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Abstract

The provisioning of dynamic forms of servicesis becomirg the main streamof todays network.
In this pape, we focuson servicesassistedy network senersand different forms of associated
sessionsWe identify two typesof servicestransparery wherethe sessioris unavare of the sener
location andconfiguable,wherethe sessionsieedto be configuedto usetheir closestsener. For
bothtypeswe formdize the prodem of optimdly placingnetwork senersandintroduce approx-
matedsolutions.We presensimulationresultof apprximatiors andheuristics.We alsosolve the
locationprablemoptimally for a specialtopology. We shaw, through a seriesof examples, thatour
appoachesanbeappliedto avarietyof differen services.
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1. Introduction

Active networks bring the ability to placeservicesarywherein the network. This will enalte a mocel in
which commaniessell the usageof the serviceinsteadof the software that perfam the serviceitself. This
freesusersfrom manajing the software(installation reguar updates,etc.) andpurchasingan expensive one
whentheserviceneed arelimited, andenableghemto evaluae various competitas in a shorttime period

Anotheradwantag of the service-inthe-netvark modelis the ability of Interne serviceproviders(ISPs)
to deploy transpagntservicesn their networks. Suchservicesnayincludecaching authetication,security
relatedsnoging, DOSAalarmsetc.

While active networks give usthe freedan to deplg/ servicesanywhere in the network, we would like
to limit thenumbe of suchservicecentersdueto maintenane costsandthe overheadassociateavith each
deplo/ed service(extrafilters in the routers, extra delayfor filtered paclets, etc.). Thus, onewould like to
placeseners wisely, eitherto make the maximum gainout of the numbe of senersit canafford to deploy,
or to deploy the minimal numker of senersneededo achieve certainlevel of service.This paperis thefirst,
we areawareof, thatlooksandthis prablem.

Theinteraction in the Interné is donein sessiondetweerendpoirts, andthus,it is natual to associate
servicewith sessionsA serviceperfamedon a sessiorshouldbring somequantifiablegain, andits usage
entailssomecost. The sameservicemay have differentgainandcostaccordimy to thedeploymenteconanic
modeé. For exanple,if anISPdeplgss acachingservice thegaincanbeeitherthe saving in traffic insideits
network, or thereduction of delayfor theclients. The optimalplacemenof theserviceneednotbethesame
for thesetwo optimizationcriteria,thowgh the serviceperfamedis thesame.

Onecanclassifysession-origied servicesaccoding to severalcriteria,whichinfluencethe mathenatical
modding of the optimizationproddem. In the following we discuss:symmary, the nunber of interactirg
partiesandtransparecy.

In somesessionsthe interactionof the partieswith the seneris symmetri¢ while in othersit is asym-
metric. Symmetit interactionoccureitherbecausehe sametype of informationflows bothways, like in a
full duplex conferencegatavay, or becausehe’'cost’ of the flow doesnot changevhenpassinghroughthe
sener, e.g.,whenthecostis bandwidh andtheserviceis apratocol corversion.An exanple of anasymnet-
ric interactian is avideocompessionsener wherethe costin the consumedbardwidth. The costof getting
thedatato the seneris muchhigher thanthe costof transmittingthe datato the playe.

Naturdly, mary of theservicesn thenetworks arebetweertwo parties:protacol corversionsapplication
layer corversion(a languae translationservice),compresion of a videoghonesessionand mary more.
Multi-party servicesarealsogrowing in numbers: corferencecalls, ganes, etc. However, thereare also
someserviceswhich seemto involve only oneparty, suchascachirg. We claim thatthesearespecialcases
of asessiorwhereoneendpoint,theconten provider, is fixedandthe otherendpoirt, theclient,is dynanic.
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2Yuval Shavitt is with the Dept. of Electrical Engineemg - SystemsTel-Aviv University, Israel.
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A conten cachimg serviceis one that benefitsthe requestes with the delivery of locally cachedcontert.
However, theconter origin needsalsoto interactwith thecacheto deliver theconten. Thisis notmore than
thecaseof anasymmetricsessiorwherethe’cost’ of delivery from thesener (caché to oneside(theclient)
is higher thanthe costof delivery of the conten from the otherside (cortent origin) to the sener (cache)
It is importantto notethatalthowgh cachiry is a specialcaseof a sessiorservice resultsobtainfor cachirg
canna beappliedto the geneal caseof sessiorseners,atleastnotin all its forms.

Finally, seners may be transpagently placedin the network suchthat userneednot be aware of their
location or evenabouttheir existence Or, they maybeplacedatknown locationsrequiring clientsto demaial
aservicedirectlyto them.In thesequelwe will elaborateaboutthe moceling of thesetwo distinctcases.

1.1. Service Networks and Server Placement

Firstly, we conside overay networks for providing servicesn this typesof networks, serviceprovidersare
in contrd of a network overlayedon top of the underlying network andconfigure their applicationsessions
with associatedeners. Sessiorconfigurationsusuallyaim at optimizing a certainmetric value,which we
referto ascost,suchastheperfamanceor the efficiengy of the sessionshatapplicatiors try to optimize.

In the examge of the conferencecenterwhele the time constraintis important, one can seethe direct
relationslip betweenthe location of the seners and the lateny of the datastreambecausedatacomirg
from sendingendpoints hasto reachthe sener befae deliveredto the recevers. In othercaseslike in
the contentadapation and the video compression,the servicechargesthe bandwidh consumption of the
sessionsandthus,the locationof the seners determiresthe total bardwidth consunption, which becanes
the minimization criterion While the costfor the sessiorconfigurationandthe criteriafor the optimizatian
chan@ with theapplication thesener placemenproblemis genealizedinto a couge of formations.

Oneformatian of theoptimd senerplacemehnin theoverlayservicenetworkis descritedin thefollowing
situation. Supposehereis fixed budget, &, thatlimits the numker of seners to be placedin a network.
The goal of the prodem is to find & locatiors for the senersthat optimizethe overall value of the session
configuation cost. The prodem is closely relatedto the k-medan problem whereone needsto placek
mediars suchthat the sumof the distancedetweernthe nodes andtheir closestmedianis minimized. We
discusgherelationshipbetweerthe two prodemsin Section2. In anothe form of the prodem the goalis
to identify the minimum nunber of locatiors thatguarateecertainconstraiis on the sessiorconfiguation
costspecifiedby the tarmget application e.g.,maxinum delaybetweenary pair of clients. This form of the
prodemis closelyrelatedto the k-certer problem.

Transparent servers aresenerswhoselocation or even their existence,is kept unknown to the end-
points(users).The mainadvartageof transparensenersis thatthey requre no configuationof thesession
end-wints, yet the sener canonly sene traffic that flows throughit usuallyby interceping it. In orderto
provide transparenservices onehasto placeseners sothat at leastone of themis locatedon eachof the
sessiorroutes. Theefore, transpaent seners enfoice stronger constraims on the sener locatiors associated
with eachindividual session.In this case the goalis to identify the minimum setof sener locationsthat
satisfiesthe constrint of eachsession We view the prokdem of transparet sener placemeat asaninstance
of thesetcover problemanddiscusst in section6.

1.2. Applicability

Thealgorithns presentdin this papemworkson gatteredstatisticsof servicetraffic, andshoud resultin goad
placemets basedn thetime of theday, or the day of the week. Active networks enalte the easymigration
of seners accoding to the usagepattern,andthuscanimprove theoverall performane.

We believe usagestatisticsis quite stableandbackthis by the study performedby Krishnanet al. [17]
for cachim. In their study they checledthedaily client popuation for amediumsizeweb sener andfound
thatthe day-teday correldion wasminuscule 2.7-7.5% of the clientsuserpopulation appeagd in ary two



out of the 14 dayssampled.However, whenthe overall demand from a network region wascomparedthe
correldion wasvery high betweenthe weekdag. As a result,the costof placingseners(cactesin [17])
basedon the overall statisticsproved effective andresultedin a penaltyof 1-10% (comparedto the optimal
daily placemat) for mostof theweekdasg.

While we arenotawareof similar statisticsfor otherservicesit is notincorceivablethatit will follow the
samepattern:low client returnratebut fairly constantservicedemandsfrom sitesor regions. For examge,
large corporatiors have different cultures: someencouagethe useof video confereces,somerequiredata
translation/orversiondueto remotesiteswith differentlanguae/equipnent,etc. The sameargumentholds
for regions of the world wheredifferencesn culture createdifferentdema for servicesanddifferencein
thetimesserviceis requred.

1.3. Organization

In the next section,the baclgrourd of this work is detailedrelatedto theoreticalprodems aswell asto
practicalservicenetworks. Then we illustrate the network mocel andthe metric formationin section3,
proce=d ontothe overlay servicenetworks alongwith the k-medan prodem in section4 andsection5, and
alsodescrile thetransparet servicenetworks andthe sessiorcover problemin section6. In thelastsection
we raisea few issuefor futureresearctandsummarizehe papercortribution.

2. Related Works

The problem of placingseners for a growp of single clients hasseveral well-known variarts that wereall

studiedextersively. Oneis the facility locationprodem, which is an optimizationprodem in a setof n

pointswith anassociatedostfor openirg afacility (asenerin ourcase).Thegoalis to find asetof locations
amoryg then poirts to placefacilities soasto minimize the sumof the distancegrom eachof then pointsto

the nearestacility locationandthe costof openirg thefacilities. The k-medianprodem is anotherelated
prodem similar to the facility locationprablem, but but herethe nunber of locatiors is given k, andwe

minimize only the sumof the distancedbetweereachof then points andthe nearesfacility location The

centerprodem resemble the k-median problem,only the optimizationcriteriais to minimize the maximunm

distancebetweerary of then pointsandthenearessener.

In theseproblems,the servicethat the facilities provide is in an abstractand simple form which is de-
scribedasanassignmenbdf eachendpointto asener (afacility location)in ametricspaceor agraph Then
the objective termto be optimizedis givenwith the end-mint-to-sener distancesand in caseof the facility
locationproldem, with the costsof openirg facilities. In this work, we expard the concep of servicesn the
contet of network applicatims anddiscusghe correspadingsener placemehprodems.

Another optimization prodem which we find usefulfor transpaent senersis the setcover prablem. In
this prodem, we aregiven setsof elementsanda separatgroy of elementsandwe arerequred to find a
minimal subsesuchthatevery elementn thegroy appearatleastoncein thesubset.

Although all the above problens areintractable thereare appoximationmethod thatfind in polyno-
mial time a solutionwhich is guarateedto be within someratio from the optimal. The practicalityof the
apprximatiors vary, which is partof this study Appraximationalgorithns for the facility locationprodem
have beenpropaedwith factorsof O(log(n)) (for thegreedyalgaithm [14]), 3.16[22], 2.41 [13], andmore
recentlyl.74[9]. The k-median prodem is harderto apprximate dueto the restrictionon the nurmber of
seners(k), however, thereareappioximatiors with anextrarelaxationonthatrestriction.For geneal graghs,
Lin andVitter [20] apprximatedthe costwithin afactorof (1 + ¢€) of optimalby relaxingthe restrictionof
thenumbe of senersto beupto (1 + 1)(Inn + 1)k. Arora, Raghaan,andRao[4] extendedthetechnigqies
of Lin andVitter to achieve a polynomial-timeapproimationfor the Euclideanspace.

To shaw thediffererce betweerthe k-medan problem andour k-sessiorsener prodem, consideraring
network comprisedof n nodesnunberedl to n — 1 (n is even,seeFig. 1). Supposeve have two sessions
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Figurel: An exanple for the differencebetweerthe sessiorsener locationpraoblemandthe k-medan and
k-centerprodems.

(depided asarcsin Fig. 1): onebetweemoce 1 andnode n/2 — 1 andonebetweemoden — 1 andnoce
n/2+ 1. We wouldlik e to placetwo senersin thenetwork. For the 2-medianproblem,theoptimallocations
for thesetwo senersareatnoce 0 andnode n/2, with givesacostof 4, sinceeachof thefour nodess exactly
onehop away from its nearst sener. Thisis alsothe optimallocationin the 2-certer prodem. However,

this choiceof two locationsis badfor the sessiorsener prodem becausét requireshothsessionso make a
detou of two hops,while thetwo senerscanbe placedonthetwo sessiorroutes,requiting no detous.

For somespecialcasesthe sessiorsener placemat prodem wasstudiedin the past.For thecasewhere
thereis one senderanda large numter of recevers suchaswhenobjectsneedto be cachel, the prodem
wasstudiedextersively. Polynonial solutiors for treesandotherregulartopdogiesexist [17,18], but when
multiple sourcesareconsiderd only heuristicsweresuggested[15,17]. As we shaw in section4.1, results
obtainel for the cachdocationprablemarenotalwaysindicative to thegeneal case Needlesso say notall
the variantsstudiedin this pape arecovered by previouswork, in particuar, transgrentsener placemen
whichis studiedn its geneal form here wasstudiedn thepastonly for thesimpletreeandring case$17,18].

Choi et al. [8] studya configuation prodem for a sessionthroudh a seriesof seners that are alreaq
placedin the network. In their probleman optimal route and seners arein searchfor a sessiongiven a
network andthelocationsof the seners. This studywasdonein the contet of activenetwork a paradign
thatenableghe fastdeploymentof servicesnsidethe network. Thus,active network researchin geneal,
canbenefitfrom theresultsof ourwork wherethe senersneedto be placedoptimally.

3. Model and Metric

Thenetwork is representé by agraph G = (V, E) wher V is thesetof nodes,andE C V' x V is theset
of links. The setof sessionsS, is a collectionof tupless; = (v, vi,,...), wherev; € V. Eachtuples;
represets a sessionwvhoseend-wints arethe nodesv;; . In caseswherethe sessionsrelimited to unicast
conrectionss; contan exactly two nodes. We give somemodelingexanplesin this section.

Considera group comnunicationapplication suchas a confeencecall. In this case,the sessioncost
is determired by the averag lateng of the datadelivery from spealersto listeners. Assumingd(u,v) is
the lateny from u to v, the value of the costgiven to a configuation of a corferencecall sessions ; =
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wherew; is the weight of sessions;, thatcanbe used,e.g, if onewould like to give equalweightfor all
sessionsegadlessthe numter of participants,we cansetw; = 1/|s;|. Remembethats; is only onegrowp
out of thelargegroup of sessionsS, thataresenedby thesameseners.

To demorstratethedifferencebetweersymmeéric andasymmetricostconsideunicastsessionshatuses
compessionsener. Whenthe optimization criterionis the endto-enddelaythe costof a sessions ; passing
throghaseneruv, is givenby

COSt(Si) = d(Uh ) UC) + d(UCJ UiQ)

whered(v;, v;) is thetransmissiomlelaybetweemode v; andnodev;. However, if theoptimizationcriterion
is thebandwidh corsumptionthe costof sessions; passinghroughasenerw, is given by

cost(s;) = bwid(viy, ve) + bwoyd(ve, viy) Q)

whered(v;, v;) is thehop-distancebetweemodev; andnodev;, andbw;,, andbw,,; arethedatabandwidh
ratesinto andout of the compessionsener, respectiely. Onemay defined ;,, (vi, v;) = bw;,d(v;, v;) and
dout (v, v;) = bw,yed(v;, vj) andrewrite Equation (1) as

cost(s;) = din(viy,ve) + dout (Ve, viy) (2)

This is the caseof asymméric costfunction to the sener. Note thatthe sameapplication is symmetricfor
onecriterion andasymmetridor anotter.

While the costsassociatedvith applicaionsallow oneto determinebetterlocatiors for placinga sener
for eachsessionthe transparst senersadd other constraintsa routefor eachsession. So, for a unicast
sessiors; = (v;,,v;,), aroueis givenasr; = {vi, = ,, Uiy, - - - Uiy, = Vi, }- Thesenerfor thesession
is to beplacedontheroute.

4. Serversin Overlay Networks

In this section,we consideran ovelday network whereindividual sessionganbe configued with a sener
dynanmically. Theproblemis statedasfollows.

We assumehatthereis budget for k(< n) senersandgivena setof sessionsThegoalis to find the k
locatiors for the senersin the network thatminimizethe costsinvolved with servingthesessionsLet ¢ ;; be
the costof servingsession with asenerlocatedatnoce j. Whenthelengthof sessiorroutesis usedfor the
cost,thecostis definedasc;; = Zvik s d(vs, ,v;). Thec;; valuescanbecalculatedefficiently afterrunming
anall-pair shortest-pthalgoithm. Now, let z ;; bea variableindicatingwhethersessiori is usinga sener at
nodej. Thefollowing 0-1integerprogam (IP) solvesthe sener placemehprodem for the sessions:

minimize Z Z CijTij (3)

S;ES JEV
subjectto (4)
VieS, Y my; = 1 (5)
jeV
Sy < s (6)
jEV
VieS,VieV zy; < y; (7

J
Vie S,Vj eV Tij, Y; € {0, 1} (8)



Solving this progam is NP-had thusit is usually doneby relaxing conditian (8) and allowing the z ;;
indicatas to take rationalvaluesbetween0 and1. Surprisindy, this integer programhasthe exact same
structureas the standadl proglam for the k-median prodem. Note that here,we have n|S| z;; variables
insteadof n? variables which are usedin the original k-medianproblem. In the worst case this is only a
factorof n morevariables.

Thus, resultsobtaired for the k-medan problem arealsovalid for our prodem with proper adjustmen
Specifically we canusethe e-appoximation suggestedby Lin and Vitter [20] which finds locatiors at the
costnotmore than(1+¢) of theoptimal cost,butit might needafactorof upto (1+ %) (Inn+ 1) moreservice
centers.Thisis mostlikely thebestonecanhopeto achieve for the k-medan problemif ane-appoximatian
is desiredfor thecost[4].

It isimportantto notethattheresultabove doesnotassumeymmetryin thegraphdistancesi,.e.,d(v ;, v;)
maybedifferentfrom d(v;, v;). In addition, theresultabove does notrequirethetriange inequalityto hold,
i.e.,d(vi,v;) maybelargerthand(v;,vx) + d(vg,v;). Savageetal. [21] shovedthatfor about50% of the
routesin the Intemetthereexists otherroutesthrough someothernodewhich areshoter, or in otherwords,
50% of the routesin the Intemet participatein sometrianglethat doesnot obey the triangleinequality It
is worth mentioning thatin mostcasegheinequality is notviolatedby a large percetage. If onewishesto
assumeostsymmety andthatcostobey thetriangleinequality betterappraimationsexist [4, 19].

Also, it is importart to note that our formuation above holds for all the other nontranspagnt cases
discussedn theintroductory part of the paper This includesasymmetriccosts,e.g.,different costfor end-
pointssuchastransmitterandreceverin caseof bandvidth optimizationwith acompeessiorsener. (Thisis
not to be confusedwith the asymmetridink costmentioredin the previous paragaph.) For thetwo sener
casewhenwe needto placetwo typesof senerssuchasanencaleranda decaler, we canuseanindicata
variable for eachsener pair andeachsessiorandobtainthe samelP structue.

4.1. A simulation study

We generatedhetworks basedon the newly discovered power-log law [10]. Our genertor is basedon the
algorithm suggestedby Albert andBarabas[1]. In all the geneatednetwork we pickedthe paraneterto be
mg = 4,m = 3,p = 0.1,¢q = 0. For eachinstancewe generated On sessionshatarerancmly generatd
accordng to two modelswheren is the numkber of nodesn thenetwork. In theuniformmockl, bothsession
endpoints were selecteduniformly from the network noces. In the Zipf model,we selectedoneendpoint
uniformly andthe otheraccoding to the Zipf distribution (with paraméer 0.8) which wasfoundto reflect
betterthedistribution of serviceprovider, sayawebsener, in thenetwork [7]. Eachpointin our simulations
represets 10 randan sessiordistribution on threedifferentnetworks, total of 30runs.

As the servicemodel,we consideed unicastsessionsvhich requilesonesener. We setthe sessiorcost
metricto bethehopcoun, i.e., for sessiors; = (v;, , v;,) thecostis given by

cost(s;) = d(viy, ve) + d(ve,viy)

Here,d(u,v) isthehopcourt. Clearly, the optimizationgoalis to minimizethetotal cost.
We simulatedthreealgoritms:!

e Random wherethe k sessiorseners areplacedrancomly in the network nodeswith evenprobaility.

e Greedy wherewe greedilyselectthe locationthatredicesthe total sessiorcostthe most. We iterate
this process times.

e 1-Greedy [17] wherewe first checkthe bestlocatiors for two senerstogetherandthenat eachaddi-
tional stepwe checkall the possibilityto remove onesenerandaddtwo new.

1We did not simulakdthe approximationalgorithm presentd above dueto its high computaional requirement.
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Figure 2: The costasa functionof the numter of seners,in a network of 300nodkes
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Figure3: The costasa function of the numberof seners,in anetwork of 60 nodes

e e-Approx [20] first corvertsthe 0-1 integer progam formulationinto a fractioral linear programby
allowing fractional assignmets of seners,and computesa solution. Secondly using the fractioral
sener assignmentandthevalueof ¢, it boundsthe distancebetweera sessioranda sener, andforms
asetcover prodemwherethe cover of eachsessions definedasa setof seners satisfyingthe bound.
Lastly, it appliesthegreedysetcoveralgorithmto the setcover prodemto obtan afinal setof seners.

In the first set of simulations,we measuredhe resultedcostas a function of the nunber of seners.
Figures2 and3 presenthe costfor networksof 300and60 nodesrespectiely. Thenumker of sessionsvas
tentimesthe nunberof nodes,andwe variedthe numkber of seners,k. Thecostis normalizedsuchthat1.0
represets nodetous dueto senerplacemen It is clearthatRanamis performingmuchworsethanGreedy
andis not a suitablecandicgite asa placemat algoithm. The differencebetweenGreedyand 1-Greedyis
quite large for smallnetworks but diminishes for larger networks. For the mirror placemehprodem Jamin
etal. [15] repot almostno differencebetweerthesetwo algoithms (and2-Greedy aswell) maylke because
they fail to look at smallernetworks. All algorithnms demorstratea diminishing returncurve: for the first
senerswe gainmuchin performane but asthe nunberof senersincreaseshis gaindiminishes.Thesame
pheromenavasobseredfor placemenhof mirrorsby Jaminetal. [15]. It is surpising, thoudh, thatfor only
asmallnumter of seners,evenjust twelve, we alreadyimprove performane suchthatthe detouroveread
is lessthan20%. We notethatthe kneepoint wherethe costcunesflattenis arourd 3-4% of the nurmber of
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Figure4: Thecostasafunctionof thenetwork size,whenthenunberof senersis fixedto 3% of thenetwork
size



nodes.

It is clearfrom thefiguresthatunde the Zipf distribution we getmuchbetterimprovemen thanwhenthe
sessiorendpointsareuniformly selectedThis hold for all threealgorithms. Thereasorfor thisis thatwhen
oneendpointis selectedisingthe Zipf distribution, by placingsenersnearthefew nodesthatparticipatein
mary sessiongsay popuar websites),we geta goad cover of mostof the sessions.

In anothe setof simulatiors, we setthe numter of seners, «, to be a constantfactorof the network
sizeandvaried the numter of nodesin the network. Sincewe foundin figures2 and 3 thatthe reasonale
cost-peformarce trade-df is arourd 3-4% we selectedk=0.03 The resultswherewe vary the numter of
nodes betweem0and500aredepictedn Figured. As befae, thecostis normalizedsuchthat1.0represents
no detous dueto sener placemeh We canobsere herethatfor all the testedalgorithirs the perfomance
improveswith thenetwork size. Thisis becase,thediametenf thesenetworks increasesogaithmically [2]
with the nurmberof nodes while we increaseéhenumter of senerslinearly. It is alsovisible, that1-Greedyis
improving perfomanceover Greedyquite significantlyevenfor the 500nocde network.

Nets=0 y orks, K=0.1, Session=5*Network Size

T T T
uniform O-greedy —+—
uniform 1-greedy —<—

uniform random —*—
uniform end points —&—
uniform Ip relax —a—

25 zipf O-greedy --—+-- -

zipf 1-greedy - -

Cost

. . . . . . . . .
10 15 20 25 30 35 40 45 50 55 60
Network Size

Figure5: The costsof overlay networks including resultsof the e-Approx metha with e = 2 (networks of
sizevariedfrom 10through 60, wherethe numker of senersis fixedto 10%of the entirenetwork nodesand
thesessiorendpointsfollow the Zipf or the uniformdistribution.)

Nets=OverlayNetworks, K=0.1 Session= 5*Network Size

greédylend po‘im —»—‘
14 + uniform Ip relax ---a-- e
zipf Ip relax ---m---

12 —

Servers Found

10 15 20 25 30 35 40 45 50 55 60
Network Size

Figure6: The nunmber of senersfound by the e-Approx methal e = 2 comparedto the fixed numker of
senersin otheralgorithns.
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Finally we presentcomparisonof the e-Appox algorithmagairst the othermethod. Due to the com-
putatioral comgexity of this algoithm we bring here(seeFigure5) simulationsfor rathersmall networks.
As canbe expected, the e-Approx perfams betterfrom all the restfor both uniform and Zipf distributions.
For the Zipf distribution the differencediminishesquickly, for aslittle as40 nodesit becanescloseto nore;
for uniform distribution the gapremairs evidert in all the simulatednetwork sizes. Figure 6 comparesthe
numter of seners placedby the e-Approx algoiithm to thefixedbound £ = 0.1n in otheralgorithns (Note
thattheapproxmationmayplaceupto 1.51n(n)k seners).

Theincreasén the numberof seners placedby the e-Approx for the Zipf distribution for networks with
morethan40 nodesbeconesnegligible but sois the gaincompaedto greedyin the perfamance.For the
uniform distribution e-Approx placesmore session-seers which might explain it perfamanceadwantage
over greed. Thus, we concludethatthegreed algolithmsaremore efficientandsimplerto implemen and
seemto perform comparablyto e-Approx.

4.2. Extra constraints

We canincorporatein the IP formuation for placemeat prodem descrited above additioral constraintson

theindividual sessionsThetwo mostpracticalareto limit the maximumincreasén the costof a sessioror

to limit the maximum costfor ary singlesession.This canbe dore by filtering outall thez ;; variadesthat
violatetherequirel condtion. For exampe, to constrént theend-teenddelayof a sessiorandassuming: ;;

represehdelaywe cansimply adda condition

VieS,jeV,ste;>Tp ;=0

Of couse, this type of formuation shouldbe usedonly if the constrait is not very restrictve. Too
restrictive constraintcanrenderthe prodem unsohabe. In this case oneshouldusedifferentformuation,
basedn setcover, thatis presentedn Section6

5. Optimal placement of non-transparent serverson aline

We presente@n|P formuationfor thesenerplacemehprodem of overlaynetworksin theprevioussection.
Althoughit is anintractalte prodemfor generahetworks, for whichwe gave practica heuristicswe shav in
this sectionanoptimalsolutionfor the optimalsener placemat prablemin the specialcaseof line networks.

Consideraline of n nodesnumbeedfrom 0 ton — 1. Theinput is the setof sessions ; € S, suchthat
s; = (v, vi,). A nodecanacconmodatebotha sessiorend-pint anda sener.

Let FC(l,, l;) bethe extra detou costonthesegment(l,, I;), wheretwo senersarelocatedat!,, and
l;, andno seneris locatedinsidethe sgmen. Forn — 1 > [, > [; > 0 this costcanbe easilycomputed
from theinputin O(n2|S|):

¢ A sessiorwhoseboth end-mints areinsidethe segmentcontrikute to the costthe shortestdetourbe-
tweenoneof the sessiorendpoint andthe sggmentedee. Thus,if we havel, > v;, > v;, > [; the
costof sessiors; is givenby 2 min{d(l,,v;, ), d(vi,, ;) }.

¢ A sessiorthathasexactly oneend-mint insidethe segmert is not detoued sinceit is senedby either
l,orl;.

¢ A sessiorthatcontairs the sggmen (whose end-mint areat both sidesof the sggment)is alsosened
by eitherl, orl;, andthusis notdetoued.

e A sessionsvhoseend-pants are on eitherside of the segmert is not detoued through the segment
since,in theworstcasejt canbesenedby theclosestof [, andi;. This sessiordoesnot contrituteto
thecostof detousin this sgments.
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FC(L.))

no servers here

OO 0000000000

n-1 | j 0

C@,2)

C(,3)

Figure7: Thedefinition of C(j, k).

Thus,we only needto conside in thecalculationof FC(l,, ;) sessionsvhosebothendpointsareinsidethe
segmert.

If I, = n — 1 we assumen the calculationthatno sener existsatnoden — 1, andsimilarly if /; = 0 we
assumeano sener atnode. Thisis dueto the obsenationthata solutionwith a senerat noce 0 cannotbe
betterthana solutionwith this sener movedto nodel, sincesessionsare,atleast,onehoplong, andthusa
sessiorthathasanendpointat node 0 mustpassthroudh or termirateatnoce 1. The samereasoing works
for thelocationof asener atnoden — 1.

We usedynanic programmirg to build an optimal solutionto a segmer from the optimal solutionfor
shortersggmerts. Let C(l,, k') betheoverall extra-costof detousin thesegment [0,1,], whenk' senersare
locatedoptimally in it, while oneis forcedto beat!l,. Figure7 shovs anexampge of sucha sggment. Note
thatn — 1 > I, > 0, andwe do not needto considerthe casewherek’ > j.

The minimal extra costfor detoursis givenby C(n — 1, k + 1), andwhat we seekis the locatin
of the k senersin this case. For the basecase,it is easyto seethatforalln —1 > 1 > 2, C(l,2) =
ming>p 5o FC(1,1") + FC(I',0). Note,thatin the calculation of FC(l’,0) we assumeno sener at node
0, the basecasecalculationof C(l, 2) indeedcalculatethe optimal positionof two seners,suchthatoneis
insidethe segmentandoneis atnoce . For k' > 2, we have:

Claim 1 Fork' > 2 andl > ¥/,
Cl, ¥)= min {C{U, ¥ —1)+FC(,1')} )

k> >k —1

Proof: Theoptimal placemehof k¥ — 1 senersin thesegmen [0,/ — 1] anda sener atl, musthave
the closestsener to [ be placedsomevhere in the segment[0,/ — 1] andthe restof the senersoptimally
distributedbetweerthis sener andnode 0. Therebre the optimal costis the minimum costof thesel — &
cases. |

Theorem 2 C(n — 1,k + 1) is theoptimd costof placing k servesin theline [0,n — 1].

Proof: We shavedin claim1 abovethatC(l, k') positionoptimally k' senersis theseggmert [0,!]. The
calculationof FC(n — 1, 1), assumeio sener atlocationn — 1 thusapplying claim1 for C'(n — 1,k + 1)
will resultis placingonly & seners,hencethetheoremholds. ]
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The algoiithm now is straightforward first calculateC'(1,2) forn — 1 > [ > 2. Next for eachl’ > 2
compteC(I', k'), forall k > k' > 2. Thecompleity of this algoritimsis O(n?|S|) to compue the FC|()
valuesandO(n? - k) to compue C(I', k'). Thusoverall, thealgorithmcompleity is O(n2|S|). 2

This formulation canalsobe usedto improve the dynamic progammingof the cachelocationprodem
suggestethy Krishnanetal. [17] from O(n3k) to O(n2k).

6. Transparent Servers

For servicenetworks with transparenseners,we have a stronger constraih onthe sener locations:a sener
hasto belocatedontheroute of every sessionThustherouting shouldbe partof theinput for this prablem,
andwhatwe seekis a minimum nunber of senerssatisfyingthe constrain. This apprachfor solvingthe
sener placemen problem canalso be apgied to the situationwhenthe main goal of an applicationis to
guaranteestrongconstraims or quality of servicego their sessionsg.g, endto-enddelay

We formulate both problems as a setcover prodem. Givena network gragh G = (V, E) anda setof
sessionsS, we definea sessioncaver s¢; for eachnodewv; € V asthe setof sessionsn S, suchthatthe
correspndirg nock v; satisfiesthe constraiis of the sessionsn sc;. In caseof thetranspagntseners, sc;
contairs the sessionsvhoserouteincludethe noce v;. For the applications with persessiorconstrnt, sc;
contairs the sessionsvhoseconstrainicanbe acconmodatedyy the nodev ;. Notethatthe constraim canbe
determiredin the samemethodasthe cost metricwasdefinedin Section3.

By selectinga setof sessiorcovers C' suchthatU,.,ccsc; = S, we find a setof locatiors that satisfy
the constraintof all the sessionin S. The goal of our problam is to minimize the setC, thus minimize
the numker of seners. This is aninstanceof the setcover problem Althoudh it is N"P-conpletethere
aregoodandsimple apprximationsthat are practicalin the contet of networks. Johnsor{16] shoved a
1 + Inn apprximationto thegereralprodem. Theapproaimationis achiered by a greedyalgorithm which
startswith a maxima cover for a grouwp of elementsandsuccessiely addsremainirg maximal covers for the
uncoveredelements.This appoximationcanrot be improved evenif we know an upper bourd on the set
size[11].

6.1. Simulation results

We generatedhe networks asdescribedn Sectiord.1, andtheroutes wereselectedo be shortespaths. We
simulatedthe following algorithns

e Random: Whereat eachiterationa sener is placedrandanly in the network nodes that are part of
somesessiorroute, with even probability. Oncea sessions covered, its routeis removed from the
sessiorpool, to avoid selectionof a noce dueto a sessiorwhichis alreadycovered.

e End-point Placement (EPP): We find the sessiorendpoint which is mostfrequantly usedandplace
thefirst seneratthatnode We remove all the sessiorthatwerecovered,andrepeatteratively.

e Greedy [16]: Wherewe greedly selectthe locationthatoptimizestheincreaseof the cover, thealgo-
rithm appeas in [24].

e 1-Greedy [17]: Wherewe first pick the besttwo locationsandthenat eachadditional stepwe check
all the possibilityto remore onesener andaddtwo new.

Figure 8 showns how the numker of senersfound by the algoithms vary asa function of the network
size. Unlike with the overlay network case herethe differencebetweernGreedyand1-Greed arenggligible
to nonexistent. For bothsessiorselectionprocessesthe nunberof senersrequira grows sub-linealy with

2Notethatif |S| < k thereis atrivial solution, thusthelack of a max termin the complexity
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Transparent servers

250 . .
0-greedy/uniform —+—
1-greedy/uniform ---+---
0-greedy/zipf —*%—
1-greedy/zipf ---%---
randomized/uniform —a&—
200 randomized/zipf ---m--- L q
end point placement/uniform —e— g
end point placement/zipf ---e---

150 | o B

Number of session servers

50 ]
e
,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,

. . . .
0 100 200 300 400 500
Number of nodes(n)

Figure8: The numter of sessionseners asa function of the network andsessiorsize for the greed, the
end-mint placemenhandtherandmizedalgorithns

thenumberof nodes Rardomfails miserablyandrequires abouthalf of thenodesto beseners. Heretoo, the
Zipf distribution requileslessseners, abou half for Greedy For the Zipf distribution, EPP performsvery

closeto GreedyandmuchbetterthanRanddm while for the uniform distribution EPPis only slightly better
thanRardom

We alsosimulatedhesessiorcover problemfor persessiorcorstraintusingthe sameservicemode! with
a stretchfactorconstrainion sessiorhopdistance Formally, the constrainitanbe statedas

cost(s;) <6 x d(viy,viy)

where/ is a stretchfactor Note, thatfor this constraim the transpaentlocation prodem is a specialcase
whered = 1. We setd to bel.5for our simulationandtheresultis shavn in Figure9. Compaing thecurves
for Greedyand1-Greed in Figure8 andFigure9(a) we seethatwe needlesssenersfor § = 1.5 sincethe
constraim is relaxed. Figure9(b) shavs how the nunber of requred senerschangswith § for a network

of 300nodes.Thelarge decreaeat§ = 1.5 andé = 2 aresincewe usedminimum hopasour costandthe
averag sessiorlengthfor thetestechetwork was2.

Figure 9(c) shaws theratio of the cover costwhered = 1.5 to the costwhered = 1. Interestingly the
additioral overheadfrom relaxirg the constraim of the sener placenentis minuscue, lessthan 1%, while
thegainin redwcingthe numker of senersis noticeablgabou 20%in Fig. 9(b)).

7. Concluding Remarks

We note,thatin our formulation we did not conside the processinglelayat the seners. This wasomitted
sinceit is constanandthusdoesnot effect the locationprobdems. However, in somecasesve needto take
thisinto account, e.g.,whenwe definea stretchfactoron the delay oneneed to addthe proessingdelayto
the calculationof cost.

Anotherissuewe did not touchedin this paperis theload on the seners. For examge, onecanaddthe
constrain) . ¢ z;; < M totheoptimizationprodem of Eq. (3) to limit themaximum loadof ary senerby
M.

To summarizethiswork s thefirst to identify theimportanceof thelocationprodemsfor sessiorseners.
We formuize two differentclasse®f this prodem andidentify mary extensiors. We preseted apprxima-
tions, heuristics andexactsolutionsto severalvaniantsof the prodem, andsimulatedsomeof them.

i€S
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Transparent servers(delta=1.5)

250 T T T
0-greedy/uniform —+—
1-greedy/uniform ---+---
0-greedy/zipf —*—
1-greedy/zipf ---*---
randomized/uniform —=—
200 randomized/zipf - -
end point placement/uniform
end point placement/zipf -
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(a) The numberof senersfound whenthe constrant on the session
hop distane is relaxed by the factor of § = 1.5 to the minimum

distance
Transparent servers(n=300)
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(b) The numberof senersfound with differenthop distane restric

tions (4 values)
Transparent servers(delta=1.5)
1.01 T T T
0-greedy/uniform —+—
1-greedy/uniform ---+---
0-greedy/zipf —*—
1-greedy/zipf ---%---
randomized/uniform —s—
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(c) Thecostof thecaseof § = 1.5 comparedo the transpaentcase
whered = 1

Figure9: Resultwith constraintoonthe lengthof the sessionsisingd
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Several architectues have beenpropaedfor deplgying anddynanically corfiguring servicesin active
networks [23] and active services[3]. Placingservicesor senersis a critical issueparticulaty in such
networks, which shouldbenefitthe mostfrom our work. We alsobelieve thatthereis moreroom for further
researclin thisarea.
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