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ABSTRACT

Thesimplemodelon whichthe Internethasoperatedwith all pacletstreatedequally andchages
only for accesdinks to thenetwork, hascontrilutedto its explosive grovth. However, thereis wide dis-
satisactionwith thedelaysandlossesn currenttransmissionFurther new servicesuchaspaclettele-
phory requireassurancef considerablypetterservice. Thesefactorshave stimulatedthe development
of methoddor providing Quality of Service(QoS),andthis will make the Internetmorecomplicated.
Differentialquality will alsoforcedifferentialpricing, andthiswill furtherincreaseghe compleity of
thesystem.

The solutionof simply putting in more capacityis widely regardedas impractical. However, it
appearshatwe areaboutto entera periodof rapidly decliningtransmissiortosts.Theimplicationsof
suchanervironmentareexploredby consideringnodelswith two typesof demandgor datatransport,
differing in sensitvity to congestion.Threenetwork configurationsareconsidered(1) with separate
networks for thetwo typesof traffic, (2) with a singlenetwork that pravidesuniformly high QoS,and
(3) with a single physicalnetwork that provides differential QoS. The bestsolution dependson the
assumptionsnadeaboutdemandand technologicalprogress.However, we shav that the provision
of uniformly high QoSto all trafiic may well be bestin the long run. Evenwhenit is not the least
expensve, the additionalcostsit imposesare usually not large. In a dynamicervironmentof rapid
gronth in traffic anddecreasingrices thesecostsmaywell beworth payingto attainthe simplicity of

asinglenetwork thattreatsall pacletsequallyandhasa simplechaging mechanism.
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1. Introduction

The Arpanet,which evolved into todays Internet,wasa researctprojectthat did not provide for
ary paymentmechanismsand treatedall paclets on an equal“best-efort” basis. The Internethas
(with minor exceptions)nheritedtheseproperties Packetsarebasicallystill treatedequally Chaging
usuallyis only for thebandwidthof the connectiorto the Internetandis independentf theamountof
datasentandreceved. (See[McKnightB], especiallyjMacKieMV], for a surney of the economicof
the Internet.) Thesefeatureswhich provide for extremesimplicity in both operationandeconomics,
have contritutedto the spectaculagrowth of thelnternet.

Althoughtherehave beenpersistentriticismsaboutthelack of Quality of Service(QoS)provision
onthe Internet,andaboutthe chaging schemethusfar they have not beensuficiently corvincing to
modify the system. However, thereare signsthat changels imminent. Dissatishctionwith endemic
congestioron the public Internet,which makes even Web surfingannging, andthe needto provide
QosSfor novel applicationgthat are delay-sensitie, suchaspaclet telephoy andvideoconferencing,
are leadingto demanddor differentialtreatmentof paclets. Similar demandsare coming from the
corporateside. Private line networks usethe samelP (Internetprotocol)technology are far larger
in aggrgyatethanthe public Internet[Coffman(d, andhave beenproviding high QoSlargely through
low utilization levels [Odlyzkol]. However, with demandfor bandwidthrising, corporatenetwork
managersirealsodemandingoolssuchasprioritizationto ensurehigherefficieng of network usage.
Differential servicequality will inevitably force introductionof more complicatedpricing schemes
thanthe presentone, sinceit will be necessaryo prevent all traffic from being senton the highest
quality level. The departurefrom the simple network operationsand chaging mechanism®f the
Internetwould represenatleasta partialvictory for the“Bell-heads”in theinfamouscontrosersyover
networking [Steinbeg].

The“Net-head"approacho theproblemsf poorservicehasbeeno provide greatelbandwidthand
keepthechaging algorithmsimple. Thissolutionis useduniversallyin LANs (localareanetworks)and
hasworkedfor corporateandresearcmetworksin the past. The objectionto the “Net-head"approach
is thatit is too expensve, at leastfor the public Internet,sincemorethantwo decade®f experience
have shavn thatary bandwidthgetssaturatedjuickly.

Datatransportis a seriousconstrainton ISPs(Internetserviceproviders),asit accountdor about
half of the total costof long-haulnetworks. While new optical fiber technologieded to a dramatic

dropin ratesfor leasedinesin the 1980sand early 1990s,priceshave beenincreasingrecentlyas



a consequencef scarcityof supply andrapidly growing demand(see[CoffmanQ, Rendlemah for
examples) Network operatordiave beenloweringtheir costperunit of bandwidthby moving to higher
capacitylines(seeSection? for dataanddiscussiorof thisissue)andby signinglong-termleasesin an
ervironmentof rising prices, differentialQoSandmoresophisticategricing schemesppearessential
to meetthe explosive datatransporineedsat affordablecost.

Do we have to give up on the simple operationand chaging mechanismef the currentinternet?
Both splitting of traffic into differentQoSclasseandcomplicatecchaging mechanismgnposeheary
costson developersof applicationsandnetwork systemsandon network operatorsFurtherfactorsin
favor of simplefixed-feechaging mechanismgomefrom customerpreferencegeven thoseof large
corporatecustomers)which oftenleadto higherrevenuedor serviceproviderswho usesuchpricing
approachegFishturnOg. An early 1988 paperby Ananiaand Solomon(publishedin [AnaniaS])
alreadypresentedeveralagumentdor a simpleflat-ratepricing approacho broadbanaetworks.

Although simpleflat-ratepricing with uniform best-efort datatransports attractve, it hasmary
defects.lt providesasinglelevel of servicequality, anddoesnot allow usersto selectwhatis bestfor
their needs Economistsn generalbpposdt onthegroundghatit leadsto misallocationof resources.
For fuller descriptionof the agumentsfor abandoninghe traditional Internetmodel,andfor further
referencessee[McKnightB], for example. However, thoseargumentsare basedon experiencewith
anervironmentthatis likely to changedrastically (It is alreadyan ervironmentfar removedfrom the
traditionaltelecommunicationgorld studiedin [MitchellV], for example andwill divergefromit even
further) As mentionedabove, long distancedatatransporipriceshave beenrisingin thelastfew years.
The basicfiber optic network thatcarriesboth voice anddatatraffic wasdesignedrimarily for voice,
anduntil afew yearsago,mostof thebandwidthwasdevotedto voice. In revenuesthenetwork is still
dominatedby voice. However, the bandwidthdevotedto datais alreadycomparableo that usedfor
voice[CoffmanO],anddatatraffic is groving muchmorerapidly Thuswe canexpectcommunications
networkswill grow rapidly andbe increasinglydominatedby data. FurthermoreWWDM (wavelength
division multiplexing) technologyallows for expandingcapacitywithout laying down morefiber (at
leastnot on long distanceroutes),which is a very expensve processgspeciallywhenacquisitionof
rights-of-way is included. Within a few years,existing fiber will provide 100 or even 1000timesthe
bandwidthit did a coupleof yearsago,at modestadditionalcost. The main determinant®f network
costswill betheelectronicsmeededo provide WDM andswitching.However, in electronics’Moore's
Law” reigns,with performancencreasingwhile pricesdrop. Whatthis meands thatwe arelikely to

enteran erain which the price of bandwidthcontinuesdroppingdramaticallyfor a decadeor more.



Thequestions, whatwill this meanfor serviceprovidersandconsumers?

It is instructive to considemicroprocessorstablel shavs thelastdozenyearsfrom the history of
Intel. For eachyear themicroprocessdistedis themostpowerful modelintroducedhatyear with the
pricetheoneavailableatthe endof thatyear (All dollarfiguresarein nominaldollars,andthe prices
arefor ordersof 1000r 1000chipsatatime.) The processingpower, in mips (millions of instructions
persecond]s animperfectmeasuref the computingpower of processorsStill, it illustrateshow the
power of stateof the art microprocessorhasbeengrowing at an exponentialrate, while their prices
have remainedaboutconstant At the sametime, revenuesandprofits have increasedOver the period
illustratedby Table1, computingpowver hasgronvn over 60%peryear with pricesof themostpowerful
available processorsatherstable,while Intel's revenueshave grovn about30% peryear A similar
scenaricappearso berealisticfor high bandwidthcommunicatiometworksin the next decade What
we explorearetheimplicationsof this kind of environmentfor the provision of QoSonthelnternet.If
availablecapacitydoubleseachyear or every two yearswhile total costsincreaseanuchmoreslowly,
sothatthepriceperunit of bandwidthdecreasesapidly, it mightmake senseo provide uniformly high

QoSfor everybodyandavoid the compleities of the schemeshatarebeingconsidered.

Table1: Intel andits microprocessorskor eachyearwe list the mostpowerful generalpurposemi-
croprocessorsold by Intel, its computingpower, price at the endof the year(in dollars),andIntel's
revenuesandprofitsfor thatyear(in millions of dollars).

year processor mips price revenue netprofit
86  386DX (16 MHz) 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
91 486 DX (50 MHz) 41 644 4779 819
92 DX2 (66 MHz) 54 600 5844 1067
93  Pentium(66 MHz) 112 898 8782 2295
94  Pentium(100MHz) 166 935 11521 2266
95  PentiumPro(200MHz) 400 1325 16202 3566
96 20847 5157

97  Pentiumll (300MHz) 600 735 25070 8945

Existingwork on QoS,suneyedin the book [FergusonH, doesnot containary projectionsof the
degreeto which thedifferentproposaldor providing QoSwill lower network utilization. Therelation

betweerutilization of network capacityandpercevedquality of serviceisacomple one. It is possible



to have alightly utilized network thatdelivershorrible service but in generathe lower the utilization
rate,the betterthe service.Further mary networks, suchascorporatdntranetsarealreadyproviding
QoS largely throughlow utilization rates[Odlyzkol]. High-quality experimentalnetworks suchas
VBNS also have very low utilizations. Thesenetworks are still operatedon the “best-efort” basis,
with no explicit guaranteegbut with sophisticatedraffic engineeringools). Congestiorepisodesre
infrequentenoughor thisto beacceptableln generalpnomatterhow anetworkis engineeredpwering
thetraffic loadonit will resultin betterservice.Theroutersandswitchesarefastenoughalreadythat
if congestiordoesnot causebufferstofill up,thequalityis sufiicientfor all anticipatecdemands.

In this work, we will assumeas a first approximationthatimproved QoSis associatedlirectly
with low utilization levels. Althoughschemedik e thosein [FergusonH canincreaseahe efficiengy of
the network, whetherit hasjust a singlebest-efort service,or several classe®f service,it is hardto
incorporateheminto aneconomianodeluntil moreis known abouttheir performance.

To explore potentialfuturesfor QoSon the Internetwith andwithout differentialpricing, we will
assumewo typesof demandsn our models. Oneis for transportthatis delayinsensitve, suchas
mary bulk file transfersor even email. The otheris for transportof informationthatis sensitve to
delay suchaspaclet telephor, or even someWeb browsing. (In effect we will thusbe considering
Classof Servicemodelsfor the Internet,and not the more involved QoS ones.) We refer to delay
insensitve demandpor to its usersastype A4, andto delaysensitve demandpr its users,astype B.
Within a giventime period,eachtype hasa potentialvolumeor potentialdemandwhich is the total
Internettransfervolumethe type would useif the transferchage or price were essentiallyzero. We
denotetheir potentialvolumesby V4 andVg, or simply by V' asa generaldesignation.

Wewill varytheratioof V4 andVp, but only within narrav rangesnearequality Thejustification
for this is thatin currentdatanetworks, the volumesof datasentover the congestegublic Internet
andover theuncongestegrivateline networksarecomparablelf V4 weremuchlargerthanVg, then
clearlyit wouldbebestto sendall dataoveranuncongestedetwork designedor type A traffic. Onthe
otherhand,if Vg weremuchlargerthanV,, the casefor a separatesetwork or a two-tierednetwork
would be muchstronger

Becauseealusewill bepricesensitve, theactualvolumecarriedfor a usertypeduringthe period
is modelledby P(z)V, wherez is the price per unit of volumeand P(z) is the probability that a
potentialuserwill subscribdo theserviceatpricez. Wereferto P asthedemandunctionandassume
thatP(0) = 1 andthat P(z) decrease®wardO0 asz increasesAn approximatéut revealingmeasure

of customersatisactionis the demandsatisfactionexpressedasthe percentof potentialvolumethat



customersubscribeo duringtheperiod,i.e.,100P(z). Thisshouldnotbeconfusedvith theutilization

of availablenetwork capacitysince,for example,a channelthat carriespriority datamay have a high

demandsatistction yet provide very good QoS becausets transportcapacitysubstantiallyexceeds
the priority demands.Several formswill be consideredor P to accountfor the possibility that our

conclusionsnay dependn assumptionaboutthe demandunction.

Threenetwork configurationsareexaminedfor provision of serviceto typesA and B, asfollows:

1. physicallyseparatenetworks are usedfor eachof A and B, with eachnetwork having its own

cost,QoS,andprice characteristics;

2. asingle network is usedfor both A and B, with one price for all usersthatis constructedo

provide thehigh QoSdesiredby B;

3. a single network is usedfor A and B, but the typesare logically separatedy software that

differentiatedetweerthemandallows differentQoSandpricesfor thetwo.

Wereferto (1) asthesepantednetwork, to (2) astheone-pricenetwork, andto (3) asthetwo-tiered
network. We assumédor (3) thatthetypesuselogically separated¢hannelsandignoretechniquesuch
asthosein [FergusonH thatcanleadto greaterefficiencies,aswhenlow-priority traffic is usedto fill
gapsin high-priority traffic. We alsoignorethe large increasesn utilization ratesthatcanbe gained
by exploiting differenttime-of-daypatternsof use(which arediscussedn detailin [Odlyzko?]). The
main conclusionof our modelsis thatfactorsof two in price or utilization do not mattermuchin an
ervironmentof increasingdemandandfalling prices.

Theadwantageof (3) over (1) is thatthe unified network cantake advantageof economie®f scale.
We will not considerthe addedcostsof providing for logical separatiorof the two traffic typeson a
two-tierednetwork.

As is shawn in [Odlyzkol], currentdatanetworks are an inefficient amalgamof the separated
network andthe one-pricenetwork. They do resemblea separatedhetwork, with the public Internet
operatingin a congestednodewith relatively high utilization rate (althoughlower than that of the
switchedvoice network), while corporatenetworks have very low utilization rates. However, this is
notthe separatedetwork of our model,sinceall corporatedata,whethelit is sensitie to delayor not,
travelsoverunderutilizechetworks, while all public Internettraffic goesover congestedinks. Thuswe
have two separat®ne-pricenetworks.

The economicmodelsusedto determinepricesfor the three configurationswe study are based

on providers' costsand revenues. Costsinclude ongoing operationalcosts,depreciationand other
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overheadchages,and a reasonablaate of return or profit that might be limited by competitionor
regulatoryconstraintsWe assumdor eachperiodthattotal costis afunctionof actualvolumecarried,
asdescribedn thenext section.

Perperiodrevenueequalspricetimesactualvolume,i.e.,
Revenue= z P(z)V.

We thencomputetheactualpricechagedasthesmallestr atwhichrevenueequalscost.In doingthis,

we arenot trying to maximizeprofit becausét is alreadybuilt into costs;we seekonly to determinea
reasonabl@ricebasedn equalitybetweercostsandrevenueslIf novalueof x satisfieshe Revenue=

Costequationthenrevenueis insuficient to cover costat ary price,andwe referto the configuration
asinfeasible Although our modelsare basedon equilibrium betweenrevenueand costratherthan
optimizationschemegper se we will compareprices,demandsatisactions,andrevenuesof thethree
network configurationgo assessheir performancesvith respecto eachother

We regardour modelsasinformative but very roughapproximation$o anextremelycomple ervi-
ronmentanduncertairfuture. Explanation®of aspect®f cost,includingeconomie®f scale effectson
costof enhanced)oS,andhow costsmay changeovertimein a competitve marketplacewith rapidly
increasingvolumearedescribedn the next section. Section3 specifieshe modelsmorecompletely
for thethreenetwork configurationsn a staticone-periodscenaricanddescribesolutionprocedures.
Sectiond thenextendsthe modelsto thedynamicscenarimf asuccessionf periodsin which potential
volumes costs,andimplied priceschangegrom periodto period.

For computationasimplicity in thedynamicanalysiswewill assuméhatpotentialvolumedoubles
from periodto period. This assumptions madepalatableby not fixing periodlengthsin advance.For
example,two-yearperiodsmight be assumed See[Coffman( for history andprojectionsof growth
patterndgn datatraffic. While voicetraffic hasbeengrowing at around10% peryear Internettraffic
(measuredn bytes)hasbeenjust aboutdoublingeachyearin the 1990s,with the exceptionof 1995
and1996,whenit grew by factorsof about10in eachof thosetwo years.

We have alreadymentionedhat differentmarket demandfunctionswill be consideredA further
accommodatiorior an uncertainfuture will be madeby consideringtwo very different patternsfor
changesn costsover time. Thefirst is a corventionalpatternin which costschangeonly becausef
the potentialvolume doublingfrom periodto period. The secondwhich we referto asthe dynamic
pattern reflectsnot only the doublingassumptiorbut alsocostreductionsdriven by competitionand

technologicabdwances.Dynamic-patterimevenuesncreaserom periodto period(exceptin oneex-



tremescenariovherethey remainconstant)put ata muchslowver ratethancornventional-patrn costs.
Both patternsarespecifiednorecompletelyin the next section.

As we will seein Section4, theimplicationsof our dynamicmodelsdependon our differentde-
mandfunctionsandcostpatternsput sometrendsemepge. For example,in comparisondetweenthe
separatedhetwork andtwo-tierednetwork, the pricesfor both A (ordinaryservice)and B (premium
service)tendto be slightly higherfor the separatedietwork , whereasddemandsatishctionsare com-
parable An anticipatedindingis thatdynamic-pattermostsdrive pricessubstantiallyoelov thosefor
conventional-patten costsin all threenetworks. Anotherresultthatwasnot anticipatedat the outset,
is thatthe one-pricenetwork with its uniformly high QoSis competitve with the othersunderseveral
assumptionslin regardto revenueq= costs),which areaggrgyatedfor A and B in the separatedhet-
work, the highestrevenuesoccurfor eitherthe separatedhetwork or the one-pricenetwork, whereas
thelowestrevenuesoccurfor eitherthe one-pricenetwork or the two-tierednetwork. The differences
in therevenuepicturearecausednoreby thedifferentcostpatternghanby thedifferentdemandunc-
tions. A morecompletepictureof thesematterss givenattheendof Sectiond. Themainconclusions,
though,arethatdifferencedetweerthe differentnetworksarenotgreat.

How canthe one-pricenetwork be superiorto the separatedne? We shav this with an example
that simplifies our model by ignoring effects of price on demand. Supposehattype A andtype B
traffic arethesamewhenmeasuredh bytes but thattype B transmissiomequiresmuchlesscongested
networks, with capacity4 timesaslarge asthatfor type A. Supposelsothatthe costof a network
of bandwidthz is z!/2. (Section2 discussesostformulasin detail.) Thenthe costof the separated
network is 3 (= 1 + 41/2), whereaghatof thethe one-pricenetwork is 81/2 = 2.8284, asthe capacity
hasto be 8 timesthatof justthe A network. Thusin this scenarioproviding uniformly high QoSto
everybodysares 6% of the cost. A muchlarger saving comesfrom having a single network, which
maleslife simplerfor customers.On the other hand, thereare also costs. For example,if thereis
no way to chage differentpricesfor A and B traffic on a single network (aswe will be assuming
throughouthe paper) thentype A userswill pay1.4142(half of total cost)insteadof 1.0for theirown
separat@etwork, whereagype B userswould seetheir chagesdropfrom 2 to 1.4142. Thusdifferent
typesof networkshave varyingimpactson socialwelfare. However, we arguethatin thelongrun such
costsmightbebearablén theinterestf simplicity. Thereasoris thatrapidly decreasingostsof data
transportmeaneveryoneis aswell off within oneor two time periodsasthey would bewith ary other
network solution.

Thetemporalkspect®f technologicathangéhave alargeimpactonthemarketplace For example,



for along time, Intel microprocessoraereslower, usuallyby at leasta factorof 2, thancomparably
priced RISC chips. However, Intel was usually ableto provide comparablerice/performanceatio

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

customersn upgrading)allowed Intel to increasets dominancein the processoibusiness. Similar

effects might favor simple schemegsuchasthe one-pricenetwork) over more efficient and socially
optimalonesin datanetworks.

A summaryof our studyis providedin Section5.
2. Economiesof scale and other cost factors

Forecastingricesof telecommunicationserviceshasbeenarisky enterprisan recentdecadesin
switchedvoice servicestherehave beensteadyreductionsn pricesoverthelastcentury Ontheother
hand,in dataservicesrecentrecordis much moreerratic. As an example,we cite the paper{lrvin].
Written in 1992 and publishedin 1993, it developstwo modelsfor leasedine pricesin the United
States.Both modelspredicteda dropin pricesof about50% by 1998. Instead priceshave increased
by approximately60%since1992,sothey areaboutthreetimesashigh aspredictedoy Irvin's model.
However, we feel that this wasan anomaly causedby unexpectedlyhigh demandfor datanetwork
bandwidthandlittle new growth in supply At somepointin thefuture,pricesarelikely to resumeheir
decline.

Thereis nosimpleformulafor costsof communicatiometworks. It is almostalwaystruethatlarger
transfervolumeor bandwidthpurchasearelessexpensve perunit of volumeor bandwidtithansmaller
ones but eventhatis notalwaysthe case.For example,in April 1998,UUNet[UUNet] wasciting the
following pricesfor dedicatednternetconnectiongnotincluding the costof local connectiongo the
nearestyUNetsite):

speed pricepermonth

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

In this casea 24-foldincreasen bandwidthfrom a56 Kbpsline toaT1 incursonly a 3-fold increasen
price,but the 28-foldincreasan speedrom aT1 to a T3 raiseshecostby afactorof 30. This pricing
may reflectscarcityof high-capacitylines, and possiblyof handlingthe traffic from a T3 connection
on a network that consistdargely of T3 links. Similar linear pricing in bandwidthappliesto speeds

betweenT3andOC3. (Sprintchagesfor thesehreespeedare$897,$2,062and$20,620yespectiely,



accordingo dataat[Boardwatch],but thesefiguresmaynotbestrictly comparabléo UUNet'sbecause
of specialconditionsandfeatures.)

A betterview of transmissiorcostsmight be offered by examiningleasedline prices. In April
1998, the tariffed monthly ratesfor an approximately300 air mile privateline, with about5 miles of

local connectionghatareleasedrom alocal phonecompany wereaboutasfollows:

speed pricepermonth
9.6Kbps $1,150

56 Kbps $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 Jong-termleasesaandbulk purchasaliscountamight reducethesecostsby up to 50%, see
[Leida], for example.lt is worth notingthatthelocal accesonnectionsccountfor about60% of the
costof a9.6 or 56 Kbpsline andabout17%of a T1 or a T3.) The exactfiguresdependon distance
[Leidal, but thisdependenckasdecreasedreatlyover time [Coffmand.

Using the leasedline pricescited above, we can seethat a moderatelygood fit for the cost of
carryinga givenvolumein onetime periodatthe mostcommonspeed$etweerb6 Kbpsand45 Mbps
is obtainedby makingthe costproportionalto the volume, raisedto a power in the rangeof 0.5 to
0.7 thatwe denoteby s andreferto asthe economy-of-scalparameter (In the generaleconomics
literature,1/s is known asthe elasticity of scale andwe are assumingt is constant.) Economies
of scalecanarisefrom reducedrequirementgor the multiplexing equipmentneededo provide low
speedinks on a high-capacitynetwork aswell aslower costsof sales,administrationmaintenance,
andrelatedoperationaktosts.It is reasonabléo supposeéhatthe sames valuewill applyin thefuture
for greatervolumes.Althoughlaterexamplesassumea valueof s = 2/3, we write our costformulas
for generals. (For comparison[Harmg usesa valueof s = 1/2.) Today s = 2/3 appliesonly
throughT3 speedsandchagesfor OC3 (155 Mbps) privatelinesarereportedlyoften higherthanfor
eguvalentcapacityin T3 lines. However, astraffic grows, andnew technologiesredeplged, it is not
unreasonabl® expectthatour costformulawill applyathigherbandwidthsaswell.

A valueof s = 2/3 alsofits well with the historicalrecordof pricesof long distancephonecalls
[Irvin]. In thatcasethough,it reflectstechnologicaprogresgthelearningcurwe), andnot economies

of scale.
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In particular we will assumehatthe costfor demandype A in aperiodwith potentialvolumeVy

anddemandprobability P(x) atpricez is givenby
Costfor A = [P(z)V4]® .

This appliesto the separatedetwork, wherecostsarescaledin units determinedor the separatedt

case Usingthe samescale we assumehatthe costfor demandype B undersimilar conditionsis
Costfor B = [ P(z)V3]®,

wherety, which we referto asthe premiumfactor, is a parametethatexceedsl to accountor higher
costandenhanced)oSfor type B users. Reasonabl&aluesfor ) might lie in the rangeof 2 to 4,
judging by the comparisorof differentnetworksin [Odlyzkol]. For example,if ¢y = 2, thenthe B
partof the separatedietwork is arrangedo carrythe samevolumeasthe A partattwice the capacity
Single-periodcostsfor one-priceandtwo-tierednetworks have relatedformsthataredescribedn the
next section.

The precedingcostsapplyto aninitial period,which canbetakento bethe presenbr someother
baseperiod. The conventionalpatternfor costs,in which costschangefrom periodto periodonly as
afunction of the doublingof potentialvolume,impliesthatcostst periodsin the futurefrom the base
periodwill be

[P(x)2'Va]® = [P(x)Va]*2" for A

and
[P (x)2'Vg]* = [¢P(z)Vp]*2" for B

in the separatedetwork.

However, competitionandtechnologicahdwancesalongwith rising demandnayleadto substan-
tially lower coststhanthosegiven by the corventionalpattern. Among otherthings, developmentsn
WDM meanthatfiber capacityis not a limiting factor Insteadthe electronicghatconnectendusers
to the fiber are becomingthe main obstacle andimprovementsin optical andsilicon technologyare
likely to inducerapid decreasef the price/performanceatio. Although pricesof connectionof a
fixed speedmight not drop dramatically the bulk of the datatransportcapacitythatis purchaseds
likely to costfar lessper unit of volumethanat present. (Thatis the patternseenin pricesof mi-
croprocessorandDRAMs.) We modelsucheffectsin our dynamicpatternfor costsby dividing the

cornventionalnext periodcostby v/2, afactorthataccumulategxponentiallyover time. For example,
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the presentostof [P(z)V4]* for A in the separatedetwork translatesnto the dynamic-patterrcost
of

[P($)2tVA]527t/2 _ [P(x)VA]s2t(sfl/2)

t periodsin thefuture,whichis substantialljessthanthefigure of [P(z)V4]*2% for the corventional
pattern. We regard /2 asa fairly drasticdynamicfactor representingin extremecasefor unit cost
reduction.For example,if s = 1/2 thentotal costremainshe sameaspotentialvolumedoubles.
Becauseperiod lengthsare flexible, we allow for varying ratesof decreasen unit costastime
progresses.If periodlengthis oneyearands = 2/3, the corventional patternpresumesa yearly
decreasef about20%in unit cost,andthe dynamicpatternpresumes yearly decreasef about44%
in unit cost. If periodlengthis two yearsands = 2/3, theyearly unit costdecreaseare10%for the

conventionalpatternand22%for thedynamicpattern.
3. One-period static analysis

This sectiondiscussesur modelsfor a fixed periodin which A haspotentialvolumeV,, B has
potentialvolume Vg, andbothhave demandunction P. As before i is thepremiumfactorfor higher
QoSands < 1 is theeconomy-of-scalparameterThe examplelaterin this sectiontakesV4 = Vp,
1 = 3 ands = 2/3. Thenext sectionconsiderotherarrangementtr V4, Vg, ¢ ands.

Let z,y, andz denotethe pricesfor type A in the separatedhetwork, for type B in the separated
network, andfor bothtypesin the one-pricenetwork, respectiely. Thecostsfor thesenetworksareas

follows:

separatedA cost = [P(z)V4l®
Bcost = [yP(y)Vs]®
Total = [P(z)Va]® + [P (y)V5]*
one-pricexCost = {Y[P(2)Va + P(2)Vg]}*
= [P (Va+Va)®.
For one-price,ip) appliesto both A and B becausehis network offers the premiumserviceto both

types.
TheRevenue= Costequationdor the precedinghetworksare

zP(z)Va = [P(z)Val]®
yP(y)Ve = [YP(y)Vs)*
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and
zP(2)(Va +VB) = [¥P(2)(Va + VB)]® .

In the first equation,zP(z) for the formswe usefor P increase$o a maximumandthendecreases
for larger z, whereasP(z)® on theright sidedecreaseffom 1 atz = 0 andapproache$ asz gets
large. If the single-peakd curve for zP(z)V4 lies beneatithe decreasingurnwe for [P(z)V4]%, i.e.,
if zP(x)Vy < [P(z)V4)® for all z > 0, thenthe A partof the separatedietwork is infeasible. Oth-
erwise,therewill typically betwo z values,sayz; < z9, wherethe curvescross.We take z; asour
price solutionto zP(z)V4 = [P(x)V4]® becauseét givesa lower price, higherrevenue,andgreater
utilizationthanz,. Similarremarksapplyto the otherRevenue= Costequations.

We introducea new parametefor the two-tierednetwork. It is theratio A > 1 of the higherto
thelower pricein this network, i.e., A = y/z wheny is the premiumpriceandz is the ordinaryprice.

When is not madeexplicit, thetwo-tieredRevenue= Costequations
zP(x)Va+yP(y)Vs = [P(z)Va + Y P(y)Va]" .

Unlike the one-pricecase ) applieshereonly to the premiumservicebecaus®f the two-tieredstruc-
ture. In keepingwith the rationaleof a two-tierednetwork, we regardthis network asfeasibleonly if
the precedingequationholdsfor some(z,y) with y > z. We notealsothat costscould beincreased
slightly for thetwo-tierednetwork becausef theadditionalcostsof network operatorsaswell asthose
of userswho have to adjustto a more complicatedpricing scheme However, we do not believe that
this mattersvery muchsincethemodelsareapproximaten thefirst place.

A feasibletwo-tierednetwork offersmorefreedomof choicethantheothersbecausé typically has
acontinuumof (z,y) solutionsto theRevenue = Costequationin whichy increasesisz decreases
in moving away from the equal-pricesolutionwherez = y. We have foundthattwo-tieredrevenue
is often greatestvhenz andy are closetogether but notealsothatz = y defeatsthe purposeof a
two-tierednetwork. We shallthereforeregard A = y/x asacontrolvariablesubjectto policy decision.
Reasonablegaluesfor A rangefrom about2 to 4, sothatthe premiumservicecostsabouttwo to four
times as much asthe ordinary serviceper unit volume. Our useof \ also easeghe computational
burdenof solvingthe Revenue = Costequatiorsince,when is given,we needonly solve for z and
thenobtainy fromy = Az.

When\z is substitutedor y in the precedingwo-tieredequationjt becomes

Z[P(2)Va + AP(\z)V5] = [P(2)V4 + $pP(\z)V5]* .

13



As for the othernetworks, the solutionis taken asthe smallestz thatsatisfieghe equationwhenit is
feasible.

We considetthreeformsfor thedemandunction P in theexamplethatfollows. They are

P(z) = e for >0,
e-x
Py(z) = T2 for >0,
1
Py(z) = T for z>0.

Figure 1 illustratesthe differencesbetweenthe three. P, and Ps; begin high for small z, decrease
rapidly asz getsinto amid-rangeandhave very narraw tails. P, beginsits descentimmediatelylevels
off soonerthan P, and P; andhasa fattail. Whenpricesarelow, P, is muchmoresensitve thanthe
othersto smallpricechangesThis is the mostimportantdifferencebetweerthembecausenostof the
solutionswe have seerfor our networks have priceswell below 1.

We now turnto anexamplewith parameteraluesy = 3, s = 2/3, andX € {2,4}. Theexample
hassix scenariosn the 2-by-3 crossclassification{low potentialvolume, high potentialvolume} x
{P1, P», P;}. With V4 = Vg, we setthelow potentialvolumefor eachof A andB atV; = 32, andset
thehigh potentialvolumeatV, = 64V;.

We considerthe separatecind one-pricenetworks first. The Revenue = Costequationdor A

separateB separateandthe one-pricenetwork are,for V- = 17,

zP(zx)Vy = [P(x)V1]2/3
zP(z)Vy = [3P(z)W1]*/?
zP(z)(2V1) = [3P(x)(2W1)]*/°
respectiely. Thesesimplify to
P : g3 1/32 A separate
Py: zde ®/(1+x) p =< 9/32 B separate
Py: z3/(1+x%) 9/64 one-price.

Theright-handsidesof theseequationsare multiplied by 1/64 to obtainthe correspondingquations
for V5.

Table2 shavs approximatesolutionvaluesin termsof price z, demandsatisaction.S andrevenue
R. Theone-pricenetwork pricein eachrow is midway betweerthepricesfor A andB in theseparated

network, P, inducesslightly higherpricesthan P, and Ps, and pricesdrop dramaticallywith high
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volume. Theratiosof premiumserviceto ordinaryservicepricesfor theseparatedetwork lie between

In all casesdemandsatishctionis substantiallyhigherfor P, and P53 than P, and aggrgjated
demandsatishctionfor the separatedetwork is aboutthe sameasone-pricesatisfiction.

Revenuesareohviously higherfor thehigh volumecasesbut the high-to-lov ratiosaresmallerthan
the 64-fold increasdén volumebecaus®f economie®f scale. Moreover, becauseP; implies greater
propensityto subscribeéhan P, and P, impliesgreatempropensityto subscribehan P, for all pricesin
thetable,revenuesun highestfor P;, next highestfor P; andlowestfor P,. Thereis significantlyless
differenceproportionateljbetweerrevenuesat high volumethanat low volume.

We now bring the two-tiered network into the picture with z the cheapentwo-tieredprice and



Table2: Prices, demandsatishctions,andrevenuedor separate@ndone-pricenetworks

Separated

network One-price

A separate B separate totals networks

x S R z S R S R z S R
Vi P, 33 90 94 .82 51 134 71 228 58 71 26.6
(Low) P, .40 48 6.1 14 10 4.6 29 10.7 85 23 126
pP; .32 99 10.0 .71 80 18.1 90 281 53 93 316
Vo P, 079 99 160 A7 97 331 98 491 13 98 527
(High) P, .084 85 146 18 70 266 78 412 14 76 444
P; .079 100 162 .16 100 336 100 498 13 100 536

y = Az the premiumserviceprice. The Revenue = Costequationnotedearlierfor the two-tiered

network reducego

ze~ 4 \ge=(*2)’ 1
[e—wQ + 36—(Az)2]2/3 o (32)1/3

for PZPl, V:V1

re ®/(1+z)+Aze /(1 +Ax) 1 - )
e/(1+z)+ 36_)‘3”/(1 + )\x)]2/3 - (32)1/3 for P=P, V=V
z/(1+2Y) + /(1 + )y ] ) )
/020 13/ 0w~ @oin o P=h V=0

Theright sidesof thesearemultiplied by 1/(64)'/3 = 1/4 for V3.

Table 3 shaws the two-tieredresultsto the right of the one-priceresults. Comparisondbetween
A = 2 and\ = 4 for thetwo-tieredcasereveallittle differencein demandsatisactionor revenue.In
eachrow, thetwo pricesfor A = 4 (e.g.,.18and4 x .18 = .72) surroundthe pricesfor A = 2 (e.g.,.28
and2 x .28 = .56). Without exception,the one-pricenetwork priceis greaterthanthe averageof the
two two-tieredpricesfor agivencateyory (V;, P;, M), andcanbegreatethanthelargerof thesetwo as
for A = 2 in rows 1 and2. Finally, the one-pricenetwork hasuniformly higherrevenueanduniformly

lower demandsatishctionthanthetwo-tierednetwork.
4. Dynamic Analysis

We presentresultsof our dynamicanalysisprimarily for the separate@ndone-pricenetworks to

keepmattersfairly simple. Theresultsfor the two-tierednetwork in the dynamiccaseare similar to
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Table3: Prices, demandsatishctions,andrevenuedor one-priceandtwo-tierednetworks

One-price Two-tierednetwork
network A=2 A=4
z S R x S R T S R

\%1 P, 58 71 26.6 28 83 218 A8 78  19.2
(Low) P, .85 23 126 36 40 125 28 37 109
P; 53 93 316 27 96 244 A7 92 232
Va P, .13 98 527 .065 99 397 .040 99 400
(High) P, .14 76 444 .071 82 349 .044 82 339
P; .13 100 536 .066 100 407 .040 100 406

thosein theprecedingsectionn comparisono theothernetworks,andtheirtrendsovertimearesimilar
to the trendsdescribedn this section.For example,for anarrayof parameters\ = 2 and\ = 4 have
very similar demandsatishctionsandrevenuesalthoughtheir prices,z and Az, obviously differ. The
cheapetwo-tier priceat A = 4 is about60% of the cheapeipriceat A = 2, sothe premiumprice at
A = 4 is about20% higherthanthe premiumpriceat A = 2. Revenuecomparisonshav a general
patternin which a two-tierednetwork eitherhasthe lowestrevenueor the middle revenueof thethree
networks.

For the separate@ndone-pricenetworks, we begin our dynamicprocessat periodt = 0 with low
potentialvolumesandrun eachnetwork throughl1 periods.In ourinitial runs,whicharepartly shavn
in Tables4 through7, we took V4 = Vg, with avalueof 4 att = 0 and2(4) for t > 1. Thesetables
alsousey = 3 ands = 2/3. An infeasiblesituationis shavn by asterisks.

Tables4 through7 considerthe “low” and “high” demandfunctions P, and P; (seeFigure 1)
alongwith the corventionalcostpatternC; andthe extremedynamicpatternCy; of rapidly decreas-
ing unit cost. The tablespertainto (P, Cr), (P2, Crr), (Ps,Cr) and(Ps,Crr), respectrely. The

Revenue = Costequationgor the separatedietwork canbewritten asfollows:

A separate B separate
(P, Cr) xde*w/(l +z)= 1/2t+2 xdeﬂc/(l Y1) = 9/2t+2
(PQ, Cr ) x?’e—iv/(l + iL‘) - 1/2(5t+4)/2 £E3€_‘r/(1 4+ CE) — 9/2(5t+4)/2
(P5,Cr)  2%/(1 + %) =1/2042) 23/(1 + 2%) = 9/20+2)
(P3, C]I) 5(73/(1 + .T4) — 1/2(5t+4)/2 ]73/(1 + .’L‘4) _ 9/2(5t+4)/2

The one-priceequationdor C; areidenticalto the B separateequationsvhent in thoseequationss
replacedby ¢ + 1: i.e., change2‘*? to 2!+3. The correspondingne-pricechangefor C;; replaces
2(5t+4)/2 py 9(51+6)/2 in the B separatequationdor periodt.

We consideredcchangesn v, s, and V4 and Vg to seehow muchthey affect the natureof the
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resultsshawvn in the tables. The specificchangesncludey = 2, s = 1/2, (V4,Vp) = (4,16) and
(Va,VB) = (16,4) for theinitial period. We commenton thesebriefly after noting aspectof Tables

4-7.

Table4: P, Cy
Separated One-price
A separate B separate totals network
zr S R r S R S R r S R
1.3 13 .63 * ok * 6 .63 x % *
.79 25 1.60 * % * 13 1.60 x % *
.5 37 3.28 * % * 19 3.28 1.4 10 4.61

40 48 6.15 1.4 10 4.61 29 10.8 .85 23 12,6
30 59 11.0 .85 23 126 40 23.6 .59 35 26.3
23 65 19.0 .59 35 26.3 50 45.3 43 46 49.9
A8 71 323 43 46 49.9 59 82.2 .32 55 89.8
14 77 53.8 32 55 89.8 66 144 24 63 156
11 81 88.9 24 63 156 72 245 19 70 266
084 85 146 19 70 266 78 412 14 76 444
10 066 88 237 14 76 444 82 682 A1 81 732

© 00 O Ui W N H O+

Table5: P, Crr

Separated One-price
A separate B separate totals network

t z S R z S R S R z S R
0 1.3 14 .63 * * ok 6 .63 * * ok
1 AT 42 1.6 * * % 21 1.6 1.1 17 2.9
2 23 65 24 59 35 3.3 50 5.7 43 46 6.2
3 A2 79 3.1 28 60 5.3 69 8.3 21 67 9.0
4 066 88 3.7 14 76 6.9 82 10.6 Jd1 81 11
5 036 93 4.3 077 86 8.5 90 12.8 .061 89 14
6 020 96 4.9 .043 92 10 94 15.0 034 94 16
7 012 98 6.0 024 95 12 97 17.7 019 96 19
8 007 99 7.1 014 97 14 98 21.0 .011 98 22
9 004 99 8.1 .008 98 16 99 24.3 .006 99 24
10 .002 100 8.2 .005 99 20 99 28.4 .004 99 33

Revenue. Exceptfor very low potentialvolume,a provider who offers eitherthe A serviceor the
B servicefor comparablepotentialvolumesin the separatedetwork makes more mong/ from the
premiumB service.A provider who offers oneof the two mainnetwork configurationsshavn in the

tablesearnsmorewith the one-pricenetwork, but the differencebetweenthe two is not greatin ary
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Table6: P3, Cy

Separated One-price
A separate B separate totals network

t z S R z S R S R z S R
0 .67 83 22 * * * 42 2.2 * * *
1 51 94 3.8 * % * 47 3.7 1.2 32 6.2
2 40 98 6.3 1.2 32 6.2 65 12.5 71 80 18.1
3 3299 10.0 .71 80 18.1 90 28.1 b3 93 316
4 .25 100 16.0 b3 93 316 96 47.6 42 97 518
5 .20 100 254 42 97 518 99 T77.2 3399 83.2
6 .16 100 40.4 33 99 83.2 100 124 .26 100 133
7 13 100 64.5 .26 100 133 100 198 21 100 212
8 .10 100 102 21 100 212 100 314 .16 100 336
9 079 100 162 .16 100 336 100 497 .13 100 536
10 063 100 258 .13 100 536 100 794 .10 100 852

case.

Separ ated versusone-priceprices. Theone-pricenetwork pricealwaysfallsbetweerthe A-separate
and B-separateorices. It tendsto be aboutmidway betweenthe separatechetwork priceswhenCr

applies,andis closerto the A-separat@ricewhenC/; applies.

Demand satisfaction. Astime passesgemandsatishictionsapproachl00%. Theapproachs much
morerapidfor Cy;. In eithercase theforcesthatdrive down unit costmake the serviceaffordableto
virtually every potentialuser

The maintrendsnotedabove andin the precedingsectiondo not changesubstantiallywhenother
valuesof the parameterare used. In mostcaseswe are neara full-utilization scenarioof 100%by
t = 10, sothereis nosignificantdifferenceamongP; , P,, andP; for largert. Revenuesatsuchatime
areabit higherfor theone-pricenetwork, but the differenceis not great. Thereis clearlyanadwantage
in price for priority userswith the one-pricenetwork, which penalizesordinary usersby about30%
or higherpricesthanin the separatesetwork. However, the lower A-separatgriceis approximately
equalto the single price for the one-pricenetwork oneor two periodshence,soin a dynamicworld
the ordinary usersdo not faretoo badly and might even becomeattractedto the QoS provided by a
one-pricenetwork.

Figure2 shavsthepricesfrom Table7 for theseparatandone-pricenetworks. It shavsgraphically

how quickly thethe priceson the one-pricenetwork getreducedo the levels of the separateetwork
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Table7: P3, Cyy

Separated One-price
A separate B separate totals network
t T S R z S R S R T S R
0 .67 83 2.2 * * * 42 2.2 * * *
1 36 98 2.8 .84 66 4.5 82 7.3 .61 88 8.6
2 .20 100 3.2 42 99 6.5 99 9.7 33 99 104
3 11 100 3.6 23 100 74 100 11.0 18 100 11.8
4 .063 100 4.0 13 100 84 100 124 .10 100 13.3
5 .036 100 4.6 073 100 9.3 100 14.0 .058 100 14.8
6 .020 100 5.1 .041 100 10.5 100 15.6 .033 100 16.9
7 .012 100 6.1 023 100 11.8 100 17.9 .019 100 19.5
8 .007 100 7.2 .013 100 13.3 100 20.5 .011 100 22.5
9 .004 100 8.2 .008 100 16.3 100 24.6 .006 100 24.6
10 .002 100 8.2 .005 100 20.5 100 28.7 .004 100 32.8
for A users.

5. Summary

Our purposehasbeento comparehreenetwork configurationdor datatransmissiorover the Internet
when userdemandsare divided into delay-sensitie and delay-insensitie demands. Pricesfor the

demanaypeswerebasedon transfervolumeanddeterminedy equalitybetweemetwork costsand

revenues. Dynamicuncertaintiesvere accountedor by consideringalternatve futuresfor demands
andcosts,includingeconomie®f scalefor costsandpossibleeffectsof competitionandtechnological
adwnces.

The threenetwork configurationsgnvestigatedvere a separatechetwork for the demandtypes,a
singleone-pricenetwork that provideshigh QoSto all users,anda two-tierednetwork thatlogically
distinguishedbetweenrnypes. Dynamicanalysisshaved that network comparisonganbe sensitve to
demandand cost scenariosno network is obviously superiorto the others,andast getslarge the
trendsareprettywell fixed. In termsof prices,the premium-servicene-pricenetwork benefitsdelay-
sensitve usersout penalizesielay-insensitie usersandthetwo-tierednetwork usuallygivesa modest
adwantageoverthe separatedetwork to bothtypes.Thelargestrevenuesccureitherfor the separated
network or the one-pricenetwork. Demandsatishctionpercentagefor thethreearecomparablewith
no network uniformly superiorto the others. Potentialuserparticipationapproache400% astime
passesandthis happenguickly whenunit costsandpricesdecreaseapidly. Eventhe delay-sensitie

usersseetheir pricesanddemandsatishctionsapproactwhatthey could obtainon a separat@etwork
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Figure2: Evolution of pricesfor A usersin a separatenetwork (line with squares)for B usersin a
separat@etwork (line with crosses)andin a one-pricenetwork (line with circles),for the scenaricof
Table7.

within oneor two time periods.
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