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ABSTRACT

Thesimplemodelonwhich theInternethasoperated,with all packetstreatedequally, andcharges

only for accesslinks to thenetwork,hascontributedto its explosivegrowth. However, thereis widedis-

satisfactionwith thedelaysandlossesin currenttransmission.Further, new servicessuchaspackettele-

phony requireassuranceof considerablybetterservice.Thesefactorshavestimulatedthedevelopment

of methodsfor providing Quality of Service(QoS),andthis will make theInternetmorecomplicated.

Differentialquality will alsoforcedifferentialpricing,andthis will furtherincreasethecomplexity of

thesystem.

The solutionof simply putting in morecapacityis widely regardedas impractical. However, it

appearsthatweareaboutto enteraperiodof rapidlydecliningtransmissioncosts.Theimplicationsof

suchanenvironmentareexploredby consideringmodelswith two typesof demandsfor datatransport,

differing in sensitivity to congestion.Threenetwork configurationsareconsidered:(1) with separate

networksfor thetwo typesof traffic, (2) with a singlenetwork thatprovidesuniformly high QoS,and

(3) with a singlephysicalnetwork that providesdifferentialQoS.The bestsolutiondependson the

assumptionsmadeaboutdemandandtechnologicalprogress.However, we show that the provision

of uniformly high QoSto all traffic may well be bestin the long run. Even whenit is not the least

expensive, the additionalcostsit imposesareusuallynot large. In a dynamicenvironmentof rapid

growth in traffic anddecreasingprices,thesecostsmaywell beworthpayingto attainthesimplicity of

asinglenetwork thattreatsall packetsequallyandhasasimplecharging mechanism.

Keywords: dynamicbehavior, premiumpricing,network utilization,qualityof service,price-sensitive

demand



1. Introduction

TheArpanet,which evolved into today's Internet,wasa researchprojectthat did not provide for

any paymentmechanismsand treatedall packets on an equal“best-effort” basis. The Internethas

(with minorexceptions)inheritedtheseproperties.Packetsarebasicallystill treatedequally. Charging

usuallyis only for thebandwidthof theconnectionto theInternetandis independentof theamountof

datasentandreceived. (See[McKnightB], especially[MacKieMV], for a survey of theeconomicsof

the Internet.)Thesefeatures,which provide for extremesimplicity in bothoperationandeconomics,

have contributedto thespectaculargrowth of theInternet.

Althoughtherehavebeenpersistentcriticismsaboutthelackof Qualityof Service(QoS)provision

on theInternet,andaboutthecharging scheme,thusfar they have not beensufficiently convincing to

modify the system.However, therearesignsthat changeis imminent. Dissatisfactionwith endemic

congestionon the public Internet,which makesevenWebsurfingannoying, andthe needto provide

QoSfor novel applicationsthataredelay-sensitive, suchaspacket telephony andvideoconferencing,

are leadingto demandsfor differential treatmentof packets. Similar demandsarecomingfrom the

corporateside. Private line networks usethe sameIP (Internetprotocol) technology, are far larger

in aggregatethanthepublic Internet[CoffmanO], andhave beenproviding high QoSlargely through

low utilization levels [Odlyzko1]. However, with demandfor bandwidthrising, corporatenetwork

managersarealsodemandingtoolssuchasprioritizationto ensurehigherefficiency of network usage.

Differential servicequality will inevitably force introductionof more complicatedpricing schemes

than the presentone,sinceit will be necessaryto prevent all traffic from beingsenton the highest

quality level. The departurefrom the simple network operationsand charging mechanismsof the

Internetwouldrepresentat leastapartialvictory for the“Bell-heads”in theinfamouscontroversyover

networking [Steinberg].

The“Net-head”approachto theproblemsof poorservicehasbeento providegreaterbandwidthand

keepthechargingalgorithmsimple.Thissolutionisuseduniversallyin LANs (localareanetworks)and

hasworkedfor corporateandresearchnetworksin thepast.Theobjectionto the“Net-head”approach

is that it is too expensive, at leastfor the public Internet,sincemorethantwo decadesof experience

have shown thatany bandwidthgetssaturatedquickly.

Datatransportis a seriousconstrainton ISPs(Internetserviceproviders),asit accountsfor about

half of the total costof long-haulnetworks. While new optical fiber technologiesled to a dramatic

drop in ratesfor leasedlines in the 1980sandearly 1990s,priceshave beenincreasingrecentlyas
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a consequenceof scarcityof supplyandrapidly growing demand(see[CoffmanO, Rendleman] for

examples).Network operatorshavebeenloweringtheircostperunit of bandwidthby moving to higher

capacitylines(seeSection2 for dataanddiscussionof thisissue)andby signinglong-termleases.In an

environmentof risingprices,differentialQoSandmoresophisticatedpricingschemesappearessential

to meettheexplosive datatransportneedsataffordablecost.

Do we have to give up on thesimpleoperationandcharging mechanismsof thecurrentInternet?

Bothsplittingof traffic into differentQoSclassesandcomplicatedchargingmechanismsimposeheavy

costson developersof applicationsandnetwork systems,andonnetwork operators.Furtherfactorsin

favor of simplefixed-feecharging mechanismscomefrom customerpreferences(even thoseof large

corporatecustomers),which often leadto higherrevenuesfor serviceproviderswho usesuchpricing

approaches[FishburnOS]. An early 1988 paperby Anania and Solomon(publishedin [AnaniaS])

alreadypresentedseveralargumentsfor a simpleflat-ratepricingapproachto broadbandnetworks.

Althoughsimpleflat-ratepricing with uniform best-effort datatransportis attractive, it hasmany

defects.It providesa singlelevel of servicequality, anddoesnot allow usersto selectwhatis bestfor

their needs.Economistsin generalopposeit on thegroundsthatit leadsto misallocationof resources.

For fuller descriptionof theargumentsfor abandoningthe traditionalInternetmodel,andfor further

references,see[McKnightB], for example. However, thoseargumentsarebasedon experiencewith

anenvironmentthatis likely to changedrastically. (It is alreadyanenvironmentfar removedfrom the

traditionaltelecommunicationsworld studiedin [MitchellV], for example,andwill divergefrom it even

further.) As mentionedabove, longdistancedatatransportpriceshavebeenrising in thelastfew years.

Thebasicfiberoptic network thatcarriesbothvoiceanddatatraffic wasdesignedprimarily for voice,

anduntil a few yearsago,mostof thebandwidthwasdevotedto voice. In revenues,thenetwork is still

dominatedby voice. However, the bandwidthdevotedto datais alreadycomparableto that usedfor

voice[CoffmanO],anddatatraffic is growing muchmorerapidly. Thuswecanexpectcommunications

networkswill grow rapidly andbe increasinglydominatedby data.Furthermore,WDM (wavelength

division multiplexing) technologyallows for expandingcapacitywithout laying down morefiber (at

leastnot on long distanceroutes),which is a very expensive process,especiallywhenacquisitionof

rights-of-way is included.Within a few years,existing fiber will provide 100or even1000timesthe

bandwidthit did a coupleof yearsago,at modestadditionalcost. Themaindeterminantsof network

costswill betheelectronicsneededto provideWDM andswitching.However, in electronics“Moore's

Law” reigns,with performanceincreasingwhile pricesdrop. What this meansis thatwe arelikely to

enteran erain which the price of bandwidthcontinuesdroppingdramaticallyfor a decadeor more.
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Thequestionis, whatwill thismeanfor serviceprovidersandconsumers?

It is instructive to considermicroprocessors.Table1 shows thelastdozenyearsfrom thehistoryof

Intel. For eachyear, themicroprocessorlistedis themostpowerful modelintroducedthatyear, with the

pricetheoneavailableat theendof thatyear. (All dollar figuresarein nominaldollars,andtheprices

arefor ordersof 100or 1000chipsat a time.) Theprocessingpower, in mips(millions of instructions

persecond)is animperfectmeasureof thecomputingpower of processors.Still, it illustrateshow the

power of stateof the art microprocessorshasbeengrowing at an exponentialrate,while their prices

have remainedaboutconstant.At thesametime,revenuesandprofitshave increased.Over theperiod

illustratedby Table1, computingpowerhasgrown over60%peryear, with pricesof themostpowerful

availableprocessorsratherstable,while Intel's revenueshave grown about30% per year. A similar

scenarioappearsto berealisticfor highbandwidthcommunicationnetworksin thenext decade.What

weexplorearetheimplicationsof thiskind of environmentfor theprovision of QoSon theInternet.If

availablecapacitydoubleseachyear, or every two years,while total costsincreasemuchmoreslowly,

sothatthepriceperunit of bandwidthdecreasesrapidly, it mightmakesenseto provideuniformly high

QoSfor everybodyandavoid thecomplexities of theschemesthatarebeingconsidered.

Table1: Intel andits microprocessors.For eachyearwe list the mostpowerful generalpurposemi-
croprocessorssoldby Intel, its computingpower, priceat theendof theyear(in dollars),andIntel's
revenuesandprofitsfor thatyear(in millions of dollars).

year processor mips price revenue netprofit
86 386DX (16MHz) 5 300 1265 -173
87 386DX (20MHz) 6 1907 248
88 386DX (25MHz) 8 2875 453
89 486DX (25MHz) 20 950 3127 391
90 486DX (33MHz) 27 950 3922 650
91 486DX (50MHz) 41 644 4779 819
92 DX2 (66MHz) 54 600 5844 1067
93 Pentium(66MHz) 112 898 8782 2295
94 Pentium(100MHz) 166 935 11521 2266
95 PentiumPro(200MHz) 400 1325 16202 3566
96 20847 5157
97 PentiumII (300MHz) 600 735 25070 8945

Existingwork on QoS,surveyedin thebook[FergusonH], doesnot containany projectionsof the

degreeto which thedifferentproposalsfor providing QoSwill lower network utilization. Therelation

betweenutilizationof network capacityandperceivedqualityof serviceis acomplex one.It is possible
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to have a lightly utilized network thatdelivershorribleservice,but in generalthelower theutilization

rate,thebettertheservice.Further, many networks,suchascorporateIntranets,arealreadyproviding

QoS largely throughlow utilization rates[Odlyzko1]. High-quality experimentalnetworks suchas

vBNS alsohave very low utilizations. Thesenetworks arestill operatedon the “best-effort” basis,

with no explicit guarantees(but with sophisticatedtraffic engineeringtools). Congestionepisodesare

infrequentenoughfor thistobeacceptable.In general,nomatterhow anetwork is engineered,lowering

thetraffic loadon it will resultin betterservice.Theroutersandswitchesarefastenoughalreadythat

if congestiondoesnotcausebuffersto fill up, thequality is sufficient for all anticipateddemands.

In this work, we will assumeas a first approximationthat improved QoS is associateddirectly

with low utilization levels. Althoughschemeslike thosein [FergusonH] canincreasetheefficiency of

thenetwork, whetherit hasjust a singlebest-effort service,or several classesof service,it is hardto

incorporatetheminto aneconomicmodeluntil moreis known abouttheir performance.

To explorepotentialfuturesfor QoSon theInternetwith andwithout differentialpricing, we will

assumetwo typesof demandsin our models. Oneis for transportthat is delay insensitive, suchas

many bulk file transfersor even email. The other is for transportof informationthat is sensitive to

delay, suchaspacket telephony, or evensomeWebbrowsing. (In effect we will thusbeconsidering

Classof Servicemodelsfor the Internet,andnot the more involved QoSones.) We refer to delay

insensitive demand,or to its users,astype
�

, andto delaysensitive demand,or its users,astype � .

Within a given time period,eachtypehasa potentialvolumeor potentialdemand,which is the total

Internettransfervolumethe typewould useif the transfercharge or pricewereessentiallyzero. We

denotetheirpotentialvolumesby ��� and ��� , or simplyby � asageneraldesignation.

Wewill vary theratioof ��� and ��� , but only within narrow ranges,nearequality. Thejustification

for this is that in currentdatanetworks, the volumesof datasentover the congestedpublic Internet

andover theuncongestedprivateline networksarecomparable.If ��� weremuchlargerthan ��� , then

clearlyit wouldbebestto sendall dataoveranuncongestednetwork designedfor type
�

traffic. Onthe

otherhand,if � � weremuchlarger than � � , thecasefor a separatednetwork or a two-tierednetwork

wouldbemuchstronger.

Becauserealusewill bepricesensitive, theactualvolumecarriedfor a usertypeduringtheperiod

is modelledby �
	���
�� , where � is the price per unit of volumeand ��	���
 is the probability that a

potentialuserwill subscribeto theserviceatprice � . Wereferto � asthedemandfunctionandassume

that �
	���
���� andthat �
	���
 decreasestoward0 as � increases.An approximatebut revealingmeasure

of customersatisfactionis the demandsatisfactionexpressedasthe percentof potentialvolumethat
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customerssubscribetoduringtheperiod,i.e., �������
	���
 . Thisshouldnotbeconfusedwith theutilization

of availablenetwork capacitysince,for example,a channelthatcarriespriority datamayhave a high

demandsatisfactionyet provide very goodQoSbecauseits transportcapacitysubstantiallyexceeds

the priority demands.Several forms will be consideredfor � to accountfor the possibility that our

conclusionsmaydependonassumptionsaboutthedemandfunction.

Threenetwork configurationsareexaminedfor provision of serviceto types
�

and � , asfollows:

1. physicallyseparatenetworks areusedfor eachof
�

and � , with eachnetwork having its own

cost,QoS,andpricecharacteristics;

2. a singlenetwork is usedfor both
�

and � , with oneprice for all usersthat is constructedto

provide thehighQoSdesiredby � ;

3. a singlenetwork is usedfor
�

and � , but the typesare logically separatedby software that

differentiatesbetweenthemandallowsdifferentQoSandpricesfor thetwo.

Wereferto (1) astheseparatednetwork, to (2) astheone-pricenetwork,andto (3)asthetwo-tiered

network. Weassumefor (3) thatthetypesuselogically separatedchannelsandignoretechniquessuch

asthosein [FergusonH] thatcanleadto greaterefficiencies,aswhenlow-priority traffic is usedto fill

gapsin high-priority traffic. We alsoignorethe large increasesin utilization ratesthatcanbegained

by exploiting differenttime-of-daypatternsof use(which arediscussedin detail in [Odlyzko2]). The

mainconclusionof our modelsis that factorsof two in priceor utilization do not mattermuchin an

environmentof increasingdemandandfalling prices.

Theadvantageof (3) over (1) is thattheunifiednetwork cantake advantageof economiesof scale.

We will not considertheaddedcostsof providing for logical separationof the two traffic typeson a

two-tierednetwork.

As is shown in [Odlyzko1], currentdatanetworks are an inefficient amalgamof the separated

network andthe one-pricenetwork. They do resemblea separatednetwork, with the public Internet

operatingin a congestedmodewith relatively high utilization rate (althoughlower than that of the

switchedvoice network), while corporatenetworks have very low utilization rates. However, this is

not theseparatednetwork of ourmodel,sinceall corporatedata,whetherit is sensitive to delayor not,

travelsoverunderutilizednetworks,while all publicInternettraffic goesovercongestedlinks. Thuswe

have two separateone-pricenetworks.

The economicmodelsusedto determinepricesfor the threeconfigurationswe studyarebased

on providers' costsand revenues. Costsinclude ongoingoperationalcosts,depreciationand other
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overheadcharges,and a reasonablerateof returnor profit that might be limited by competitionor

regulatoryconstraints.Weassumefor eachperiodthattotalcostis a functionof actualvolumecarried,

asdescribedin thenext section.

Per-periodrevenueequalspricetimesactualvolume,i.e.,

Revenue= ���
	���
����
Wethencomputetheactualpricechargedasthesmallest� atwhichrevenueequalscost.In doingthis,

we arenot trying to maximizeprofit becauseit is alreadybuilt into costs;we seekonly to determinea

reasonablepricebasedonequalitybetweencostsandrevenues.If novalueof � satisfiestheRevenue=

Costequation,thenrevenueis insufficient to cover costat any price,andwe referto theconfiguration

as infeasible. Although our modelsarebasedon equilibrium betweenrevenueandcost ratherthan

optimizationschemesper se, we will compareprices,demandsatisfactions,andrevenuesof thethree

network configurationsto assesstheirperformanceswith respectto eachother.

Weregardourmodelsasinformativebut veryroughapproximationsto anextremelycomplex envi-

ronmentanduncertainfuture.Explanationsof aspectsof cost,includingeconomiesof scale,effectson

costof enhancedQoS,andhow costsmaychangeover time in a competitive marketplacewith rapidly

increasingvolumearedescribedin thenext section.Section3 specifiesthemodelsmorecompletely

for thethreenetwork configurationsin a staticone-periodscenarioanddescribessolutionprocedures.

Section4 thenextendsthemodelsto thedynamicscenarioof asuccessionof periodsin whichpotential

volumes,costs,andimpliedpriceschangefrom periodto period.

Forcomputationalsimplicity in thedynamicanalysis,wewill assumethatpotentialvolumedoubles

from periodto period.This assumptionis madepalatableby not fixing periodlengthsin advance.For

example,two-yearperiodsmight beassumed.See[CoffmanO] for historyandprojectionsof growth

patternsin datatraffic. While voice traffic hasbeengrowing at around10%per year, Internettraffic

(measuredin bytes)hasbeenjust aboutdoublingeachyearin the1990s,with theexceptionof 1995

and1996,whenit grew by factorsof about10 in eachof thosetwo years.

We have alreadymentionedthatdifferentmarket demandfunctionswill beconsidered.A further

accommodationfor an uncertainfuture will be madeby consideringtwo very differentpatternsfor

changesin costsover time. Thefirst is a conventionalpatternin which costschangeonly becauseof

the potentialvolumedoublingfrom periodto period. The second,which we refer to asthe dynamic

pattern, reflectsnot only thedoublingassumptionbut alsocostreductionsdrivenby competitionand

technologicaladvances.Dynamic-patternrevenuesincreasefrom periodto period(exceptin oneex-
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tremescenariowherethey remainconstant),but atamuchslower ratethanconventional-patterncosts.

Bothpatternsarespecifiedmorecompletelyin thenext section.

As we will seein Section4, the implicationsof our dynamicmodelsdependon our differentde-

mandfunctionsandcostpatterns,but sometrendsemerge. For example,in comparisonsbetweenthe

separatednetwork andtwo-tierednetwork, the pricesfor both
�

(ordinaryservice)and � (premium

service)tendto beslightly higherfor theseparatednetwork , whereasdemandsatisfactionsarecom-

parable.An anticipatedfinding is thatdynamic-patterncostsdrive pricessubstantiallybelow thosefor

conventional-pattern costsin all threenetworks. Anotherresultthatwasnot anticipatedat theoutset,

is thattheone-pricenetwork with its uniformly high QoSis competitive with theothersunderseveral

assumptions.In regardto revenues(= costs),which areaggregatedfor
�

and � in theseparatednet-

work, the highestrevenuesoccurfor eitherthe separatednetwork or theone-pricenetwork, whereas

thelowestrevenuesoccurfor eithertheone-pricenetwork or thetwo-tierednetwork. Thedifferences

in therevenuepicturearecausedmoreby thedifferentcostpatternsthanby thedifferentdemandfunc-

tions.A morecompletepictureof thesemattersis givenat theendof Section4. Themainconclusions,

though,arethatdifferencesbetweenthedifferentnetworksarenotgreat.

How cantheone-pricenetwork besuperiorto theseparatedone?We show this with anexample

that simplifiesour modelby ignoring effectsof price on demand.Supposethat type
�

andtype �
traffic arethesamewhenmeasuredin bytes,but thattype � transmissionrequiresmuchlesscongested

networks, with capacity4 timesaslarge asthat for type
�

. Supposealsothat the costof a network

of bandwidth� is ��� �"! . (Section2 discussescostformulasin detail.) Thenthecostof theseparated

network is 3 ( �#�%$'&(� �"! ), whereasthatof thetheone-pricenetwork is )*� �"!+�-,.�/)�,�)0& , asthecapacity

hasto be8 timesthatof just the
�

network. Thusin this scenario,providing uniformly high QoSto

everybodysaves6% of the cost. A muchlarger saving comesfrom having a singlenetwork, which

makes life simpler for customers.On the otherhand,therearealsocosts. For example,if thereis

no way to charge differentpricesfor
�

and � traffic on a singlenetwork (aswe will be assuming

throughoutthepaper),thentype
�

userswill pay1.4142(half of totalcost)insteadof 1.0for theirown

separatenetwork, whereastype � userswouldseetheir chargesdropfrom 2 to 1.4142.Thusdifferent

typesof networkshavevaryingimpactsonsocialwelfare.However, wearguethatin thelongrunsuch

costsmightbebearablein theinterestsof simplicity. Thereasonis thatrapidlydecreasingcostsof data

transportmeaneveryoneis aswell off within oneor two timeperiodsasthey wouldbewith any other

network solution.

Thetemporalaspectsof technologicalchangehavealargeimpactonthemarketplace.For example,

8



for a long time, Intel microprocessorswereslower, usuallyby at leasta factorof 2, thancomparably

pricedRISC chips. However, Intel wasusuallyable to provide comparableprice/performanceratio

within two or threeyears. This, combinedwith the advantagesof compatibility (i.e., lower coststo

customersin upgrading)allowed Intel to increaseits dominancein the processorbusiness.Similar

effectsmight favor simpleschemes(suchasthe one-pricenetwork) over moreefficient andsocially

optimalonesin datanetworks.

A summaryof ourstudyis providedin Section5.

2. Economies of scale and other cost factors

Forecastingpricesof telecommunicationsserviceshasbeenarisky enterprisein recentdecades.In

switchedvoiceservices,therehave beensteadyreductionsin pricesover thelastcentury. On theother

hand,in dataservicesrecentrecordis muchmoreerratic. As an example,we cite the paper[Irvin].

Written in 1992andpublishedin 1993, it developstwo modelsfor leasedline pricesin the United

States.Both modelspredicteda drop in pricesof about50%by 1998. Instead,priceshave increased

by approximately50%since1992,sothey areaboutthreetimesashighaspredictedby Irvin's model.

However, we feel that this wasan anomaly, causedby unexpectedlyhigh demandfor datanetwork

bandwidthandlittle new growth in supply. At somepoint in thefuture,pricesarelikely to resumetheir

decline.

Thereis nosimpleformulafor costsof communicationnetworks. It is almostalwaystruethatlarger

transfervolumeorbandwidthpurchasesarelessexpensiveperunitof volumeorbandwidththansmaller

ones,but eventhatis notalwaysthecase.For example,in April 1998,UUNet [UUNet] wasciting the

following pricesfor dedicatedInternetconnections(not includingthecostof local connectionsto the

nearestUUNetsite):

speed pricepermonth

56Kbps $595
1.5Mbps(T1) $1,795
45Mbps(T3) $54,000

In thiscase,a24-foldincreasein bandwidthfrom a56Kbpsline to aT1 incursonly a3-fold increasein

price,but the28-fold increasein speedfrom aT1 to aT3 raisesthecostby a factorof 30. Thispricing

mayreflectscarcityof high-capacitylines,andpossiblyof handlingthe traffic from a T3 connection

on a network that consistslargely of T3 links. Similar linear pricing in bandwidthappliesto speeds

betweenT3andOC3.(Sprintchargesfor thesethreespeedsare$897,$2,062and$20,620,respectively,
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accordingto dataat[Boardwatch],but thesefiguresmaynotbestrictly comparableto UUNet'sbecause

of specialconditionsandfeatures.)

A betterview of transmissioncostsmight be offeredby examining leasedline prices. In April

1998,the tariffed monthly ratesfor anapproximately300air mile privateline, with about5 milesof

localconnectionsthatareleasedfrom a localphonecompany wereaboutasfollows:

speed pricepermonth

9.6Kbps $1,150
56Kbps $1,300
128Kbps $3,000
256Kbps $3,800
512Kbps $5,100
1.5Mbps(T1) $7,000
7.7Mbps $37,000
45Mbps(T3) $66,000

(In practice,long-termleasesandbulk purchasediscountsmight reducethesecostsby up to 50%,see

[Leida], for example.It is worthnotingthatthelocalaccessconnectionsaccountfor about60%of the

costof a 9.6 or 56 Kbps line andabout17%of a T1 or a T3.) Theexactfiguresdependon distance

[Leida], but thisdependencehasdecreasedgreatlyover time [CoffmanO].

Using the leasedline pricescited above, we can seethat a moderatelygood fit for the cost of

carryingagivenvolumein onetimeperiodat themostcommonspeedsbetween56Kbpsand45Mbps

is obtainedby makingthe costproportionalto the volume,raisedto a power in the rangeof 0.5 to

0.7 that we denoteby 1 andrefer to asthe economy-of-scaleparameter. (In the generaleconomics

literature, �3241 is known as the elasticityof scale, and we are assumingit is constant.) Economies

of scalecanarisefrom reducedrequirementsfor the multiplexing equipmentneededto provide low

speedlinks on a high-capacitynetwork aswell aslower costsof sales,administration,maintenance,

andrelatedoperationalcosts.It is reasonableto supposethatthesame1 valuewill applyin thefuture

for greatervolumes.Althoughlaterexamplesassumea valueof 15�#,6247.8 we write our costformulas

for general1 . (For comparison,[Harms] usesa valueof 19�:�324, .) Today, 1'�;,6247 appliesonly

throughT3 speeds,andchargesfor OC3(155Mbps)privatelinesarereportedlyoftenhigherthanfor

equivalentcapacityin T3 lines.However, astraffic grows,andnew technologiesaredeployed,it is not

unreasonableto expectthatourcostformulawill applyathigherbandwidthsaswell.

A valueof 1<�=,6247 alsofits well with thehistoricalrecordof pricesof long distancephonecalls

[Irvin]. In thatcase,though,it reflectstechnologicalprogress(thelearningcurve), andnot economies

of scale.
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In particular, wewill assumethatthecostfor demandtype
�

in aperiodwith potentialvolume ���
anddemandprobability �
	���
 atprice � is givenby

Costfor
� �#> �
	���
����@?BA%�

This appliesto theseparatednetwork, wherecostsarescaledin unitsdeterminedfor theseparated
�

case.Usingthesamescale,weassumethatthecostfor demandtype � undersimilar conditionsis

Costfor �C�#> D%�
	���
����E?BAF8
whereD , which we referto asthepremiumfactor, is a parameterthatexceeds1 to accountfor higher

costandenhancedQoSfor type � users.Reasonablevaluesfor D might lie in the rangeof 2 to 4,

judging by the comparisonof differentnetworks in [Odlyzko1]. For example,if DG�H, , thenthe �
partof theseparatednetwork is arrangedto carrythesamevolumeasthe

�
partat twice thecapacity.

Single-periodcostsfor one-priceandtwo-tierednetworkshave relatedformsthataredescribedin the

next section.

Theprecedingcostsapplyto aninitial period,which canbetakento bethepresentor someother

baseperiod. Theconventionalpatternfor costs,in which costschangefrom periodto periodonly as

a functionof thedoublingof potentialvolume,impliesthatcostsI periodsin thefuturefrom thebase

periodwill be

> �
	���
",0JK����?BAF�#> �
	���
����@?BAL,0JMA NBO�P �
and

> D%�
	���
", J ���Q? A �#> DF�
	���
����R? A , JMA NBO�P �
in theseparatednetwork.

However, competitionandtechnologicaladvancesalongwith rising demandmayleadto substan-

tially lower coststhanthosegivenby theconventionalpattern.Amongotherthings,developmentsin

WDM meanthatfiber capacityis not a limiting factor. Instead,theelectronicsthatconnectendusers

to the fiber arebecomingthe mainobstacle,andimprovementsin opticalandsilicon technologyare

likely to inducerapid decreasesin the price/performanceratio. Although pricesof connectionsof a

fixed speedmight not drop dramatically, the bulk of the datatransportcapacitythat is purchasedis

likely to cost far lessper unit of volume thanat present. (That is the patternseenin pricesof mi-

croprocessorsandDRAMs.) We modelsucheffectsin our dynamicpatternfor costsby dividing the

conventionalnext periodcostby S , , a factorthataccumulatesexponentiallyover time. For example,
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thepresentcostof > ��	���
�����? A for
�

in theseparatednetwork translatesinto thedynamic-patterncost

of

> �
	���
",0J"� � ?BAL,*T�J �"! �#> ��	���
�� � ?BAU,0J�VWAXT � �"!XY
I periodsin thefuture,which is substantiallylessthanthefigureof > �
	���
�����? A , JMA for theconventional

pattern. We regard S , asa fairly drasticdynamicfactor, representingan extremecasefor unit cost

reduction.For example,if 1+���324, thentotal costremainsthesameaspotentialvolumedoubles.

Becauseperiod lengthsareflexible, we allow for varying ratesof decreasein unit costas time

progresses.If period length is one yearand 1Z�[,6247 , the conventionalpatternpresumesa yearly

decreaseof about20%in unit cost,andthedynamicpatternpresumesa yearlydecreaseof about44%

in unit cost. If periodlengthis two yearsand 15�#,6247 , theyearlyunit costdecreasesare10%for the

conventionalpatternand22%for thedynamicpattern.

3. One-period static analysis

This sectiondiscussesour modelsfor a fixedperiodin which
�

haspotentialvolume ��� , � has

potentialvolume ��� , andbothhavedemandfunction � . As before,D is thepremiumfactorfor higher

QoSand 1<\=� is theeconomy-of-scaleparameter. Theexamplelater in this sectiontakes ���'�G��� ,

D]�-7 and 1+�-,6247 . Thenext sectionconsidersotherarrangementsfor ��� , ��� , D and 1 .
Let �@8�^�8 and _ denotethepricesfor type

�
in theseparatednetwork, for type � in theseparated

network, andfor bothtypesin theone-pricenetwork, respectively. Thecostsfor thesenetworksareas

follows:

separated:
�

cost � > �
	���
�����? A
� cost � > D%�
	�^�
����E?BA

Total � > �
	���
�� � ?BAQ$-> D%��	�^`
�� � ?BA
one-price:Cost � abDc> �
	�_*
����d$Z�
	�_*
����R?fe A

� > D%�
	�_*
g? A 	h���i$]���j
 A �
For one-price,D appliesto both

�
and � becausethis network offers the premiumserviceto both

types.

TheRevenue� Costequationsfor theprecedingnetworksare

���
	���
�� � � > �
	���
�� � ? A
^(�
	�^�
�� � � > D%��	�^`
�� � ?BA
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and

_6�
	�_*
k	h� � $]� � 
��#> D%��	�_*
k	h� � $]� � 
g? A �
In the first equation,���
	���
 for the forms we usefor � increasesto a maximumandthendecreases

for larger � , whereas�
	���
 A on the right sidedecreasesfrom 1 at �]�l� andapproaches0 as � gets

large. If the single-peaked curve for ���
	���
���� lies beneaththe decreasingcurve for > �
	���
�����? A , i.e.,

if ���
	���
����-\m> �
	���
����@? A for all �on#� , thenthe
�

partof theseparatednetwork is infeasible.Oth-

erwise,therewill typically betwo � values,say � � \p� ! , wherethecurvescross.We take � � asour

price solutionto ���
	���
�� � �q> �
	���
�� � ? A becauseit givesa lower price,higherrevenue,andgreater

utilization than � ! . Similar remarksapplyto theotherRevenue� Costequations.

We introducea new parameterfor the two-tierednetwork. It is the ratio rsnt� of the higherto

thelower pricein this network, i.e., ru�-^�2v� when ^ is thepremiumpriceand � is theordinaryprice.

When r is notmadeexplicit, thetwo-tieredRevenue� Costequationis

���
	���
����w$'^.��	�^`
����9�#> ��	���
����w$'DF�
	�^�
����Q? A �
Unlike theone-pricecase,D applieshereonly to thepremiumservicebecauseof thetwo-tieredstruc-

ture. In keepingwith therationaleof a two-tierednetwork, we regardthis network asfeasibleonly if

theprecedingequationholdsfor some 	��@8�^�
 with ^xnp� . We notealsothatcostscouldbe increased

slightly for thetwo-tierednetwork becauseof theadditionalcostsof network operators,aswell asthose

of users,who have to adjustto a morecomplicatedpricing scheme.However, we do not believe that

thismattersverymuchsincethemodelsareapproximatein thefirst place.

A feasibletwo-tierednetwork offersmorefreedomof choicethantheothersbecauseit typicallyhas

a continuumof 	��@8�^�
 solutionsto theRevenue � Costequationin which ^ increasesas � decreases

in moving away from theequal-pricessolutionwhere �y�C^ . We have foundthat two-tieredrevenue

is often greatestwhen � and ^ areclosetogether, but notealsothat �s�H^ defeatsthe purposeof a

two-tierednetwork. Weshallthereforeregard ri�s^`2v� asacontrolvariablesubjectto policy decision.

Reasonablevaluesfor r rangefrom about2 to 4, sothat thepremiumservicecostsabouttwo to four

timesasmuchas the ordinaryserviceper unit volume. Our useof r alsoeasesthe computational

burdenof solvingtheRevenue � Costequationsince,when r is given,weneedonly solve for � and

thenobtain ^ from ^z�{r`� .

When r�� is substitutedfor ^ in theprecedingtwo-tieredequation,it becomes

�Q> �
	���
�� � $]r��
	hr`��
�� � ?���> �
	���
�� � $'D%��	hr`��
�� � ? A �
13



As for theothernetworks, thesolutionis takenasthesmallest� thatsatisfiestheequationwhenit is

feasible.

Weconsiderthreeformsfor thedemandfunction � in theexamplethatfollows. They are

� � 	���
|� } T�~3� NBO�P ��n���8
� ! 	���
|� } T�~�%$Z� N�O�P ��n���8
���6	���
|� ��%$Z��� N�O�P ��n����

Figure1 illustratesthe differencesbetweenthe three. � � and ��� begin high for small � , decrease

rapidlyas � getsinto amid-range,andhaveverynarrow tails. � ! beginsits descentimmediately, levels

off soonerthan � � and �Q� andhasa fat tail. Whenpricesarelow, � ! is muchmoresensitive thanthe

othersto smallpricechanges.This is themostimportantdifferencebetweenthembecausemostof the

solutionswehave seenfor ournetworkshave priceswell below 1.

We now turn to anexamplewith parametervaluesD-�p7 , 1���,6247 , and rx�'av,.8�&(e . Theexample

hassix scenariosin the 2-by-3 crossclassificationa low potentialvolume,high potentialvolumeew�
a3� � 8X� ! 8X�Q�4e . With ��������� , wesetthelow potentialvolumefor eachof

�
and � at � � �-7�, , andset

thehighpotentialvolumeat � ! �-�0&*� � .
We considerthe separatedandone-pricenetworks first. The Revenue � Costequationsfor

�
separate,� separate,andtheone-pricenetwork are,for ����� � ,

���
	���
�� � � > �
	���
�� � ? !X� �
���
	���
�� � � >�74�
	���
�� � ? !X� �

����	���
k	f,6� � 
�� >�74�
	���
k	f,6� � 
g? !X� �
respectively. Thesesimplify to

� ��� � � } T�~ �� ! � � � } T�~ 2(	"�F$'��
�Q� � � � 2(	"�F$9� � 

� ��
�� �

��� �� �3247�, �
separate� 247�, � separate� 24�0& one-price.

Theright-handsidesof theseequationsaremultiplied by 1/64 to obtainthecorrespondingequations

for � ! .
Table2 shows approximatesolutionvaluesin termsof price � , demandsatisfaction � andrevenue�

. Theone-pricenetwork pricein eachrow is midwaybetweenthepricesfor
�

and � in theseparated

network, � ! inducesslightly higherpricesthan � � and �Q� , and pricesdrop dramaticallywith high

14
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Figure1: Threedemandfunctions

volume.Theratiosof premiumserviceto ordinaryservicepricesfor theseparatednetwork lie between

2 and3.5.

In all cases,demandsatisfaction is substantiallyhigher for � � and �Q� than � ! , and aggregated

demandsatisfactionfor theseparatednetwork is aboutthesameasone-pricesatisfaction.

Revenuesareobviouslyhigherfor thehighvolumecases,but thehigh-to-low ratiosaresmallerthan

the64-fold increasein volumebecauseof economiesof scale.Moreover, because��� impliesgreater

propensityto subscribethan � ! , and � � impliesgreaterpropensityto subscribethan � ! for all pricesin

thetable,revenuesrunhighestfor � � , next highestfor � � andlowestfor � ! . Thereis significantlyless

differenceproportionatelybetweenrevenuesathighvolumethanat low volume.

We now bring the two-tierednetwork into the picture with � the cheapertwo-tieredprice and
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Table2: Prices,demandsatisfactions,andrevenuesfor separatedandone-pricenetworks

Separated
network One-price�

separate � separate totals networks

� � � � � � � � � � �
� � � � .33 90 9.4 .82 51 13.4 71 22.8 .58 71 26.6

(Low) � ! .40 48 6.1 1.4 10 4.6 29 10.7 .85 23 12.6� � .32 99 10.0 .71 80 18.1 90 28.1 .53 93 31.6� ! � � .079 99 160 .17 97 331 98 491 .13 98 527
(High) � ! .084 85 146 .18 70 266 78 412 .14 76 444�Q� .079 100 162 .16 100 336 100 498 .13 100 536

^y�Hr�� the premiumserviceprice. The Revenue � Costequationnotedearlierfor the two-tiered

network reducesto

��} T�~ � $]r���} T�VW��~ Y �>�} T�~ � $o7�} T�VW��~ Y � ? !X� � � �	f7�,6
 � � � N�O�P �p��� � 8 ����� �
��} T�~ 2(	"�%$'��
�$]r`��} T���~ 2(	"�F$]r`��
>�} T�~ 2(	"� $'��
�$]7�} T���~ 2(	"�%$�r`��
g? !X� � � �	f7�,6
 � � � NBO�P �p��� ! 8 ����� �

��2(	"�%$'� � 
@$]r`��2(	"�%$-	hr���
 � 
>W�32(	"�F$'� � 
�$o762(	"�F$�	hr`��
 � 
g? !X� � � �	f7�,6
 � � � NBO�P �p���Q�48 ����� � �
Theright sidesof thesearemultipliedby �32(	f�0&*
 � � � ���32v& for � ! .

Table3 shows the two-tieredresultsto the right of the one-priceresults. Comparisonsbetween

r¡�C, and r¡��& for thetwo-tieredcasereveal little differencein demandsatisfactionor revenue.In

eachrow, thetwo pricesfor r��s& (e.g.,.18and &��¢�£�b)��¤�¦¥4, ) surroundthepricesfor r���, (e.g.,.28

and ,��y�/,�)��G�/§�� ). Without exception,theone-pricenetwork priceis greaterthantheaverageof the

two two-tieredpricesfor agivencategory 	h��¨"8X��©68Ur�
 , andcanbegreaterthanthelargerof thesetwo as

for ru��, in rows1 and2. Finally, theone-pricenetwork hasuniformly higherrevenueanduniformly

lowerdemandsatisfactionthanthetwo-tierednetwork.

4. Dynamic Analysis

We presentresultsof our dynamicanalysisprimarily for theseparatedandone-pricenetworks to

keepmattersfairly simple. The resultsfor the two-tierednetwork in thedynamiccasearesimilar to
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Table3: Prices,demandsatisfactions,andrevenuesfor one-priceandtwo-tierednetworks

One-price Two-tierednetwork
network rw�-, ri��&� � � � � � � � �

� � � � .58 71 26.6 .28 83 21.8 .18 78 19.2
(Low) � ! .85 23 12.6 .36 40 12.5 .28 37 10.9�Q� .53 93 31.6 .27 96 24.4 .17 92 23.2� ! � � .13 98 527 .065 99 397 .040 99 400
(High) � ! .14 76 444 .071 82 349 .044 82 339�Q� .13 100 536 .066 100 407 .040 100 406

thosein theprecedingsectionin comparisonto theothernetworks,andtheirtrendsovertimearesimilar

to thetrendsdescribedin this section.For example,for anarrayof parameters,ru�{, and ru��& have

very similar demandsatisfactionsandrevenuesalthoughtheir prices,� and r`� , obviously differ. The

cheapertwo-tier priceat r9�G& is about60%of thecheaperpriceat ry�=, , so thepremiumpriceat

rZ�=& is about20%higherthanthepremiumpriceat r9�l, . Revenuecomparisonsshow a general

patternin which a two-tierednetwork eitherhasthelowestrevenueor themiddlerevenueof thethree

networks.

For theseparatedandone-pricenetworks,we begin our dynamicprocessat period I%��� with low

potentialvolumes,andruneachnetwork through11periods.In our initial runs,whicharepartlyshown

in Tables4 through7, we took ���y�#��� , with a valueof 4 at Iª�{� and , J 	�&*
 for I�nC� . Thesetables

alsouseDo�-7 and 1c��,6247 . An infeasiblesituationis shown by asterisks.

Tables4 through7 considerthe “low” and “high” demandfunctions � ! and �Q� (seeFigure1)

alongwith theconventionalcostpattern «F¬ andtheextremedynamicpattern«F¬X¬ of rapidly decreas-

ing unit cost. The tablespertainto 	�� ! 8U« ¬ 
 , 	�� ! 8U« ¬X¬ 
 , 	�� � 8U« ¬ 
 and 	�� � 8U« ¬X¬ 
 , respectively. The

Revenue � Costequationsfor theseparatednetwork canbewrittenasfollows:�
separate � separate	�� ! 8U«F¬3
 � � } T�~ 2(	"�%$'��
����324, JM­ ! � � } T�~ 2(	"� $'��
E� � 24, JM­ !	�� ! 8U«F¬X¬3
[� � } T�~ 2(	"�%$'��
����324, VW®"JM­ � YM�"! � � } T�~ 2(	"� $'��
E� � 24, V¯®"JM­ � YM�"!	��Q�48U«F¬3
 � � 2(	"�%$'� � 
E���324, V¦JM­ !XY � � 2(	"� $'� � 
�� � 24, V¯JM­ !XY	��Q�48U«F¬X¬3
[� � 2(	"�%$'� � 
E���324, V¯®"JM­ � YB�"! � � 2(	"� $'� � 
�� � 24, VW®"JM­ � YM�"! �

Theone-priceequationsfor «F¬ areidenticalto the � separateequationswhen I in thoseequationsis

replacedby Ij$#� : i.e., change, JM­ ! to , JM­ � . The correspondingone-pricechangefor «F¬X¬ replaces

, V¯®"JM­ � YB�"! by , VW®"JM­�° YM�"! in the � separateequationsfor period I .
We consideredchangesin D , 1 , and � � and � � to seehow much they affect the natureof the
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resultsshown in the tables. The specificchangesinclude D±�H, , 1d�²�324, , 	h���%8U���j
��²	�&`8b�b�6
 and

	h� � 8U� � 
³�H	"�b�.8�&*
 for the initial period. We commenton thesebriefly afternotingaspectsof Tables

4–7.

Table4: � ! , «F¬
Separated One-price�

separate � separate totals networkI � � � � � � � � � � �
� �4�/7 �b7 �/��7 ´ ´ ´ � �/��7 ´ ´ ´� �¦¥ � ,�§ �4�/�4� ´ ´ ´ �b7 �4�/�4� ´ ´ ´, �/§�§ 76¥ 7.�/,�) ´ ´ ´ � � 7.�/,�) �4��& ��� &`�/�(�7 ��&6� &�) �.�£�b§ �4��& ��� &`�/�(� , � ���(�/) �/)�§ ,�7 �b,.�/�& �/74� § � ���4�µ� �/)�§ ,�7 �b,.�/� &6� ,�7.�/� �/§ � 7�§ ,��.�/7§ �/,�7 ��§ � � �µ� �/§ � 7�§ ,��.�/7 §4� &�§.�/7 ��&�7 &�� & � � �� �£�b) ¥.�¶7�,.�/7 ��&�7 &�� & � � � § � )�,.�/, �/7�, §�§ ) � �/)¥ �£�k& ¥�¥ §�7.�/) �/7�, §�§ ) � �/) ��� �k&�& �/,0& ��7 �b§��) �£���·)(�¶)�).� � �/,0& ��7 �b§�� ¥4, ,0&�§ �£� � ¥0� ,����� �µ�6)0& )�§ �k&�� �£� � ¥0� ,���� ¥4) &��b, �£�k& ¥4� &�&�&��� �µ�6��� )�) ,�76¥ �£�k& ¥4� &�&�& )�, ��)�, �£���¶)(� ¥47�,

Table5: � ! , «F¬L¬
Separated One-price�

separate � separate totals networkI � � � � � � � � � � �
� �4�/7 �k& �/��7 ´ ´ ´ � �/��7 ´ ´ ´� ��&*¥ &�, �4�/� ´ ´ ´ ,(� �4�/� �4�£� �3¥ ,.� �, �/,�7 ��§ ,.��& �/§ � 7�§ 7.�/7 §4� §.�¦¥ ��&�7 &�� �.�/,7 �£�b, ¥ � 7.�£� �/,�) �4� §.�/7 � � ).�/7 �/,(� �6¥ � �µ�& �µ�6��� )�) 7.�¦¥ �£�k& ¥4� �.� � )�, ���(�/� �£��� )(� ���§ �µ�67�� � 7 &`�/7 �µ��¥�¥ )�� ).�/§ � � �b,.�/) �µ�6�(� ) � �k&� �µ�6,4� � � &`� � �µ�4&�7 � , ��� � & �b§.�µ� �µ�670& � & �b�¥ �µ�`�b, � ) �.�µ� �µ�6,0& � § �b, � ¥ �3¥*�¦¥ �µ�`� � � � � �) �µ����¥ ��� ¥*�£� �µ�`�k& � ¥ �k& � ) ,(�4�µ� �µ�`��� � ) ,�,� �µ���4& ��� ).�£� �µ���6) � ) �b� ��� ,0&`�/7 �µ���6� ��� ,0&��� �µ���6, ����� ).�/, �µ���6§ ��� ,4� ��� ,�).��& �µ���4& ��� 7�7

Revenue. Exceptfor very low potentialvolume,a provider who offers either the
�

serviceor the

� servicefor comparablepotentialvolumesin the separatednetwork makes moremoney from the

premium � service.A provider who offersoneof thetwo mainnetwork configurationsshown in the

tablesearnsmorewith the one-pricenetwork, but the differencebetweenthe two is not greatin any
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Table6: � � , « ¬
Separated One-price�

separate � separate totals networkI � � � � � � � � � � �
� �/�6¥ )�7 ,.�/, ´ ´ ´ &�, ,.�/, ´ ´ ´� �/§(� � & 7.�/) ´ ´ ´ &*¥ 7.�¦¥ �4�/, 7�, �.�/,, ��&6� � ) �.�/7 �4�/, 7�, �.�/, ��§ �b,.�/§ �¦¥.� )4� �b).�£�7 �/7�, ��� ���(�µ� �¦¥.� )4� �b).�£� � � ,�).�£� �/§�7 � 7 7(�4�/�& �/,�§ ����� �b�.�µ� �/§�7 � 7 7(�4�/� � � &*¥*�/� ��&�, � ¥ §(�4�/)§ �/,4� ����� ,�§.��& ��&�, � ¥ §(�4�/) ��� ¥�¥*�/, �/7�7 ��� )�7.�/,� �£�b� ����� &6�(��& �/7�7 ��� )�7.�/, ����� �b,0& �/,�� ����� �b7�7¥ �£�b7 ����� �0&`�/§ �/,�� ����� �b7�7 ����� � � ) �/,(� ����� ,(�b,) �£��� ����� ���6, �/,(� ����� ,(�b, ����� 7(�k& �£�b� ����� 7�7��� �µ��¥ � ����� �b��, �£�b� ����� 7�7�� ����� & � ¥ �£�b7 ����� §�7����� �µ�6��7 ����� ,�§�) �£�b7 ����� §�7�� ����� ¥ � & �£��� ����� )�§�,

case.

Separated versus one-price prices. Theone-pricenetworkpricealwaysfallsbetweenthe
�

-separate

and � -separateprices. It tendsto be aboutmidway betweenthe separatednetwork priceswhen « ¬
applies,andis closerto the

�
-separatepricewhen «F¬X¬ applies.

Demand satisfaction. As time passes,demandsatisfactionsapproach100%.Theapproachis much

morerapidfor «F¬X¬ . In eithercase,theforcesthatdrive down unit costmake theserviceaffordableto

virtually everypotentialuser.

Themaintrendsnotedabove andin theprecedingsectiondo not changesubstantiallywhenother

valuesof the parametersareused. In mostcases,we areneara full-utilization scenarioof 100%by

I������ , sothereis nosignificantdifferenceamong� � 8X� ! , and ��� for larger I . Revenuesatsucha time

areabit higherfor theone-pricenetwork, but thedifferenceis notgreat.Thereis clearlyanadvantage

in price for priority userswith the one-pricenetwork, which penalizesordinaryusersby about30%

or higherpricesthanin theseparatednetwork. However, the lower
�

-separatepriceis approximately

equalto the singleprice for the one-pricenetwork oneor two periodshence,so in a dynamicworld

the ordinaryusersdo not faretoo badly andmight even becomeattractedto the QoSprovided by a

one-pricenetwork.

Figure2showsthepricesfromTable7 for theseparateandone-pricenetworks. It showsgraphically

how quickly thethepriceson theone-pricenetwork get reducedto the levelsof theseparatenetwork
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Table7: � � , « ¬L¬
Separated One-price�

separate � separate totals networkI � � � � � � � � � � �
� �/�6¥ )�7 ,.�/, ´ ´ ´ &�, ,.�/, ´ ´ ´� �/7�� � ) ,.�/) �/)0& ��� &`�/§ )�, ¥*�/7 �/�(� )�) ).�/�, �/,4� ����� 7.�/, ��&�, ��� �.�/§ ��� � �¦¥ �/7�7 ��� ���(��&7 �£��� ����� 7.�/� �/,�7 ����� ¥*��& ����� ���4�µ� �£�b) ����� ���4�/)& �µ�6��7 ����� &`�µ� �£�b7 ����� ).��& ����� �b,.��& �£��� ����� �b7.�/7§ �µ�67�� ����� &`�/� �µ��¥47 ����� � �/7 ����� �k&`�µ� �µ�6§�) ����� �k&`�/)� �µ�6,4� ����� §.�£� �µ�4&�� ����� ���(�/§ ����� �b§.�/� �µ�67�7 ����� �b�.� �¥ �µ�`�b, ����� �.�£� �µ�6,�7 ����� ���4�/) ����� �3¥*� � �µ�`� � ����� � � �/§) �µ����¥ ����� ¥*�/, �µ�`�b7 ����� �b7.�/7 ����� ,4�(�/§ �µ�`��� ����� ,�,.�/§� �µ���4& ����� ).�/, �µ���6) ����� �b�.�/7 ����� ,0&`�/� �µ���6� ����� ,0&`�/���� �µ���6, ����� ).�/, �µ���6§ ����� ,4�(�/§ ����� ,�).�¦¥ �µ���4& ����� 7�,.�/)

for
�

users.

5. Summary

Our purposehasbeento comparethreenetwork configurationsfor datatransmissionover theInternet

when userdemandsare divided into delay-sensitive and delay-insensitive demands.Pricesfor the

demandtypeswerebasedon transfervolumeanddeterminedby equalitybetweennetwork costsand

revenues.Dynamicuncertaintieswereaccountedfor by consideringalternative futuresfor demands

andcosts,includingeconomiesof scalefor costsandpossibleeffectsof competitionandtechnological

advances.

The threenetwork configurationsinvestigatedwerea separatednetwork for the demandtypes,a

singleone-pricenetwork that provideshigh QoSto all users,anda two-tierednetwork that logically

distinguishesbetweentypes.Dynamicanalysisshowed thatnetwork comparisonscanbesensitive to

demandand cost scenarios,no network is obviously superiorto the others,and as I getslarge the

trendsareprettywell fixed. In termsof prices,thepremium-serviceone-pricenetwork benefitsdelay-

sensitive usersbut penalizesdelay-insensitive users,andthetwo-tierednetwork usuallygivesamodest

advantageover theseparatednetwork to bothtypes.Thelargestrevenuesoccureitherfor theseparated

network or theone-pricenetwork. Demandsatisfactionpercentagesfor thethreearecomparable,with

no network uniformly superiorto the others. Potentialuserparticipationapproaches100%as time

passes,andthis happensquickly whenunit costsandpricesdecreaserapidly. Eventhedelay-sensitive

usersseetheir pricesanddemandsatisfactionsapproachwhatthey couldobtainonaseparatenetwork
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Figure2: Evolution of pricesfor
�

usersin a separatenetwork (line with squares),for � usersin a
separatenetwork (line with crosses),andin a one-pricenetwork (line with circles),for thescenarioof
Table7.

within oneor two timeperiods.
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