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Abstract. ThesimplemodelonwhichtheInternethasop-
erated,with all packetstreatedequally, andchargesonly for
accesslinks to thenetwork, hascontributedto its explosive
growth. However, thereis wide dissatisfactionwith thede-
laysandlossesin currenttransmission.Further, new services
suchaspacket telephony requireassuranceof considerably
betterservice. Thesefactorshave stimulatedthe develop-
mentof methodsfor providingQualityof Service(QoS),and
this will make the Internetmorecomplicated.Differential
quality will alsoforcedifferentialpricing, andthis will fur-
therincreasethecomplexity of thesystem.

Thesolutionof simply puttingin morecapacityis widely
regardedas impractical. However, it appearsthat we are
about to enter a period of rapidly declining transmission
costs.Theimplicationsof suchanenvironmentareexplored
by consideringmodelswith two typesof demandsfor data
transport,differing in sensitivity to congestion.Threenet-
work configurationsareconsidered:(1) with separatenet-
works for thetwo typesof traffic, (2) with a singlenetwork
thatprovidesuniformlyhighQoS,and(3)with asinglephys-
ical network thatprovidesdifferentialQoS.Thebestsolution
dependson the assumptionsmadeaboutdemandandtech-
nologicalprogress.However, we show that theprovision of
uniformly highQoSto all traffic maywell bebestin thelong
run. Evenwhenit is not the leastexpensive, the additional
costsit imposesareusuallynot large.In a dynamicenviron-
mentof rapidgrowth in traffic anddecreasingprices,these
costsmaywell beworth payingto attainthesimplicity of a
singlenetwork thattreatsall packetsequallyandhasasimple
chargingmechanism.

1 Introduction

TheArpanet,which evolvedinto today's Internet,wasa re-
searchproject that did not provide for any paymentmech-
anismsandtreatedall packetson anequal“best-effort” ba-
sis.TheInternethas(with minor exceptions)inheritedthese
properties.Packetsarebasicallystill treatedequally. Charg-
ing usuallyis only for thebandwidthof theconnectionto the
Internetandis independentof the amountof datasentand
received. (See[11], especially[10], for a survey of theeco-
nomicsof the Internet.) Thesefeatures,which provide for
extremesimplicity in both operationand economics,have
contributedto thespectaculargrowth of theInternet.

Although therehave beenpersistentcriticismsaboutthe
lack of Quality of Service(QoS) provision on the Inter-
net, andaboutthe charging scheme,thusfar they have not
beensufficiently convincing to modify the system. How-
ever, therearesignsthat changeis imminent. Dissatisfac-
tion with endemiccongestionon thepublic Internet,which
makesevenWeb surfingannoying, andtheneedto provide
QoSfor novel applicationsthat aredelay-sensitive, suchas
packet telephony andvideoconferencing,areleadingto de-
mandsfor differentialtreatmentof packets.Similardemands
arecoming from the corporateside. Private line networks
usethesameIP (Internetprotocol)technology, arefar larger
in aggregatethanthepublic Internet[3], andhave beenpro-
viding high QoSlargely throughlow utilization levels [13].
However, with demandfor bandwidthrising, corporatenet-
work managersarealsodemandingtoolssuchasprioritiza-
tion to ensurehigherefficiency of network usage.Differen-
tial servicequalitywill inevitably forceintroductionof more
complicatedpricing schemesthan the presentone,sinceit
will benecessaryto preventall traffic from beingsenton the
highestquality level. Thedeparturefrom thesimplenetwork
operationsandcharging mechanismsof the Internetwould
representat leastapartialvictory for the“Bell-heads”in the
infamouscontroversyovernetworking [16].

The“Net-head”approachto theproblemsof poorservice
hasbeento provide greaterbandwidthandkeepthe charg-
ing algorithm simple. This solution is useduniversally in
LANs (local areanetworks) and hasworked for corporate

 



andresearchnetworksin thepast.Theobjectionto the“Net-
head” approachis that it is too expensive, at least for the
public Internet,sincemorethantwo decadesof experience
haveshown thatany bandwidthgetssaturatedquickly.

Datatransportis aseriousconstraintonISPs(Internetser-
vice providers),asit accountsfor abouthalf of thetotal cost
of long-haulnetworks.While new opticalfiber technologies
led to a dramaticdrop in ratesfor leasedlines in the 1980s
andearly 1990s,priceshave beenincreasingrecentlyasa
consequenceof scarcityof supplyandrapidly growing de-
mand(see[3, 15] for examples). Network operatorshave
beenloweringtheir costperunit of bandwidthby moving to
highercapacitylines (seeSection2 for dataanddiscussion
of this issue)andby signinglong-termleases.In an envi-
ronmentof risingprices,differentialQoSandmoresophisti-
catedpricingschemesappearessentialto meettheexplosive
datatransportneedsataffordablecost.

Do wehave to giveupon thesimpleoperationandcharg-
ing mechanismsof the currentInternet? Both splitting of
traffic into differentQoSclassesandcomplicatedcharging
mechanismsimposeheavy costson developersof applica-
tionsandnetwork systems,andon network operators.Fur-
ther factorsin favor of simple fixed-feecharging mecha-
nismscomefrom customerpreferences(eventhoseof large
corporatecustomers),which often lead to higher revenues
for serviceproviderswho usesuchpricing approaches[6].
An early1988paperby AnaniaandSolomon(publishedin
[AnaniaS])alreadypresentedseveralargumentsfor asimple
flat-ratepricingapproachto broadbandnetworks.

Althoughsimpleflat ratepricing with uniform best-effort
datatransportis attractive, it hasmany defects.It provides
a singlelevel of servicequality, anddoesnot allow usersto
selectwhat is bestfor their needs. Economistsin general
opposeit on thegroundsthat it leadsto misallocationof re-
sources.For fuller descriptionof theargumentsfor abandon-
ing thetraditionalInternetmodel,andfor furtherreferences,
see[11]. However, thoseargumentsarebasedonexperience
with anenvironmentthat is likely to changedrastically. (It
is alreadyan environmentfar removed from the traditional
telecommunicationsworld studiedin [12], for example,and
will divergefrom it evenfurther.) As mentionedabove,long
distancedatatransportpriceshavebeenrisingin thelastfew
years.Thebasicfiber optic network thatcarriesbothvoice
and datatraffic was designedprimarily for voice, and un-
til a few yearsago,mostof the bandwidthwasdevotedto
voice. In revenues,thenetwork is still dominatedby voice.
However, the bandwidthdevotedto datais alreadycompa-
rable to that usedfor voice [3], anddatatraffic is growing
much more rapidly. Thus we can expect communications
networks will grow rapidly andbe increasinglydominated
by data. Furthermore,WDM (wavelengthdivision multi-
plexing) technologyallows for expandingcapacitywithout
layingdown morefiber(at leastnoton longdistanceroutes),
which is a very expensive process,especiallywhenacquisi-

tion of rights-of-way is included.Within a few years,exist-
ing fiber will provide100or even1000timesthebandwidth
it did a coupleof yearsago,at modestadditionalcost. The
main determinantsof network costswill be the electronics
neededto provide WDM andswitching. However, in elec-
tronics“Moore's Law” reigns,with performanceincreasing
while pricesdrop. What this meansis that we arelikely to
enteranerain which thepriceof bandwidthcontinuesdrop-
ping dramaticallyfor a decadeor more. The questionis,
whatwill thismeanfor serviceprovidersandconsumers?

It is instructive to considermicroprocessors. Table 1
showsthelastdozenyearsfrom thehistoryof Intel. For each
year, the microprocessorlisted is the mostpowerful model
introducedthat year, with the price the oneavailableat the
endof that year. (All dollar figuresarein nominaldollars,
andthepricesarefor ordersof 100or 1000chipsat a time.)
Theprocessingpower, in mips (millions of instructionsper
second)is an imperfectmeasureof thecomputingpower of
processors.Still, it illustrateshow thepower of stateof the
artmicroprocessorshasbeengrowing atanexponentialrate,
while theirpriceshaveremainedaboutconstant.At thesame
time,revenuesandprofitshaveincreased.Overtheperiodil-
lustratedby Table1, computingpower hasgrown over 60%
peryear, with pricesof themostpowerful availableproces-
sorsratherstable,while Intel's revenueshave grown about
30%peryear. A similar scenarioappearsto be realisticfor
highbandwidthcommunicationnetworksin thenext decade.
Whatweexplorearetheimplicationsof thiskind of environ-
mentfor the provision of QoSon the Internet. If available
capacitydoubleseachyear, or every two years,while total
costsincreasemuchmoreslowly, sothatthepriceperunit of
bandwidthdecreasesrapidly, it mightmakesenseto provide
uniformly high QoSfor everybodyandavoid thecomplexi-
tiesof theschemesthatarebeingconsidered.

Existingwork onQoS,surveyedin thebook[4], doesnot
containany projectionsof thedegreeto which thedifferent
proposalsfor providing QoSwill lower network utilization.
Therelationbetweenutilizationof networkcapacityandper-
ceived quality of serviceis a complex one. It is possible
to have a lightly utilized network that delivershorribleser-
vice, but in generalthe lower the utilization rate,the better
the service. Further, many networks, suchascorporateIn-
tranets,arealreadyproviding QoSlargely throughlow uti-
lizationrates[13]. High-qualityexperimentalnetworkssuch
as vBNS also have very low utilizations. Thesenetworks
arestill operatedon the“best-effort” basis,with no explicit
guarantees(but with sophisticatedtraffic engineeringtools).
Congestionepisodesareinfrequentenoughfor this to beac-
ceptable.In general,nomatterhow anetwork is engineered,
loweringthetraffic loadonit will resultin betterservice.The
routersandswitchesarefastenoughalreadythat if conges-
tion doesnot causebuffersto fill up, thequality is sufficient
for all anticipateddemands.

In this work, we will assumeasa first approximationthat



Table1: Intel andits microprocessors.For eachyear, lists themostpowerful generalpurposemicroprocessorssoldby 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

improvedQoSis associateddirectlywith low utilizationlev-
els.Althoughschemeslike thosein [4] canincreasetheeffi-
ciency of thenetwork, whetherit hasjustasinglebest-effort
service,or several classesof service,it is hardto incorpo-
ratetheminto aneconomicmodeluntil moreis known about
theirperformance.

To explorepotentialfuturesfor QoSon the Internetwith
andwithoutdifferentialpricing,wewill assumetwo typesof
demandsin ourmodels.Oneis for transportthatis delayin-
sensitive,suchasmany bulk file transfersor evenemail.The
otheris for transportof informationthatis sensitive to delay,
suchaspacket telephony, or evensomeWeb browsing. (In
effect we will thusbe consideringClassof Servicemodels
for the Internet,andnot the moreinvolvedQoSones.) We
refer to delayinsensitive demand,or to its users,astype

�
,

andto delaysensitivedemand,or its users,astype � . Within
a giventimeperiod,eachtypehasa potentialvolumeor po-
tential demand,which is the total Internettransfervolume
thetypewoulduseif thetransferchargeor pricewereessen-
tially zero.Wedenotetheirpotentialvolumesby ��� and ��� ,
or simplyby � asa generaldesignation.

We will vary the ratio of � � and � � , but only within a
narrow range,nearequality. Thejustificationfor this is that
in currentdatanetworks, the volumesof datasentover the
congestedpublic Internetandover the uncongestedprivate
line networksarecomparable.If � � weremuchlargerthan� � , then clearly it would be bestto sendall dataover an
uncongestednetwork designedfor type

�
traffic. On the

other hand,if ��� weremuch larger than ��� , the casefor
a separatednetwork or a two-tierednetwork wouldbemuch
stronger.

Becausereal usewill be price sensitive, the actualvol-
umecarriedfor a usertypeduringtheperiodis modelledby�	��
� � , where



is the price per unit of volumeand

�	��
�

is the probability that a potentialuserwill subscribeto the
serviceat price



. We refer to

�
as the demandfunction

andassumethat
�	���������

andthat
�	��
��

decreasestoward
0 as



increases.An approximatebut revealingmeasureof

customersatisfaction is the demandsatisfactionexpressed
asthepercentof potentialvolumethatcustomerssubscribe
to duringtheperiod,i.e.,

�������	��
�
. This shouldnot becon-

fusedwith theutilizationof availablenetworkcapacitysince,
for example,a channelthat carriespriority datamay have
a high demandsatisfactionyet provide very goodQoSbe-
causeits transportcapacitysubstantiallyexceedsthepriority
demands.Severalformswill beconsideredfor

�
to account

for the possibility that our conclusionsmay dependon as-
sumptionsaboutthedemandfunction.

Threenetwork configurationsareexaminedfor provision
of serviceto types

�
and � , asfollows:

1. physicallyseparatenetworksareusedfor eachof
�

and� , with eachnetwork having its own cost, QoS,and
pricecharacteristics;

2. a singlenetwork is usedfor both
�

and � , with one
pricefor all usersthatis constructedto providethehigh
QoSdesiredby � ;

3. a singlenetwork is usedfor
�

and � , but thetypesare
logically separatedby software that differentiatesbe-
tweenthemandallowsdifferentQoSandpricesfor the
two.

Wereferto (1) astheseparatednetwork, to (2) astheone-
price network, andto (3) asthe two-tierednetwork. We as-
sumefor (3) that the typesuselogically separatedchannels
andignoretechniquessuchasthosein [4] that can leadto
greaterefficiencies,as when low-priority traffic is usedto



fill gapsin high-priority traffic. We alsoignorethelargein-
creasesin utilization ratesthat canbe gainedby exploiting
differenttime-of-daypatternsof use(whicharediscussedin
detail in [14]). The main conclusionof our modelsis that
factorsof two in price or utilization do not mattermuchin
anenvironmentof increasingdemandandfalling prices.

Theadvantageof (3) over (1) is that the unifiednetwork
cantake advantageof economiesof scale.We will not con-
siderthe addedcostsof providing for logical separationof
thetwo traffic typesona two-tierednetwork.

As is shown in [13], currentdatanetworks arean ineffi-
cient amalgamof the separatednetwork and the one-price
network. They do resemblea separatednetwork, with the
publicInternetoperatingin acongestedmodewith relatively
highutilizationrate(althoughlowerthanthatof theswitched
voicenetwork), while corporatenetworkshavevery low uti-
lization rates.However, this is not theseparatednetwork of
ourmodel,sinceall corporatedata,whetherit is sensitive to
delayor not, travels over underutilizednetworks, while all
public Internettraffic goesover congestedlinks. Thuswe
have two separateone-pricenetworks.

The economicmodelsusedto determineprices for the
threeconfigurationswe studyarebasedon providers' costs
andrevenues.Costsincludeongoingoperationalcosts,de-
preciationandotheroverheadcharges,anda reasonablerate
of returnor profit that might be limited by competitionor
regulatoryconstraints.We assumefor eachperiodthattotal
cost is a function of actualvolumecarried,asdescribedin
thenext section.

Per-periodrevenueequalspricetimesactualvolume,i.e.,

Revenue=

��	��
� ���

We thencomputetheactualpricechargedasthesmallest



atwhichrevenueequalscost.In doingthis,wearenot trying
to maximizeprofit becauseit is alreadybuilt into costs;we
seekonly to determinea reasonableprice basedon equal-
ity betweencostsand revenues. If no valueof



satisfies

theRevenue= Costequation,thenrevenueis insufficient to
cover costat any price,andwe refer to theconfigurationas
infeasible. Although our modelsarebasedon equilibrium
betweenrevenueandcostratherthanoptimizationschemes
per se, we will compareprices,demandsatisfactions,and
revenuesof the threenetwork configurationsto assesstheir
performanceswith respectto eachother.

We regardour modelsasinformative but very roughap-
proximationsto anextremelycomplex environmentandun-
certain future. Explanationsof aspectsof cost, including
economiesof scale,effectson cost of enhancedQoS,and
how costsmay changeover time in a competitive market-
placewith rapidly increasingvolume are describedin the
next section.Section3 specifiesthemodelsmorecompletely
for the threenetwork configurationsin a static one-period
scenarioanddescribessolutionprocedures.Section4 then
extendsthemodelsto thedynamicscenarioof a succession

of periodsin which potentialvolumes,costs,and implied
priceschangefrom periodto period.

For computationalsimplicity in thedynamicanalysis,we
will assumethatpotentialvolumedoublesfrom periodto pe-
riod. Thisassumptionis madepalatableby notfixing period
lengthsin advance.For example,two-yearperiodsmight be
assume.See[3] for history andprojectionsof growth pat-
ternsin datatraffic. While voicetraffic hasbeengrowing at
around10%peryear, Internettraffic (measuredin bytes)has
beenjustaboutdoublingeachyearin the1990s,with theex-
ceptionof 1995and1996,whenit grew by factorsof about
10 in eachof thosetwo years.

We have alreadymentionedthatdifferentmarketdemand
functionswill beconsidered.A furtheraccommodationfor
an uncertainfuture will be madeby consideringtwo very
differentpatternsfor changesin costsover time. The first
is a conventionalpattern in which costschangeonly be-
causeof the potentialvolumedoubling from period to pe-
riod. Thesecond,which we referto asthedynamicpattern,
reflectsnot only the doublingassumptionbut alsocost re-
ductionsdrivenby competitionandtechnologicaladvances.
Dynamic-patternrevenuesincreasefrom period to period
(exceptin oneextremescenariowherethey remainconstant),
but at a much slower rate than conventional-patterncosts.
Both patternsarespecifiedmorecompletelyin thenext sec-
tion.

As we will seein Section4, the implicationsof our dy-
namicmodelsdependonourdifferentdemandfunctionsand
costpatterns,but sometrendsemerge.For example,in com-
parisonsbetweentheseparatednetwork andtwo-tierednet-
work, the pricesfor both

�
(ordinaryservice)and � (pre-

mium service)tend to be slightly higher for the separated
network , whereasdemandsatisfactionsarecomparable.An
anticipatedfinding is thatdynamic-patterncostsdriveprices
substantiallybelow thosefor conventional-patterncostsin
all threenetworks.Anotherresultthatwasnotanticipatedat
the outset,is that the one-pricenetwork with its uniformly
high QoS is competitive with the othersunderseveral as-
sumptions. In regard to revenues(= costs),which areag-
gregatedfor

�
and � in theseparatednetwork, thehighest

revenuesoccurfor eitherthe separatednetwork or theone-
pricenetwork, whereasthelowestrevenuesoccurfor either
theone-pricenetwork or thetwo-tierednetwork. Thediffer-
encesin therevenuepicturearecausedmoreby thedifferent
costpatternsthanby thedifferentdemandfunctions.A more
completepictureof thesemattersis givenat theendof Sec-
tion 4. The main conclusions,though,are that differences
betweenthedifferentnetworksarenotgreat.

How can the one-pricenetwork be superiorto the sepa-
ratedone?We show thiswith anexamplethatsimplifiesour
modelby ignoringeffectsof priceon demand.Supposethat
type

�
and type � traffic are the samewhenmeasuredin

bytes,but that type � transmissionrequiresmuchlesscon-
gestednetworks, with capacity4 timesas large as that for



type
�

. Supposealsothatthecostof anetwork of bandwidth

is


���� �
. (Section2 discussescostformulasin detail.)Then

thecostof theseparatednetwork is 3 (
�!�#"%$&�'� �

), whereas
that of the the one-pricenetwork is ( �'� �)��* � ( * ( $ , as the
capacityhasto be8 timesthatof just the

�
network. Thusin

this scenario,providing uniformly high QoS to everybody
saves 6% of the cost. A much larger saving comesfrom
having a singlenetwork, which makeslife simplerfor cus-
tomers.Ontheotherhand,therearealsocosts.For example,
if thereis nowayto chargedifferentpricesfor

�
and � traf-

fic on a singlenetwork (aswe will beassumingthroughout
the paper),thentype

�
userswill pay 1.4142(half of total

cost)insteadof 1.0 for their own separatenetwork, whereas
type � userswouldseetheir chargesdropfrom 2 to 1.4142.
Thus different typesof networks have varying impactson
socialwelfare.However, we arguethat in thelong run such
costsmight be bearablein the interestsof simplicity. The
reasonis thatrapidlydecreasingcostsof datatransportmean
everyoneis aswell off within oneor two timeperiodsasthey
wouldbewith any othernetwork solution.

Thetemporalaspectsof technologicalchangehavea large
impacton the marketplace. For example,for a long time,
Intel microprocessorswereslower, usuallyby at leasta fac-
tor of 2, thancomparablypricedRISCchips.However, Intel
was usuallyable to provide comparableprice/performance
ratio within two or threeyears. This, combinedwith the
advantagesof compatibility (i.e., lower coststo customers
in upgrading)allowed Intel to increaseits dominancein
the processorbusiness.Similar effectsmight favor simple
schemes(suchastheone-pricenetwork) overmoreefficient
andsociallyoptimalonesin datanetworks.

A summaryof ourstudyis providedin Section5.

2 Economies of scale and other cost factors

Forecastingpricesof telecommunicationsserviceshashis-
torically beena risky enterprise.As anexample,we cite the
paper[8]. Written in 1992andpublishedin 1993,it devel-
opstwo modelsfor leasedline pricesin the United States.
Bothmodelsfit thedataup to 1992extremelywell, andboth
modelspredicteda drop in pricesof about50% by 1998.
Instead,priceshave increasedby approximately50% since
1992,so they areaboutthreetimesashigh aspredictedby
Irvin' s model. However, we feel that this wasan anomaly,
causedby unexpectedlyhighdemandfor datanetwork band-
width andlittle new growth in supply. At somepoint in the
future,pricesarelikely to resumetheirdecline.

Thereis no simple formula for costsof communication
networks.It is almostalwaystruethatlargertransfervolume
or bandwidthpurchasesarelessexpensiveperunit of volume
or bandwidththansmallerones,but eventhat is not always
thecase.For example,in April 1998,UUNet[17] wasciting
the following pricesfor dedicatedInternetconnections(not
includingthecostof localconnectionsto thenearestUUNet

site):

speed pricepermonth

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

In thiscase,a24-fold increasein bandwidthfrom a56Kbps
line to a T1 incursonly a 3-fold increasein price, but the
28-fold increasein speedfrom a T1 to a T3 raisesthe cost
by a factorof 30. This pricing mayreflectscarcityof high-
capacitylines,andpossiblyof handlingthetraffic from aT3
connectionon a network that consistslargely of T3 links.
Similar linear pricing in bandwidthappliesto speedsbe-
tweenT3 andOC3.(Sprintchargesfor thesethreespeedsare
$897,$2,062and$20,620,respectively, accordingto dataat
[Boardwatch],but thesefiguresmaynotbestrictly compara-
ble to UUNet'sbecauseof specialconditionsandfeatures.)

A betterview of transmissioncostsmight be offeredby
examining leasedline prices. In April 1998, the tariffed
monthlyratesfor anapproximately300air mile privateline,
with about5 milesof local connectionsthatareleasedfrom
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-termleasesand bulk purchasediscounts
might reducethesecostsby up to 50%,see[9], for example.
It is worth noting that the local accessconnectionsaccount
for about60%of thecostof a 9.6or 56Kbpsline andabout
17%of a T1 or a T3.) Theexactfiguresdependon distance
[9], but thisdependencehasdecreasedgreatlyover time [3].

Usingtheleasedline pricescitedabove,wecanseethata
moderatelygoodfit for thecostof carryinga givenvolume
in onetime periodat the mostcommonspeedsbetween56
Kbps and45 Mbps is obtainedby makingthe costpropor-
tional to the volume,raisedto a power in the rangeof 0.5
to 0.7 that we denoteby + andrefer to asthe economy-of-
scaleparameter. (In the generaleconomicsliterature,

�-, +
is known asthe elasticityof scale, andwe areassumingit
is constant.)Economiesof scalecanarisefrom reducedre-
quirementsfor the multiplexing equipmentneededto pro-
vide low speedlinks on a high-capacitynetwork aswell as
lower costsof sales,administration,maintenance,and re-
latedoperationalcosts. It is reasonableto supposethat the
same+ valuewill applyin thefuturefor greatervolumes.Al-
thoughlaterexamplesassumea valueof + �.*�,0/�1

we write



our cost formulasfor general+ . (For comparison,[7] uses
a valueof + ���-,�*

.) Today, + �2*�,3/
appliesonly through

T3 speeds,and chargesfor OC3 (155 Mbps) private lines
are reportedlyoften higher than for equivalentcapacityin
T3 lines. However, as traffic grows, andnew technologies
aredeployed, it is not unreasonableto expectthat our cost
formulawill applyathigherbandwidthsaswell.

In particular, wewill assumethatthecostfor demandtype�
in a periodwith potentialvolume � � anddemandproba-

bility
�	��
��

atprice



is givenby

Costfor
� �54 �	��
�� ���7698:�

Thisappliesto theseparatednetwork,wherecostsarescaled
in unitsdeterminedfor theseparated

�
case.Usingthesame

scale,weassumethatthecostfor demandtype � undersim-
ilar conditionsis

Costfor � �54 ;#�	��
�� � � 6<8 1
where

;
, which we refer to asthe premiumfactor, is a pa-

rameterthat exceeds1 to accountfor higher cost and en-
hancedQoSfor type � users.Reasonablevaluesfor

;
might

lie in therangeof 2 to 4, judgingby thecomparisonof differ-
entnetworksin [13]. For example,if

;=�>*
, thenthe � part

of the separatednetwork is arrangedto carry thesamevol-
umeasthe

�
partat twice thecapacity. Single-periodcosts

for one-priceandtwo-tierednetworkshaverelatedformsthat
aredescribedin next section.

Theprecedingcostsapply to an initial period,which can
be taken to be the presentor someotherbaseperiod. The
conventionalpatternfor costs,in which costschangefrom
periodto periodonly asa functionof thedoublingof poten-
tial volume, implies that costs ? periodsin the future from
thebaseperiodwill be4 �	��
��@*3A ���6 8 �54 �	��
� ���B6 8 *0A 8DC<EGF �
and 4 ;#�	��
��H*0A � � 6 8 �.4 ;I�	��
� � � 6 8 *3A 8JC<E�F �
in theseparatednetwork.

However, competitionandtechnologicaladvancesalong
with rising demandmay lead to substantiallylower costs
thanthosegivenby theconventionalpattern.Amongother
things, developmentsin WDM meanthat fiber capacityis
not a limiting factor. Instead,the electronicsthat connect
endusersto the fiber arebecomingthe main obstacle,and
improvementsin opticalandsilicon technologyarelikely to
inducerapid decreasesin the price/performanceratio. Al-
thoughpricesof connectionsof afixedspeedmightnotdrop
dramatically, the bulk of the datatransportcapacitythat is
purchasedis likely to cost far lessper unit of volumethan
at present.(That is the patternseenin pricesof micropro-
cessorsand DRAMs.) We model sucheffects in our dy-
namic patternfor costsby dividing the conventionalnext

periodcostby K *
, a factorthat accumulatesexponentially

over time. For example,thepresentcostof
4 �	��
�� � � 6 8 for

�
in theseparatednetwork translatesinto thedynamic-pattern
costof 4 �	��
��@* A ���L698 *NM A � � �O4 �	��
� ���P698 * AHQ 8 M ��� � R
? periodsin the future, which is substantiallylessthan the
figureof

4 �	��
�� ���B6 8 * A 8 for theconventionalpattern.We re-
gard K *

asa fairly drasticdynamicfactor, representingan
extremecasefor unit costreduction.Forexample,if + �S�-,�*
thentotalcostremainsthesameaspotentialvolumedoubles.

Becauseperiodlengthsareflexible, we allow for varying
ratesof decreasein unit costastime progresses.If period
length is one year and + �T*�,0/

, the conventionalpattern
presumesayearlydecreaseof about20%in unit cost,andthe
dynamicpatternpresumesa yearly decreaseof about44%
in unit cost. If period length is two yearsand + �U*�,0/

,
the yearlyunit costdecreasesare10%for the conventional
patternand22%for thedynamicpattern.

3 One-period static analysis

Thissectiondiscussesourmodelsfor afixedperiodin which�
haspotentialvolume ��� , � haspotentialvolume ��� , and

bothhave demandfunction
�

. As before,
;

is thepremium
factor for higher QoSand +WV �

is the economy-of-scale
parameter. The examplelater in this sectiontakes ��� �� � ,

;.�X/
and + �X*�,0/

. Thenext sectionconsidersother
arrangementsfor � � , � � ,

;
and + .

Let

1'YZ1

and[ denotethepricesfor type
�

in theseparated
network, for type � in theseparatednetwork, andfor both
typesin the one-pricenetwork, respectively. The costsfor
thesenetworksareasfollows:

separated:
�

cost
� 4 �	��
�� � � 6<8� cost
� 4 ;I�	��YZ� � � 6 8

Total
� 4 �	��
�� � � 6<8 "\4 ;#�	��YZ� � � 6<8

one-price:Cost
� ]�;^4 �	� [ � � � "%�	� [ � � � 6�_ 8� 4 ;I�	� [ � 6 8 � ��� " ��� � 8 �

For one-price,
;

appliesto both
�

and � becausethis net-
work offersthepremiumserviceto bothtypes.

TheRevenue
�

Costequationsfor theprecedingnetworks
are 
Z�	��
� ��� � 4 �	��
�� ���P6<8YN�	��Y�� ��� � 4 ;#�	��YZ� ���`698
and [ �	� [ �'� � � " � � �P�.4 ;#�	� [ �'� � � " � � � 6<8a�
In the first equation,


Z�	��
�
for the forms we use for

�
increasesto a maximumand then decreasesfor larger



,



whereas
�	��
�� 8 on theright sidedecreasesfrom 1 at


%�.�
and approaches0 as



gets large. If the single-peaked

curve for

Z�	��
�� ��� lies beneaththe decreasingcurve for4 �	��
�� ���P6 8 , i.e., if


��	��
� ���bV 4 �	��
�� ���B6 8 for all

Oc��

,
thenthe

�
partof theseparatednetwork is infeasible.Oth-

erwise,therewill typically be two



values,say

 � V 
 � ,

wherethe curvescross. We take

 � as our price solution

to

��	��
�� � � �d4 �	��
� � � 6 8 becauseit givesa lower price,

higherrevenue,andgreaterutilization than

 � . Similar re-

marksapplyto theotherRevenue
�

Costequations.
We introduceanew parameterfor thetwo-tierednetwork.

It is the ratio e c2�
of thehigherto the lower price in this

network, i.e., e �fY�,3

when

Y
is thepremiumpriceand



is theordinaryprice. When e is not madeexplicit, thetwo-
tieredRevenue

�
Costequationis
��	��
�� � � "gYN�	��Y�� � � �54 �	��
�� � � "%;#�	��Y�� � � 6<8:�

Unlike the one-pricecase,
;

applieshereonly to the pre-
miumservicebecauseof thetwo-tieredstructure.In keeping
with the rationaleof a two-tierednetwork, we regard this
network asfeasibleonly if theprecedingequationholdsfor
some

��
1�YZ�
with

Yhc=

. We notealsothatcostscouldbein-

creasedslightly for thetwo-tierednetworkbecauseof thead-
ditionalcostsof network operators,aswell asthoseof users,
who have to adjustto a morecomplicatedpricing scheme.
However, wedonotbelievethatthismattersverymuchsince
themodelsareapproximatein thefirst place.

A feasible two-tiered network offers more freedomof
choicethantheothersbecauseit typically hasa continuum
of

��
1�YZ�
solutionsto theRevenue

�
Costequationin whichY

increasesas



decreasesin moving away from the equal-
pricessolutionwhere


i�>Y
. We have foundthattwo-tiered

revenueis often greatestwhen



and
Y

areclosetogether,
but notealsothat


j�5Y
defeatsthepurposeof a two-tiered

network. We shall thereforeregard e �kY�,3

as a control

variablesubjectto policy decision.Reasonablevaluesfor e
rangefrom about2 to 4, so that the premiumservicecosts
abouttwo to four timesasmuchastheordinaryserviceper
unit volume.Our useof e alsoeasesthecomputationalbur-
denof solving the Revenue

�
Costequationsince,whene is given,we needonly solve for



andthenobtain
Y

fromY	� e 
 .
When e 
 is substitutedfor

Y
in theprecedingtwo-tiered

equation,it becomes
B4 �	��
�� ��� " e �	� e 
� ����6 �O4 �	��
� ��� "l;#�	� e 
� ���`6<8a�
As for theothernetworks,thesolutionis takenasthesmall-
est



thatsatisfiestheequationwhenit is feasible.

We considerthreeformsfor thedemandfunction
�

in the
examplethatfollows. They are� � ��
��m� n�MZoqp C<EGF 
ic=�r1

� � ��
��m� n Mso�#"g
 C<EGF 
tcW�u1

�Pv0��
�m� ��#"g
�w C<E�F 
tcW� �
Figure1 illustratesthedifferencesbetweenthethree.

� � and�Lv
begin high for small



, decreaserapidly as



getsinto a

mid-range,andhaveverynarrow tails.
� � beginsits descent

immediately, levelsoff soonerthan
� � and

�Lv
andhasa fat

tail. Whenpricesare low,
� � is muchmoresensitive than

theothersto smallpricechanges.This is themostimportant
differencebetweenthembecausemostof the solutionswe
haveseenfor ournetworkshavepriceswell below 1.
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Figure1: Threedemandfunctions

We now turn to anexamplewith parametervalues
;{�>/

,+ �.*�,0/
, and eg| ]-*N1'$ _ . Theexamplehassix scenariosin

the 2-by-3 crossclassification
]
low potentialvolume,high

potentialvolume_	} ]q� � 1 � � 1'� v _ . With ��� � ��� , we set
the low potentialvolumefor eachof

�
and � at � � �X/G*

,
andsetthehighpotentialvolumeat � � �\~0$ � � .

We considerthe separatedand one-pricenetworks first.
TheRevenue

�
Costequationsfor

�
separate,� separate,



andtheone-pricenetwork are,for � � � � ,
��	��
� � � � 4 �	��
�� � � 6 ��� v
��	��
� � � � 4 /��	��
� � � 6 � � v
Z�	��
�'��* � � ��� 4 /��	��
�'��* � � � 6 � � v
respectively. Thesesimplify to� ��� 
 v n Mso�p� �^� 
 v n Mso ,&�'�#"g
��Lv � 
 v ,&���#"%
 w �

� �
� �J�� � �-,3/G* �

separate� ,3/G* � separate� ,3~�$
one-price.

The right-handsidesof theseequationsare multiplied by
1/64to obtainthecorrespondingequationsfor � � .

Table 2 shows approximatesolution valuesin termsof
price



, demandsatisfaction � andrevenue� . Theone-price

network pricein eachrow is midway betweenthepricesfor�
and � in theseparatednetwork,

� � inducesslightly higher
prices than

� � and
�Pv

, and pricesdrop dramaticallywith
highvolume.Theratiosof premiumserviceto ordinaryser-
vicepricesfor theseparatednetwork lie between2 and3.5.

In all cases,demandsatisfactionis substantiallyhigherfor� � and
�Pv

than
� � , andaggregateddemandsatisfactionfor

the separatednetwork is aboutthe sameasone-pricesatis-
faction.

Revenuesareobviouslyhigherfor thehighvolumecases,
but the high-to-low ratios are smaller than the 64-fold in-
creasein volumebecauseof economiesof scale.Moreover,
because

� v
impliesgreaterpropensityto subscribethan

� � ,
and

� � impliesgreaterpropensityto subscribethan
� � for all

pricesin thetable,revenuesrun highestfor
� v

, next highest
for

� � andlowestfor
� � . Thereis significantlylessdiffer-

enceproportionatelybetweenrevenuesat high volumethan
at low volume.

Wenow bringthetwo-tierednetwork into thepicturewith

thecheapertwo-tieredpriceand

Y�� e 
 thepremiumser-
vice price. TheRevenue

�
Costequationnotedearlierfor

thetwo-tierednetwork reducesto
�n MZoqp " e 
Zn M Q�� o R p4 n Mso p "l/�n M Q�� o R p 6 ��� v � ���/G*&� ��� v C<E�F �!�\� � 1 � � � �

�n MZo ,&�'�#"g
�s" e 
�n M � o ,&�'��" e 
��4 n Mso ,&�'�#"g
�s"l/�n M � o ,N����" e 
� 6 � � v� ���/�*&� ��� v C<EGF �S��� � 1 � � � �
s,N���#"%
 w �s" e 
�,&���#"�� e 
�� w �4��-,&�'��"g
�w��s"l/G,N����"�� e 
���wG� 6 ��� v� ���/�*&� ��� v C<EGF �S��� v 1 � � � � �

Theright sidesof thesearemultiplied by
�3,&��~�$������ v ���3,-$

for � � .
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Figure2: Evolution of pricesfor
�

usersin a separatenet-
work (line with squares),for � usersin a separatenetwork
(line with crosses),andin aone-pricenetwork (line with cir-
cles),for thescenarioof Table7.

Table3 showsthetwo-tieredresultsto theright of theone-
priceresults.Comparisonsbetweene �\*

and e ��$
for the

two-tieredcasereveallittle differencein demandsatisfaction
or revenue.In eachrow, the two pricesfor e �5$

(e.g.,.18
and

$ }%� � ( � ��� * ) surroundthepricesfor e �O*
(e.g.,.28

and
* }{� * ( � ��� ~ ). Without exception,the one-pricenet-

work price is greaterthantheaverageof the two two-tiered
pricesfor a given category

� ��� 1'����1 e �
, and can be greater

thanthe larger of thesetwo asfor e �b*
in rows 1 and2.

Finally, theone-pricenetwork hasuniformly higherrevenue
anduniformly lowerdemandsatisfactionthanthetwo-tiered
network.



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� v
.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�Pv

.079 100 162 .16 100 336 100 498 .13 100 536

Table3: Prices,demandsatisfactions,andrevenuesfor one-priceandtwo-tierednetworks

One-price Two-tierednetwork
network e �\* e ��$
 � � 
 � � 
 � �� � � � .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�Lv

.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�Lv
.13 100 536 .066 100 407 .040 100 406

4 Dynamic Analysis

We presentresultsof ourdynamicanalysisprimarily for the
separatedandone-pricenetworksto keepmattersfairly sim-
ple. The resultsfor the two-tierednetwork in the dynamic
caseare similar to thosein the precedingsectionin com-
parisonto theothernetworks,andtheir trendsover time are
similar to the trendsdescribedin this section.For example,
for anarrayof parameters,e �S*

and e �>$
have verysim-

ilar demandsatisfactionsandrevenuesalthoughtheirprices,

and e 
 , obviously differ. The cheapertwo-tier price ate ��$

is about60%of thecheaperpriceat e �>*
, sothepre-

mium priceat e �S$
is about20%higherthanthepremium

priceat e �>*
. Revenuecomparisonsshow ageneralpattern

in which a two-tierednetwork eitherhasthelowestrevenue
or themiddlerevenueof thethreenetworks.

For the separatedandone-pricenetworks, we begin our
dynamicprocessatperiod ? �\�

with low potentialvolumes,
andruneachnetwork through11periods.In our initial runs,
whicharepartlyshown in Tables4 through7, wetook � � �� � , with a valueof 4 at ? ���

and
* A ��$��

for ? c��
. These

tablesalsouse
;S�O/

and + �.*G,3/
. An infeasiblesituation

is shown by asterisks.
Tables4 through 7 considerthe “low” and “high” de-

mandfunctions
� � and

�Lv
(seeFigure1) alongwith thecon-

ventionalcostpattern  I¡ andthe extremedynamicpattern I¡ ¡ of rapidly decreasingunit cost. The tablespertainto��� � 1  I¡ � , ��� � 1  I¡�¡ � , ��� v 1  I¡ � and
��� v 1  I¡�¡ � , respectively.

Weconsideredchangesin
;

, + , and ��� and ��� to seehow
muchthey affectthenatureof theresultsshown in thetables.
Thespecificchangesinclude

;!�f*
, + ���-,�*

,
� ��� 1 ��� �a���$�1¢��~��

and
� ��� 1 ��� �£�d����~�1�$��

for the initial period. We
commenton thesebriefly afternotingaspectsof Tables4–7.

Revenue. Exceptfor verylow potentialvolume,aprovider
whoofferseitherthe

�
serviceor the � servicefor compara-

ble potentialvolumesin theseparatednetwork makesmore
money from thepremium � service.A providerwho offers
one of the two main network configurationsshown in the
tablesearnsmorewith theone-pricenetwork, but thediffer-
encebetweenthetwo is notgreatin any case.

Separated versus one-price prices. The one-pricenet-
work price always falls betweenthe

�
-separateand � -

separateprices. It tendsto be aboutmidway betweenthe
separatednetwork priceswhen   ¡ applies,andis closerto
the

�
-separatepricewhen   ¡�¡ applies.



Table4:
� � ,   ¡

Separated One-price�
separate � separate totals network? 
 � � 
 � � � � 
 � �� � � / �q/ � ~�/ ¤ ¤ ¤ ~ � ~�/ ¤ ¤ ¤� ��� � * � � � ~�� ¤ ¤ ¤ �q/ � � ~�� ¤ ¤ ¤* � ��� / � / � * ( ¤ ¤ ¤ � � / � * ( � � $ ���¥$ � ~��/ � $G�¦$ ( ~ � � � � � $ �q�¦$ � ~�� * � ��� � ( � (�� *0/ �-* � ~$ � /�� � � ��� � � � (�� *�/ �-* � ~ $G� *0/ � ~ ��� � / � *�~ � /� � *�/¥~ � � � � � ��� � / � *�~ � / � � $ ��� / � $�/¥$�~¥$ � � �~ � � (§� �¨/�* � / � $�/¥$G~¦$ � � � � � ( * � * � /�* ���¥( � � (� � ��$ ���¥� / � ( � /�* ���¦( � � ( ~�~ ��$�$ � *3$§~�/ � � ~( � ��� ( � (�(�� � � *3$§~�/ � � ~ � * *0$ � � � � � � *0~�~� � � ( $ (G� �¢$G~ � � � � � *0~�~ �0( $��q* � �¢$ � ~ $�$�$�q� � ��~�~ (�( *0/ � � �¢$ � ~ $�$�$ ( * ~ ( * � ��� ( � � /�*

Table5:
� � ,  I¡�¡

Separated One-price�
separate � separate totals network? 
 � � 
 � � � � 
 � �� � � / �¢$ � ~�/ ¤ ¤ ¤ ~ � ~�/ ¤ ¤ ¤� � $ � $G* � � ~ ¤ ¤ ¤ *�� � � ~ � � � � � * � �* � *�/ ~ � * � $ � � � / � / � / � � �N��� � $�/ $G~©~ � */ � �-* � � / � � � * ( ~�� �N� / ~ � (�� / � *N� ~ � � � �$ � ��~�~ (�( / ��� � ��$ � ~©~ � � ( * ��� � ~ � ��� ( � ���� � ��/�~ � / $ � / � � ���¦( ~ (���� � � �q* � ( � ��~�� ( � �¢$~ � ��*�� � ~ $ � � � �0$G/ � * ��� � $ � ��� � � ��/�$ � $ ��~� � ���-* � ( ~ � � � ��*0$ � � �q* � � � �N��� � ��� �¥� ~ � �( � ��� � ��� �&� � � ����$ � � �¢$ � ( *N� � � � ����� � ( *�*� � ����$ ��� (�� � � ��� ( � ( ��~ ��� *3$ � / � ����~ ��� *3$�q� � ���G* �q��� (�� * � ��� � ��� *0� ��� * (�� $ � ����$ ��� /�/

Demand satisfaction. As time passes,demandsatisfac-
tionsapproach100%.Theapproachis muchmorerapidfor I¡�¡ . In eithercase,theforcesthatdrivedown unit costmake
theserviceaffordableto virtually everypotentialuser.

Themaintrendsnotedaboveandin theprecedingsection
donot changesubstantiallywhenothervaluesof theparam-
etersareused. In mostcases,we areneara full-utilization
scenarioof 100%by ? �5���

, sothereis nosignificantdiffer-
enceamong

� � 1'� � , and
�Pv

for larger ? . Revenuesat sucha
time area bit higherfor theone-pricenetwork, but thedif-
ferenceis not great. Thereis clearly an advantagein price
for priority userswith the one-pricenetwork, which penal-
izesordinaryusersby about30%or higherpricesthanin the
separatednetwork. However, the lower

�
-separateprice is

approximatelyequalto thesinglepricefor theone-pricenet-
work oneor two periodshence,so in a dynamicworld the
ordinaryusersdo not faretoo badlyandmight evenbecome

attractedto theQoSprovidedby a one-pricenetwork.
Fig. 2 shows thepricesfrom Table7 for theseparateand

one-pricenetworks. It shows graphicallyhow quickly the
thepriceson theone-pricenetwork getreducedto thelevels
of theseparatenetwork for

�
users.

5 Summary

Our purposehasbeento comparethreenetwork configura-
tions for datatransmissionover the Internetwhenuserde-
mandsaredividedinto delay-sensitiveanddelay-insensitive
demands.Pricesfor thedemandtypeswerebasedontransfer
volumeanddeterminedby equalitybetweennetwork costs
and revenues. Dynamic uncertaintieswere accountedfor
by consideringalternativefuturesfor demandsandcosts,in-
cludingeconomiesof scalefor costsandpossibleeffectsof
competitionandtechnologicaladvances.



Table6:
�Pv

,   ¡
Separated One-price�

separate � separate totals network? 
 � � 
 � � � � 
 � �� � ~ � ( / * � * ¤ ¤ ¤ $G* * � * ¤ ¤ ¤� ��� � � $ / � ( ¤ ¤ ¤ $ � / ��� � � * /�* ~ � ** � $�� � ( ~ � / � � * /G* ~ � * ~ � �-* ��� ��� � ( � � (�� �/ � /�* ��� ��� � � ��� � ( � � (�� � � � * (�� � ��� / � / /�� � ~$ � * � �q��� ��~ � � � � / � / /�� � ~ � ~ $ �&� ~ � $G* � � � � � (� � *0� �q���©* �N� $ � $&* � � � � � ( ��� ���&� * � /�/ ��� ( / � *~ � ��~ �q���¦$�� � $ � /�/ ��� ( / � * ����� �q*3$ � *0~ ����� ��/�/� � ��/ �q���¥~0$ ��� � *�~ �q��� �q/�/ ����� � � ( � *N�©����� *N�-*( � ��� �q��� ���G* � *��¥�q��� *��q* ����� /��¢$ � ��~ ����� /�/�~� � � � � �q��� ��~G* � �q~ �q��� /�/�~ ����� $ � � � ��/ ����� � /�~��� � ��~�/ �q��� * ��( � �q/ �q��� � /�~ ����� � � $ � ��� ����� (�� *
Table7:

� v
,  I¡�¡

Separated One-price�
separate � separate totals network? 
 � � 
 � � � � 
 � �� � ~ � ( / * � * ¤ ¤ ¤ $G* * � * ¤ ¤ ¤� � /�~ � ( * � ( � ( $ ~�~ $ ��� ( * �N� / � ~�� (�( (�� ~* � *0� �����¦/ � * � $G* ��� ~ ��� ��� � ��� � /�/ ��� ��� � $/ � ���©�����¦/ � ~ � *0/ �q��� �&� $ ����� ��� � � � � ( ����� ��� � ($ � ��~�/ �����ª$ � � � ��/ �q��� (�� $ ����� �q* � $ � ��� ����� ��/ � /� � ��/�~ �����ª$ � ~ � � � / �q��� � � / ����� �¢$ � � � � �0( ����� �¢$ � (~ � �G*0� ����� ��� � � �0$��©�q��� ��� ��� ����� � ��� ~ � ��/�/ ����� ��~ � �� � ���q* �����¦~ � � � ��*0/ �q��� ��� � ( ����� � �N� � � ��� � ����� � � ���( � ��� � ����� �N� * � ����/ �q��� ��/ � / �����©*0� � � � �����¥�����§*�* ���� � ���0$ ����� (�� * � ��� ( �q��� ��~ � / �����©*3$ � ~ � ����~ �����§*3$ � ~��� � ����* ����� (�� * � ��� � �q���©*0� ��� �����©* (���� � ���0$ �����©/�* � (

Thethreenetwork configurationsinvestigatedwerea sep-
aratednetwork for thedemandtypes,a singleone-pricenet-
work that provideshigh QoSto all users,anda two-tiered
network thatlogicallydistinguishesbetweentypes.Dynamic
analysisshowed that network comparisonscanbe sensitive
to demandandcostscenarios,nonetwork is obviouslysupe-
rior to the others,and as ? getslarge the trendsarepretty
well fixed. In terms of prices, the premium-serviceone-
price network benefitsdelay-sensitive usersbut penalizes
delay-insensitive users,andthe two-tierednetwork usually
givesamodestadvantageovertheseparatednetwork to both
types. The largestrevenuesoccur either for the separated
network or theone-pricenetwork. Demandsatisfactionper-
centagesfor thethreearecomparable,with no network uni-
formly superiorto the others. Potentialuserparticipation
approaches100%astime passes,andthis happensquickly
whenunit costsandpricesdecreaserapidly. Eventhedelay-

sensitive usersseetheir pricesanddemandsatisfactionsap-
proachwhatthey couldobtainon a separatenetwork within
oneor two timeperiods.
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