links thatcarrylargetrafc volumesaregenerallymoreef cient thanlinks thatcarrysmalltrafc
volumes sincetheamountf bandwidththatmustberesenedto accommodateaf ¢ variability becomesismallerfraction
of thetotal astraf c volumegrows. This effect makesit bene cial to grouptogether o ws goingfrom the sourceto sinks
that are closeto oneanother An exampleRDS s shavn in Fig. 1. Notethatastrafc o ws divergeto reachdifferent
sinks,thetotal resenedbandwidthon the “downstreandinks” will generallybe largerthanthe resenedbandwidthon the
upstreaniink (or links).

We formulatedthe RDS con gurationproblemasaminimumconcae costnetwork o w problem(MCCNFP), awell-
known NP-hardproblem? An approximatioralgorithmwasintroducedasa solutionin.? The algorithmis a variantof
the classicalaugmentingpathalgorithmfor the min cost o w problemwith linear costs(constantostperunit o w).*
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(a) Resereddelivery network. (b) Detail view of the bandwidthresenationon arouter
Figure 1. Reserved Delivery Subnetwork.

In this paperwe proposeanovel RDScon gurationalgorithm. Thealgorithmis motivatedby the obsenationthatpath
sharingof multiple o wsin areseneddelivery subnetvark lowersthe total cost. Therefore we cangeneratea resened
delivery subnetvork with the maximumdegreeof pathsharingto approximatethe optimal solutions. Toward this end,
we develop an algorithmto usethe maximum sharing shortest path tree (MSSPT)asthe delivery subnetvark. We use
the conceptof the shortest path network (SPN)introducedoy Xue andSur? to formulatethe RDS con guration problem
asa multi-criteria shortestpath problem,and presenta MSSPTsolution. Sink demanddistributionsare alsotaken into
the consideratiorof the proposedalgorithm. Our preliminaryresultsshowv thatthe proposedalgorithmhascomparable
performanceasthe MCCNFP-basedpproximatioralgorithmin,? but haslower time compleity.

Therestof the paperis organizedasfollows. The RDS con guration problemis de ned in Section2. We alsoshowv
that subnetverks with a large numberof sharedpathshave lower costsbecausef thetraf ¢ variation. In Section3, we
proposethe algorithmthatcomputegshe MSSPTin a network. Sucha subnetverk hasthe maximumsharedoathsamong
all shortespathtreesfrom the source andcanbe solved asa multi-criteriashortespathproblem. Our evaluationresults
presentedn Section4 show thatthe proposedalgorithmhascomparablgerformancewith the approximationalgorithm
asa previously known ef cient algorithmfor a variety of sink demandsbut haslower time complexity. We concludethe
paperin Section5.

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

We startwith anelementarybsenation. If thetraf ¢ onalink consistof alarge numberof independenandstatistically
similar streamsthe meanandthe varianceof thetotal traf c scaledirectly with the numberof o ws. So,welet o(u) =
ap'=? denotethe standarddeviation of atrafc streamwith meany, wherea is a parameter Note thatwheny, = o2,
o(p) = p. Thatis, o? is the meantraf ¢ ratefor which the meanand standarddeviation arethe same. Givenatrafc
o w with meanu. andstandardieviation o(;:), asuitablechoicefor thereseredbandwidthis p + ko(p) = p+ kap'=2,
wherek is a small constant(say 3). With thesepreliminaries,we cannow proceedwith a formal statemenbf the RDS
con guration problem.

We aregivenadirectedgraph(or network) G = (V, E) andtwo real-valuedfunctionsi(-) andb(-) de nedon E. We
referto [(e) asthelength of edgee andb(e) asits bandwidth. We alsode ne a real-valuededge capacity c(e), which
representshe meanrateof the largestresenationthat canbe carriedby edgee. The edgecapacitysatis esthe equation

c(e) + kac'=2(e) = b(e) andis equalto (—ka + \/W%(G))Q /4.

We arealsogivena source noder € V andasetof sink nodes S C V, with eachsink nodes havzing ameandemand
1 (s). Theminimumecostreseneddelivery network thatsatis esthemeandemandswhile respectinghebandwidthlimits
onthenetwork links canbefoundby solvinga minimum cost o w problem.In the minimumcost o w problem,the ow
into eachsink is given by the sink's meandemandandthe total o w on eachlink e is boundedby c(e). In addition,A
pseudosink ¢t is added.An extra pseuddink is addedfrom eachsinkss to ¢, which hasa capacityof u(s) andlengthof



Figure 2: Two s — u shortest paths.

0. Thecostof a o w z onanedgee is de nedto bel(e)(xz + kaz'™2). Thesecondactorin this expressiorcorresponds
to the amountof bandwidththat mustbe resenedto accommodaté¢he variationof a o w of magnitudex. Note thatthe
costfunctionis concae. TheoptimalRDSis the subgraptof G de ned by the edgeswith non-zeroo ws. The costof the
subnetverk is the sumof the costsof the o ws onits edgesin this costfunction,we assumehatthe standardleviation of
traf ¢ is proportionalto thetraf c mean.We think this holdstruefor mostof thetraf c in backbonenetworks.

Fromtheabove costfunctionde nition, we canseethatasthenumberof o ws sharinganedgeincreasesherequired
bandwidthresenation alsoincreaseslowly becauseof the concaity effects of the secondfactorin the costfunction.
Therefore the incrementakostincurredby addinga speci c amountof o w on anedgewith moresharedo wsis lower
thanthaton alesssharededge.For example,addinga o w of unit amountto a unit lengthedgewith 2 currentsharedunit
amount o wsyieldsanincrementakostof about1.948,whereagheincurredincrementatoston a unit lengthedgewith
100currentsharecdunit o wsis aboutl.15.

3. A CONFIGURATION ALGORITHM USING MAXIMUM SHARING SHORTEST PATH TREES

The costadvantage®f moresharedpathsarethe driving motivationof the adoptionof the maximum sharing shortest path
tree (MSSPT)in the RDS con guration. Basedon the costanalysis,we canseegreaterdegreeof pathsharingcreates
subnetvorks with lesscosts. In this section,a MSSPThasedcon guration algorithmis presentedWe rst introducethe
SPNfor a graphwith a x edsourcenode. Basedon the notion of the SPN,we solve the problemof nding a MSSPT
asa multi-criteriashortespathproblem. The MSSPTsolutionis takenasour reseneddelivery subnetverk. It shouldbe
noticedthatthe sink demanddistribution canaffect the quality of the resultsaswell. Thus,the effectsof sink demands
distributionsarealsotakeninto consideration.

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

Xue andSur? introducedheconcepif the shortest 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 thesamdengthexist betweerthesourcenodes andanothemodeu, therearetwo possibleshortest — u paths
(Fig. 2.) Becausaf suchnon-uniquenessf shortespaths the shortespathtreeof agraphwith a givensourcenodeis not
uniqueeither A SPNN of agivengraphG with a x edsourcenodes is de ned asa subnetvark of G with the property
thatans — w pathin G is a shortesfpathin G if andonly if it is a pathin N.?> In contrastwith shortespathtrees,the
SPNis uniquefor a givennetwork.

The SPNof agivengraphcanbe easilycomputedasedn a singlesourceshortespathalgorithm. First, we construct
ashortespathtreefrom the sourcenoder usinga singlesourceshortespathalgorithm. Then,nodeshatareunreachable
from r and edgesincidentto thesenodesare deleted. Edgesthat violate the shortestpath inequity (that is, d(u) >
d(v) + I(u,v)) arealsoeliminatedfrom the graph. The resultingsubnetverk is the SPN of the original network. The
pseudacodeof constructinga SPNis shovn in Algorithm 1.

3.2. Maximum Sharing ShortestPath TreeAlgorithm

Whenwe obtainthe SPNN = (V, E*) of agivennetwork GG, we canuse N asthe basisfor computingthe MSSPThy

solving a multi-criteria problem. To getthe shortespathtreewith the maximumnumberof shared o ws, we mustcount
the possiblenumbersof sharedo ws on all edgesin N. This canbe donein a methodsimilar to the breadthrst search
algorithm. Startingwith the sink nodes,we track the reachablenodesof every node. For an edgeencounteredypdate



Algorithm 1 CreateSPN(): Computethe SPNof a givennetwork.
1. Runary singlesourceshortespathalgorithmon G.

2. Yu € V,d(u) < shortestlistancerom s to u.

3: for all u € V suchthatd(u) = oo do

4:  for all edgee = (u,v) ore = (w,u) do

5: E—FE—{e}

6:  end for

77 Ve—V—{u}

8: end for

9: for all edge(u,v) € F suchthatd(u) + {(u,v) > d(v) do

100 E«— F—{(u,v)}.
11: end for

thetail nodeby unifying its reachablenodessetwith the reachablemodessetof the headnode,andupdatethe numberof
sharedo wsontheedgeto includethe o wsto thesinksin thereachablenodessetof theheadnode.Theauxiliary routine
to computethe numberof possible o ws on edgeds shavn in Algorithm 2.

Algorithm 2 FlowCount(): Countthe numberof sharedo wsonedges.
Require: TheSPNN = (V, E*) of G.

1 foralle e E*do
2 Fe—{}

3. end for

4: forallu e Vdo
5  ifu e Sthen
6
2
8
9

Ry — {u}
else
Ry, —{}
- endif
10: end for
11: Vs € S, adds to thetail of aqueueR
12: whileR # {} do
13:  Remwethenodein theheadof R, u <« head(R)
14.  foralle= (u,r) € E*do
15: Ry, — Ry UR,
16: Foe — FeUR,
17:  end for
18:  Addu tothetail of R
19: end while
20: for all e € E* do
21 fe < |Fel
22: end for

With thenumberof possiblesharedo ws onedgeswe cancomputethe MSSPT We do this by solvinga singlesource
shortespathproblemonthe SPNwith the edgelengthrede nedastheinverseof the numberof sharedo ws. Thepseudo
codeof constructinghe MSSPTis shavn in Algorithm 3.

3.3. Resewed Delivery Subnetwork Con guration Algorithm

Whenwe obtaintheMSSPT we canadd o ws onthe pathsof thetreefrom therootto all sinks. Thepseudacodeis shovn
in Algorithm 4.



Algorithm 3 CreateMSSPT(): Computethe MSSPTfor a givennetwork.

1. CreateSPN(), N = (V, E*) of G.

2. CountFlow().

3 Vee E*1'(e) « %

4. Runary singlesourceshortespathalgorithmon N with regardto /().

Algorithm 4 SetupFlows(): Computethereseneddelivery treefor a givensetof sinks.

Require: Themaximum sharing shortest path tree " of the givennetwork G.
1: forallu e Sdo

2. for all e € T ande € paths — u do
3 load(e) < load(e) + py

4 capacity(e) < capacity(e) — uy
5  endfor

6: end for

3.3.1. For Networkswith Diver se Sink Demands

Algorithm 4 works well for caseswhereall sinks have aboutthe sameamountof demandshecauset only countsthe
number of the o ws on anedgeinsteadof the amount of the o ws. With somemodi cationsto the original CountFlow()
routine, we cantake into accountof the demandsamount. In the modi ed FlowCount() routine, we keeptrack of the
possiblesharecamountof o wson edgesnsteadof thenumberof sharedo ws. Themodi ed algorithmaccountdor the
sink demandsliversityandworkswell for bothuniformanddiversesink demandctasesTherevisedpseudacodeis shovn

in Algorithm 5.

Algorithm 5 FlowCount(): Counttheamountof sharedo ws on edges.

Require: TheSPNN = (V, E*) of G.
1. for alle € E* do

2 Fe—{}

3: end for

4: for allu € Vdo

5 ifue Sthen

6: Ry — {u}

7. ese

8 Ry —{}

9  endif

10: end for

11: Vs € S, adds to thetail of aqueueR

12: whileR # {} do

13: Remawethenodein theheadof R, u « head(R)
14. foralle= (u,r) € E*do

15: Ry «— Ry UR;

16: Fe — Fe U R,

17 endfor

18:  Addwu tothetail of R
19: end while

20: for all e € E* do

21 fe — ZU eFe Hu
22: end for




(b) Optimalsolution.

(c) MSSPTsolution.

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

3.4. Algorithm Analysis
3.4.1. Time Complexity

Thetime CreateSPN() routinetakesdepend®n the singlesourceshortespathalgorithmin line 1. Line 1 throughline 11
of the FlowCount() routinetakesO(m + n), wherem = |E| andn = |V|. Becauset is clearthatthe SPNof anetwork
is adaganddoesnot containary loop, the loop from line 12 throughline 19 terminatesn O(nm) time. Thetotal time
compleity of the FlowCount() routineis O(nm). Runningtime of the CreateMSSPT() routineis alsodeterminedy the
single sourceshortestipath algorithmemployedin line 5. The SetupFlows() routinetakes O(nm). Therefore thetime
compleity of the proposedhlgorithmis dominatedoy the singlesourceshortespathalgorithmusedin CreateSPN() and
CreateMSSPT(). If we useanefcient shortespathalgorithm,we cangetthetime compleity of O(nlogn + nm). This
is morecostlythanthe puresinglesourceshortespathalgorithm,but still very ef cient.

3.4.2. Approximation Analysis

Our proposedlgorithmis anapproximatioralgorithmin naturebecausé useshe MSSPTasthe approximatiorsolution
to the optimal solutionof the RDS con guration problem. While sharing o ws on a pathlower the cost, but the optimal
solutionis notnecessarila MSSPT Thisis becaus¢he SPNexcludessomenon-shortespathsthatareusedin theoptimal
solution.For example,Fig. 3 shavs acasewhereMSSPTdoesnotresultin anoptimalsolution. Fig. 3ashawvstheoriginal
network in whichr is therootnodeanda, b, e arethesinknodes.Thelabelon eachedgeshavsthelengthof thatedge.All
sinkshave auniformdemand®f 1. Fig. 3b shavsthe optimalsolutionwherethetotal costis 83.606 whereaghe MSSPT
solutionshown in Fig. 3c hasa costof 84.485. Furtheranalysisof the approximationperformanceatio (theratio of the
approximatiorsolutionto anoptimalsolution)will beinvestigatedn futurework.

4. EXPERIMENT AL RESULTS
4.1. Experiment Methodology

We evaluatedour algorithmwith a 15 x 15 torus network. The root andthe sink nodesare randomly selected. The
sink demandsn thetorusarealsorandomlyselectedn a rangewith speci ¢ maximum-to-minimundemandratios. We
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Figure 4. Percentage cost differences.

comparehecostsof the subnetverk generatedby the proposedalgorithmanda setof easilycomputedowerbounds.The
lower boundsare computedby dividing the sinksinto equal-sizedie sliceswith the root asthe center and assumeall

sinksin the same'slice” sharethe pathto theroot. We alsovary the diversity of sink demanddy changingthe maximum
to minimumsink demandatio (max /min ) from 1 to 20. Therelative costdifferencesaremeasureéndcompared.

4.2.Numerical Results

Thenumericalresultson thetorustopologyareshavn in Fig. 4. Thecurveslabeled'MSSPT” and“AMCA” representhe

resultsfrom the proposedalgorithmanda previous approximationsolutionalgorithmwe developed? respectiely. The
curveslabeledwith “LB*( p)” arethe costfrom easilycomputedower boundaswe discussegreviously, wherep is the

numberof “pie slices”. Fromtheseresultswe canseethatthe quality of the generatedubnetvark by the MSSPTbased
algorithmareno morethantwice asthe lower bounds.Becausehe lower boundin the comparisoris an over-optimistic

bounds,it is reasonabldo belive that the performancas within twice of the optimal solutionsalthougha moreformal

proof cangive a moreassertie statemenaboutits performance.

In addition, the resultsin Fig. 5 alsoshaw thatthe proposedalgorithmhascomparableperformanceasthe previous
approximationalgorithm? which hashighercomputationatompleity thanthe proposedalgorithm. The computation
compleity of the previous algorithmis O(n?logn + nm).2 In contrast,the computationcompleity of the MSSPT
algorithmis O(n logn + nm) aswe discussectarlier Thesaving is dueto the reducedcomputatiorof the shortestpath
trees.

5. CONCLUSIONS AND FUTURE WORK

In this paper we proposeda resered delivery subnetvork (RDS) con guration algorithm using the newly introduced
maximum sharing shortest path tree (MSSPT).The motivation of the proposedalgorithmis to take advantageof the cost
bene tsof multiple sharedo wsin RDS.Basedonthenotionof theshortespathnetwork (SPN)in anetwork, we solve the
problemasa multi-criteriashortespathproblem.Our experimentakesultsshav thatthe proposedalgorithmcanachiese
comparableesultswith anearlierapproximatioralgorithm,but with lower computationatompleity.

The proposedalgorithmis anapproximationalgorithmin naturebecausef the assumptiorthatthe optimal solution
is a shortespathtree. We would investigatehow the algorithmcompareto an optimal solutionobtainedfrom an exhaust
searchalgorithm. Although suchalgorithmsareimpracticalfor applicationswith large numberof nodes,they provide
insightsto the problemitself andthe performancesf the proposedalgorithm.



N -

o b~

max/min=10

5| MBSPT
0 AVCA
5t
10l LB*(4)
£ 15| LB*(3)
00 | N~ B
25 | N e T

LB*

0 5 10 15 20 25 30 35 40 45 50
Number of Sinks

Figure5: Percentage cost differences (with AMCA).

REFERENCES

. R.K. Ahuja, T. Magnanti,andJ. Orlin, Network Flows, PrenticeHall, 1993.

. G. M. Guisavite andP. M. Pardalos,'Minimum concae-costnetwork o w problems:Applications,compleity, and
algorithms; Annals of Operations Research 25, pp. 75-99,1990.

. R. QiuandJ. S. Turner, “Con guration of resened delivery subnetwarks; in Proceedings of IEEE Globecom 2002,
(Taipei, Taiwan),Novmber2002.

. R.E. Tarjan,Data Structure and Network Algorithms, vol. 44, Societyfor IndustrialandApplied Mathematics1983.

. G.-L. Xue andsS.-Z.Sun,The shortest path network and its applicationsin bicriteria shortest path problems, pp. 355—
362. World Scienti ¢ PublishingCo.,1993.



