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Abstract. Costsof communicationsietworks are determinedby the maximal capacitiesof those
networks. On the otherhand,the traffic thosenetworks carry dependon howv heaiily thosenetworks
areused.Henceutilization ratesandutilization patterngdeterminghe costsof providing servicesand
thereforearecrucialin understandinghe economicof communicationsetworks.

A comparisorof utilizationratesandcostsof variousnetworkshelpsdisprose mary popularmyths
aboutthe Internet. Although paclet networks are often extolled for the efficiengy of their transport,
it often costsmoreto senddataover internalcorporatenetworks thanusingmodemson the switched
voice network. Packet networksaregrowing explosively not becausehey utilize underlyingtransport
capacitymoreefficiently, but becauséhey provide muchgreateiflexibility in offering new services.

Studyof utilization patternsshavstherearelarge opportunitiedor increasingheefficiengy of data
transportand makingthe Internetlessexpensive and more useful. On the otherhand,mary popular

techniguessuchassomeQuality of ServicemeasureandATM, arelikely to beof limited usefulness.
1. Intr oduction

An extensve studyof datanetworksis documenteih [CoffmanO,FishturnO, Odlyzko2, Odlyzko3,
Odlyzko4]. This papermpresentonly a brief summaryof theresultsof thatstudy andconcentratesn
theirimplicationsfor presentandfuture datanetworks.

Utilization ratesof networks have beenstrangelyabsentfrom mostpaperson the economicsof
the Internet,suchasthosein [MacKieM, McKnightB, Variar]. However, theseratesdeterminecosts
of services,sincetransmissiorlinks are priced by their maximal capacity Furthermore utilization
ratesarethe primary meanshy which network managersleterminequality of transmissionTherefore
it seemedmportantto considercurrentutilization rateson the Internetandthe resultingcosts. Such
a studywas carriedout in [Odlyzko2, Odlyzko4]. It uncorereda numberof surprisingresults. For
example,corporationsn the U.S. spendmoreto transmitlarge files over their paclet networks than

they would if they usedmodemsover the switchedvoice network. The primary culprit behindthis



phenomenoiis thelow utilization of mostdatanetworks.

A key point of theinvestigationof [CoffmanQ, FishlurnO, Odlyzko2, Odlyzko3, Odlyzko4] was
theneedto considemotjustthe public Internet,but the full universeof datanetworksandtheirrolein
theeconomy For simplicity, only networksinsidethe U.S.wereconsidered Althoughthey do attract
intenseattention they area smallpartof theentirelT (informationtechnologies)ndustry While the
IT sectorof theU.S. economyaccountgor about$600billion peryear[DOC], datacommunications
costsabout$80billion, andof that, transmissiorcomesto about$16 billion [Odlyzko4]. (By compar
ison, the telephonesystemrevenuesarecloseto $250billion peryear Eventechnicallysophisticated
corporationsarestill spendingmore on voice communicationshanon data.) Thusary modification
to datanetworks hasto be consideredn light of thetotal costsit imposeson the economynotjustin
termsof whatit doesto networks.

Datanetworks arenot only still a smallpartof theeconomythey do not operaten isolation. For
voice calls, the basicserviceis easyto describg(Fig. 1), andthereis generalagreementn desirable
guality On the otherhand,datanetworks increasinglyare becomingjust enablerqalthoughcrucial
ones)of otherservicesandfew userscareaboutthe network by itself. Whatis importantis how the
entireapplicationis perceved by the user andnetwork transmissions only a part of the systemthat
makesthatapplicationpossible.

Evenin therestrictedrealmof datanetworks, the public Internet(thosepartsof theInternetacces-
sibleto generalusers)is a small fraction of the total system. Measuringnetworks by their maximal
transmissiortapacity it wasestimatedn [Coffman( thatattheendof 1997in theU.S.,the switched
voice network was probablystill the largest,but the private line networks were aboutaslarge, and
the public Internetwasconsiderablysmaller Updatingthe estimateof [Coffman(, usingthe same
methodologyyieldsthefollowing figuresfor theeffective bandwidthgsee/Coffman( for definition),

measuredh Gbps(gigabitspersecondattheendof 1998:

network bandwidth(Gbps)
US voice 375
public Internet 150
otherpublic datanetworks 80
privateline 400

Thuslookingjustatthepublic Internetdoesnot give a properperspectie on datanetworks, especially
sinceutilization patternsof privatenetworksareconsiderabhdifferent.
Although datanetworks areaboutaslarge asthe voice network in bandwidth,the voice network

still dominatedn carriedload, andis likely to do so for a few moreyears. The traffic, measuredn



TB/month(terabytepermonth),throughvariousnetworks atthe endof 1998was(againupdatingthe

estimate®f [CoffmanO]):

network traffic (TB/month)
US voice 43,000

public Internet 5,000- 8,000
otherpublic datanetworks 1000

privateline 4,000- 7,000

A comparisorof the two tablesabove shavs thatthereare substantialifferencedn utilization rates
betweenthe voice network anddatanetworks. The questionis whatthis means.It is my contention
is that by consideringthesestatisticsaswell asmore detailedones,we candeducemuchaboutuser
preferencem dataservicesandabouttheir willingnessto payfor variousquality levels.

Geoge Gilder's thesisis thatbandwidthsupplywill soonbeincreasingsorapidly thatwe will not
have to worry aboutnetwork congestion.However, thatagrumentis not entirely corvincing. While
technologywill indeedincreasesupply costsandpricesarenotthe samein industrieswith high fixed
costs,regulatory concernsand substantiabarriersto entry More important, while supply will be
increasingsowill demandHenceit is the balancebetweerthetwo thatwill helpdeterminghefuture
of networks.

Section2 is devotedto disproring a variety of commonmythsaboutthe Internet. It is basedon
evidencethat is quantitatve, althoughnot as preciseas one might hopefor. Section3 presentsan
evaluationof the reasondor the differentutilization levels of voice anddatanetworks. Later sections
areincreasinglyspeculatie, dealingwith thelik ely evolution of theInternet.

Sectiond usegheobsenrationsaboutthe utilization patternf currentdatanetworksto explainthe
failureof ATM andthepoorprospectgor mary Quality of Service(QoS)schemesSections discusses
the opportunitiedor increasinghe quality andloweringthe costsof the Internetby learningfrom the
experienceof theswitchedvoicenetwork. Sectioné dealswith therole of differentialservicdevelsand
usagesensitve pricing. Section7 speculate®n the mostimportantfactorsthatarelikely to influence

theevolution of theInternet.Finally, Section8 presentsomefinal conclusionandpredictions.
2. Commonwisdomor commonmisconceptions?

Much of the“folk knowledge” aboutthe Internetis simply false. This sectiondiscusseshe most
importantexamples.
Padket networksare not necessarilymore eficientthan the switdhedvoice network. A key point,

to beaddresseth Section3, is whatis meantby efficiengy. In generalpublicationsthoughiit is often



assertedvithoutqualificationthatpaclet networksarelessexpensve thenthe switchedvoice network.

Someof thenew paclet-onlycarriershave beenshaving comparisong which IP transporsavesmore
than90% over the costof traditional switchednetworks. In particular savings on transportcostsare
widely perceved asthe main advantage®f carryingvoice over paclet networks. On the otherhand,
whenoneconsidersxisting networks, it turnsout thatmostcorporationsspendmoreon transferring
largefiles overtheirinternallP networksthanthey wouldif they usedmodemverthepublic switched
voice network. Thisis anastoundingesult,sincemodemauseonly a smallfractionof the bandwidth
of the digital channelthatis provided for voice calls. Further network costsof voice calls aresmall
comparedo the priceschaged. The estimatedor the costof transmittinga megabyteof dataover

variousnetworksareestimatedn [Odlyzko4] asfollows:

network dollars/MB
modem 0.25-0.50
privateline  0.50- 1.00
FrameRelay 0.30

Internet 0.04-0.15

Thistablesuggestainobvious question:Why don't corporationgunk their private networks andsend
datavia modemsover the public switchedvoice network? Theanswelis thatthe costestimate®f the
tableapplyonly to largefile transfersanddo nottake into accounbtherfactors suchaslateng. As an
example acreditcardauthorizationnvolvestransferof only afew hundredoytes,andsowould costfar
moreover amodemthanthetablemight suggestlt would alsotake far longer tensof secondsnstead
of secondsandthusleadto lower productvity of the salesforce andcustomerdissatisaction. There
arethusunbeatabladwantagedo paclet networks, but they arenotin network costsbut in flexibility.

Thepublic Internetis smallrelativeto otherdatanetworks.Althoughit is the public Internetthat
hascaughtall the attention,it is still dwarfedin transmissiorcapacityand costsby the private line
networks,aswasshavn in thetablesin the Introduction. It is alsofar smallerthanthe switchedvoice
network. However, it is groving muchfaster about100%a year thaneitherthevoice network, which
is growing ataround10% peryeatr or the privateline networks, which aregrowing at around20-30%
peryear (Se€Coffman( for details.)Thereforan afew yearghepublic Internetwill bethedominant
communicatiometwork, but it is notthatyet.

Few datanetworksare congested A surprisingfactis thateventhoughit provideshigh quality ser
vice, the switchedvoice network hasconsiderablyhigheraverageutilization thanary large collection
of datanetworks. Thereis ageneraperceptiorthatthe public Internetis hopelesslyrovded,andeven

mostnetwork expertsbelieve thatprivateline networksarecongestedswell. Realityis different,asis



shavn in [Odlyzko2] andsummarizedn thetablebelon. (Theutilizationratesin thetableabore, and

elsavherein this paperreferto averagesover afull week.)

network utilization
local phoneline 4%
U.S.longdistanceswitchedvoice 33%
Internetbackbones 10-15%
privateline networks 3-5%
LANs 1%

Somepartsof the Internetare highly congestedespeciallythe public peeringpoints, the NAPs and
MAESs. Mary universitylinks to thepublic Internetarealsoheavily loadedwhichmayhave persuaded
generation®f studentghatall networks areheavily utilized. However, the backbone®f the Internet
arerelatively lightly loaded. The estimate®f their utilization ratesin [Odlyzko2] (basedpartially on
estimate®f sizesof variousnetworksin [Coffman() areconsistentvith recentmeasurementshich
shav thataslong astransmissiorstaysona singlebackbonelateny andjitter arenotaproblem.What
is congestedare mary of the feederlinks to the backbonedrom smallerISPs,especiallythosethat
aggrgatemodemtraffic. Fig. 2 shaws thetraffic patternonaT1 line (1.5Mbps)belongingto anISP.
It runsatahigh fractionof its capacityfor large partsof theday, but still manageso provide relatvely
high quality service with minor delaysandpacletlosses(Averageutilizationis in the40-45%range.)
OtherISP links shav even higher utilization, frequentsaturationand high paclet lossrates. (Other
examplesof traffic patternsof ISPs,aswell asthoseof otherusersarein [Odlyzko2, Odlyzko4].)

Asthetablesin thelntroductionshav, mostof thedatatransmissiortapacityis in privatecorporate
networks. Their traffic patterngendto be far differentfrom thoseof the ISP line profiledin Fig. 2.
Fig. 3 shaws utilization of a corporaterl 1 line. Theaverageutilization of thisline is slightly underl%.
Comparinghegraphsof figures2 and3, it is easyto graspthatthe performancef thosetwo lineswiill
be different,andthattraffic controlalgorithmssuitablefor onemightnotfit theotherone.

Utilization of the T1 line in Fig. 3 is lower thanthe average3-5% cited for corporatenetworks
in the table. Thusa moretypical link would shav somevhat highertraffic thanFig. 3, but it would
still look very low comparedo thetraffic in Fig. 1. It is worth notingthattheline in Fig. 3 doeshave
occasionaspikesof higherutilization, but they tendto beshorterthanthe5-minutesaveragingintenal.
On somedaysit alsohas5-minutespikesmuchhigherthanthoseof Fig. 3, which represents pretty
typical businesslayfor thatlink.

While mostcorporatenetworksarerun atlow averageutilizations,therearemary exceptions.The
mostprominentareinternationalines, suchasthe oneprofiledin Fig. 4. The averagetraffic shavn

thereis 59 Kbps, or 46% of capacityduring the day thatis profiled. On this particularlink thereis
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little traffic in the reversedirection, so averageutilization of the entireline (which, asis alwaysthe

casen currentdatanetwork asalegacgy of the switchedvoice network, consistof two one-directional
links), during a businesslayis around25%. Over a full week,averageutilization might thereforebe

expectedo bearound20%. Someinternationalinks have higherutilizations,over 30%. | do nothave

enoughdatato be certain,but it appearghatthe averageutilization of trans-oceanicorporateprivate

linesmightbein the 10-20%range.

Congestionis not necessarilthe biggestproblemon the Internet. The“World Wide Wait” is often
causeddy problemsotherthanlack of bandwidth.A studycarriedoutin 1997by ChristianHuitema
[Huitema]aboutaccessingomepopularsenersshavedthat20%werenotreachableAmongthe80%
thatcouldbe reached42% of the delayswerecausedy network transmissionwith DNS accounting
for 13%andsenersfor theremaining45%. Further therearesomeindicationsthatin the lastcouple
of years the performancef the backbonesasimproved, while senersarefalling behind.

If bandwidthwerethe critical resourcen corporatenetworks, thensurelyit would be monitored
closely Yetthe studyof utilization levelsin [Odlyzko2] washamperedy lack of data. Existing data
washardto obtain,sinceit is usuallyregardedassensitve. In mostcasesthough therewasno datato
releasesinceutilizationsarenot evenmeasureaonsistentlyHencebandwidthis presumablyustone
of mary problemghatnetwork managersave to dealwith, andnot necessarilghe mostimportant.

In general,althoughthe Internetis acclaimedas the simple network, it is extraordinarily com-
plicatedand hardto keepoperational. A simple exampleis the descriptionin [WiltziusBD] of the
difficultiesin gettinga network operationalput ary network operatorcanprovide a multitude of sto-
riesof problemsthatcropup. Oneof the majorproblemswith theInternetis thatmostof the work of
keepingt runninghasto bedoneattheedgesandsois wastefullyduplicatedwith network administra-
torsat thousand®f institutionsdoing essentialljthe sameplanning,implementationandoperational
tasks[Odlyzko3]. Often(andperhapslmostalways)networksarenotoptimizedbecaus¢herearenot
enoughskilled expertsto doit.

“The tragedyof the commons"’maynot be an insurmountablahreat for the Internet. It is widely
believed thatqueueingoy congestioris the only way to run the Internet,sincedemanddriven by flat
ratepricing,is insatiable Therearemary situationsvhereaddingcapacitydoesnothelp. For example,
road congestionn metropolitanareascan be relieved only temporarilyby building more highways.
The problemis thatwhentravel speedsncreasepeoplemove furtheraway, to take advantageof less
expensve housingopportunitiedo becloserto family, andotherreason$Gibbs Schafer\l. However,

in adynamicernvironmentwith growving bandwidth this agumentis questionableThe“tragedyof the



commons’agumentis evensuspecin slowvergrowing industries Considerfor example thefollowing
statisticsonlocal calling in the United Statespaseddn datain [FCC]. Suchcalling is overwhelmingly
paidfor by afixedmonthlyfee,andis thusinsensitve to the numberandlengthof calls.

local calls local calls

lines (minutesper  (minutesper
year (millions) dayperline) dayperperson)

1980 102.2 39 17.5
1988 127.1 39 20.2
1996  166.3 40 25.1
1997  173.9 42 27.3

The amountof calling per line hasnot changedappreciablyin 17 years,althoughthe “tragedyof the
commons’analogysuggest#t shouldhave growvn. Thestandardeplyto thisis thatpeoplehave limited
time, and so their demandfor phoneservicehasalreadyreachedsaturation.Yet thatis not the case,
sincetheamountof calling per persorhasgrown vigorously over 55% between980and1997.(This
includesfax andmodemcalls). Individualsandinstitutionshave votedwith their pocketbooksfor low
utilization, presumablpecausét waspercevedto provide higherquality of life andwork.

In datatraffic, growth hasbeenmuchfasterthanin telephondines, andlinks have tendedto get
saturated.This is often cited as a prototypical“tragedy of the commons”problem. Yet the situation
is lessclearthanit might seem.Growth hasbeenorderly Fig. 6 shavs the averagetraffic from the
public Internetto the University of Waterloo.(See[CoffmanQ Odlyzko4] for moredetails.)Although
the capacityof thelink hashadsereralsudderjumps,usagenasgrownn at a pretty steadyl00%a year
Similar steadygrowth rateshave beenseenin othernetworks, see[CoffmanQO]. Thusthesenetworks
have notin generahadto copewith suddersugesin demandhatsaturatechew capacityassoonasit
becamewvailable. Evenwhensuchsuigesmaterializedasthey did atthe University of Waterloowhen
studendormswerehooked up to thecampusEthernet)they werecontainedy simplelocal measures.

The orderly althoughvery rapid, grownth in datatraffic is probablycausedby a combinationof
severalfactors.Availablecontentuserskills andawarenessandthe network infrastructureall have to
developin parallel. Thelastfactoris especiallyimportant.Usersdont justgo andexploit the Internet.
Exceptfor casef malice,they usuallyneedto have a substantialocal infrastructuraén orderto make
useof thewider networks, andthis limits the growth in demandor connectiity.

Not only is growth of datatraffic steadyactualtraffic is generallypredictableonceit is suficiently
aggregated. Several of the graphsin this paper aswell asmary of thosein [Odlyzko2, Odlyzko4]

combinedisplaysof traffic for several days. It is notevorthy that the traffic patternsare generally



consistenfrom weekto week,with MondaythroughThursdayusuallybehaing the same andFriday,

Saturdayand Sundayeachhaving its own particularload graph. This is the samebehaior thathas
beenobsered on the switchedvoice network, andgoescounterto the claim thatdatatraffic is chaotic
andis only constrainedy congestion.

The“b ursty nature of datatraffic” is notthe culprit behindlow utilization ratesof datanetworks.
Datatraffic doesnot smoothout aswell asswitchedvoicetraffic, andit shavs long rangedependence
[FeldmannGWKLelandTWW. However, thatdoesnot meanthathigh utilization cannoteachieared.
Figures4 and5 shaw thatit can. In Fig. 5, we seeessentiallyfull utilization over 9 hoursduringthe
businessday andin Fig. 4, for a muchsmallerlink, more than 80% utilization over a comparable
period. Most of datatransportusesTCR which fills available bandwidthand canproducehigh load
factors.Thuslow utilization hasto comefrom a differentsource andthe next sectionwill be devoted
to this topic. As a preliminarystep,let us notethat high utilization carriesa penalty For example,
during the hoursof peakusagein Fig. 4, the averagepaclet drop rate was around5%, so service
quality wassubstandar@andthe throughpuffigure wasdeceptiely high, sinceit includedsubstantial
retransmissions)}igh utilization thushadto comefrom explicit or implicit choicesaboutthe quality

of datatransporto be provided.

3. Economicefficiencyversusengineeringefficiency

Economicefficieny meanssatisfyingcustomerstdemandsEngineeringefficienay meangrovid-
ing a servicewith the minimal amountof resourcesThetwo areoftenin conflict. The switchedvoice
systenmprovidesacompromisehatis moreefficientthanthelnternetin botheconomicandengineering
aspectslt givesa high quality serviceto its customersary time they wantto useit, andyet manages
to have a higherutilization rateof thetransmissioracilities. It doessoat aratherhigh monetarycost,
though,andofferslittle flexibility.

Therearebasicreasongor low utilizationratesof datanetworksthatarecausedy therapidgrowth
rate of datatraffic andthe economieof scalein purchase®f transmissiorinks. Thesereasonsare
discussedn [Odlyzko2]. However, the maincauseof this low utilization rateof privateline networks
(andthusof mostof the Internet)is the attemptto satisfyuserneeds.Businesustomerwith traffic
patternssuchasthe onein Fig. 3 couldcarryall their traffic on 56 Kbpslinesinsteadof T1s. Their
decisionnot to do soshavs whatthey find desirableandaffordable. The managewf abranchlab of a

major softwareproducerdescribedhe privateline from thatlab to compay headquarterasfollows:

| seepeakbandwidthasthe basiccommodityl buy. ... Whenwe hada 256Kb dataline
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it wastoo slow (it interferedwith productvity). With a T1 line, no onehascomplained.
| guessour T1 line is lessthan1% utilized. ... | would notgo for a T3 line (it would not

improve our productvity) but | would notcutbackontheT1 line.

Note that this manageidoesnot careaboutaverageutilization of theline, in commonwith most
peoplein similar positions. (The previous sectionnotedalreadyhow seldomutilization datais col-
lected.) What he caresaboutis that he and his coworkers getwhatthey needquickly. Thuslateny
is the key issue. However, it is not paclet lateng, the concernof mostof networking literature,that
matters.lt is transactiorlateng, thetime it takesto completewhaterer one caresabout(transmitting
anemailmessager dowvnloadinga Web page) thatis important. Transactionateny canbelowered
to alarge extentby goingfor higherbandwidth.

Sincemostof thetraffic onthe Internetis HTTP, it is often dismissedasjust Web-surfing.How-
ever, Web-surfingincludescustomergionvnloadingproductinformationor placingorders,aswell as
emplo/eesaccessingorporatedatabasesThereforet oftendesereshigh priority. (In generaltrying
to assignpriorities to paclets basedjust on the applicationis unlikely to be productve.) However,
Web-surfingdoesproducetraffic patternssuchasthatof Fig. 3, with low averageutilizations,whenit
meetsuserdemands.

An importantfeatureof the quoteabore is thatit did not referto ary quantitatve measuresf
network performance.Thereare certainly studiesof what performances requiredfor taskssuchas
transactiorprocessingand how differentnetwork technologiecomparein satisfyingthoserequire-
ments[Cavanagh. It appearsthough thatincreasinglyinteractionswith networksarebecomingmore
comple, andcanonly bejudgedby subjectve criteriaof usersatisfiction.

The importanceof the subjectve factorin judging network performances also apparentn the
choicesof circuit speedsThey areusuallychosernin simplemultiplesof somebasicrate(suchas56,
128,256,512Kbps)evenwhenintermediatespeedareavailable. Thehumanperceptuasystenmoper
ateson alogarithmicscale andthereforét requiredarge stepsto achieve anoticeabldmprovementin
performance.

Low utilizationsof datanetworks shouldnot be surprising.Note thatthe family carandthe phone
setareusedon averagearound4% of thetime. The Pentiumlll PConanoffice desktops idle mostof
thetime, anddoesdlittle thata 486 machinecould notdo. However, whenit is calleduponto typeseta
documenbr recalculatea spreadsheeit, cando somuchfasterthanthe 486 machine andthatjustifies
its purchase Comparison®f PCsnever discusshon muchthey will be used,andinsteadconcentrate

on benchmarkshaving how muchtime thosePCstake to performvarioustasks. Whatthe resulting
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low utilizationsmeanis thatthe lightly utilized resources inexpensve enoughcomparedo thevalue
peopleplaceon its availability andtheir time. Note thattwo or threedecadesgo, computersvere
largely mainframeswerekeptin computercentersandwererun at high utilization rates.By maving
to PCswe have loweredthe utilization of theequipmentbut have provided muchmoreflexibility .

Low utilizationsof corporatdines,suchasthatof Fig. 3, shav thevalueof high quality transmis-
sion. On the otherhand,the high utilizationsof internationallinks, suchasthatof Fig. 4, shav the
limits of whatevencorporationarewilling to pay Whenlinks areasexpensve asthey arenow across
the Pacific or the Atlantic, it appearghat IT managersitherimplicitly or explicitly decideto male
theirusersput up with congestedhetworks.

The high utilizations of ISPslinks mostlikely reflecta combinationof extremeprice sensitvity
of theresidentialmodemcustomersandof the difficulty thosecustomersvould have in deriving ary
benefitfrom uncongestedinks. The high latenciesandlow transmissiorspeedsof modemswould
guarantedow quality experiencen ary event.

The comparisorof utilization ratesof trans-oceanianddomesticcorporatdinks suggestshatif
pricescomedown, userswill optfor higherquality transmissiorandtherebylower utilizations. This
is whatappeargo have happenedn the LAN ervironment. | have muchlessdataherethanfor long
haulnetworks, especiallyhistoricaldata.However, mary peoplesaythataverageutilizationsof LANs
adecadeagowerein the5%to 10%range.(It is notclear though whethetthisrefersto businesours
aloneor a full day). Thatis alsoconsistenwith a few scrapsof harddata,suchasthe statisticsfor
theBellcoreLANs in the early 1990sin [LelandTWW]. On the otherhand,todayLAN utilizationsat
theinstitutionsthatl wasableto obtainthe datafor (whichis not mary, andconsistprimarily of those
placeghatusethe MRTG tool [MRTG]), tendto bearoundl%. (Thisis notto saythatthisis universal,
asthereareinsitutionswith higherrates.)Further in thoseinstitutionsthathave both 10 Mbpsand100
MbpsEthernetsthe averageutilizationsof the 100 Mbpslinks tendto be aroundhalf or a third of the
rateof 10 Mbpslinks. LAN equipmentasdecreasedrasticallyin price,andsoit hasbecomeeasier
to satisfypeoples desirefor burstytransmissionlt hasalsobecomdessexpensie to solve problems
by tossingbandwidthattheminsteadof usingscarceandexpensve network managetime. Thereis an
attemptto economizeandconnectiongetupgradedo 100 Mbps Ethernetonly whenthereis aneed
for suchspeedsin generalthough,otherpressingnetwork problemsareclearly moreimportantthan
maximizingutilization of network bandwidth.

The generalconclusionaboutlow utilization ratesof corporatenetworks is that they are not a

sign of waste but of the valueof high quality datacommunicationgndof the compl«ity of running
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networks. However, theselow ratesdo provide a substantiabusinessopportunity aswill bediscussed

in Sectionb.

4. ATM and QoSin current data networks

Utilization ratesandutilization patternamay explain why sometechnologies$ave flourishedand
othershave fallenby thewayside .During the 1980s therewasa seriouscompetitionbetweerkthernet
and Token Ring technologiedor the LAN market. One of the claimedadwantagesof Token Ring
was supposedo be its ability to carry a higher fraction of its peak capacityin routine operations.
Anotheradwantagewasthat Token Ring had QoS supportbuilt in. Still, Token Ring lost out. The
technicaland economicissueswere comple, but the primary reasonit lost out appeargo be thatit
wasmorecomplicated.lts greaterengineeringefficiengy did not save it, andit is easyto seewhy. In
an ernvironmentlike that of Fig. 3 (notethattodayLANs operateat aboutthe utilization rate of that
figure, although10 yearsagothey probablyoperatedat higherrates)averagethroughputis basically
irrelevant. It is only the peakratethatmatters.

Similarly, it appeardhat ATM hasfailed to take off largely becausat is inappropriatefor most
of todays networks. ATM wasconceved with theidea,inspiredby voice andmultimedia,thattraffic
would consistof long-lived flows with reasonablyvell definedbandwidth lateng, andjitter require-
ments.However, thatis not whatwe have on our networkstoday Most of the traffic consistsof Web
pagedowvnloadsthataresmall,andwhatmatterds how quickly the entirepageis delivered. Therefore
ATM is irrelevant from users’perspectie. It findsits greatest@applicationsin core networks, where
aggreatetraffic flows do resemblehetraffic conditionsfor which ATM wasdesigned.

Most QoS measuregsee[FergusonH for a suney) arealsoof doubtful utility in the currenten-
vironment.In anenvironmentsuchasthatof figures2, 4, and5, it is intuitively appealingo createa
speciallanefor high priority traffic. In the ervironmentof Fig. 3, though,whichis muchmorerepre-
sentatve of theuniverseof datanetworkstodaythanfigures2, 4, and5, thatis muchmorequestionable.
High priority andlow priority traffic do go throughjust aboutwheneer they needto. Evenwhentwo
demand<oincide,it is justaslikely thatthey will bothbe of high priority, sono prioritizationscheme
would help. Applicationswould still have to copewith occasionatongestion.

Bandwidthresenrationsareespeciallyguestionablén the environmentof Fig. 3. In arecentwork
onthe guaranteedervicefeatureseingdevelopedfor the vBNS high speedhetwork, the authorssay

that[SongCW

.. we give arelatively firm commitmentof bandwidth. The word “relatively” suggests
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thatwe have not excludedthe useof bandwidthoverbookingfor the benefitof statistical

sharing.However, we mustmale surethatanequivalentthroughpuis notcompromised.

For traffic like thatin Fig. 3, it is impracticalto avoid bandwidthoverbooking,asfirm guarantees
would involve tiny utilization ratesand astronomicakosts. If we allow overbooking,though,then
we are basicallydealingwith a best-efort network for the high priority traffic, with low utilization
providing an expectedhigh quality of transmission.That, however, can be accomplishedy much
simplermethodssuchasthe ParisMetro Pricingschemeof [Odlyzkol], to bediscussedater

Sofarl have beemaguingthatATM andQoSareinappropriatdor todays Internet. However, there
arelimits to thesearguments.Both ATM and QoS might becomemuchmorerelevantif the Internet
changegaswill bediscussedh Section7). ATM alreadyplaysabig rolein thecoreof thenetwork, as
thebasictransporimechanisnusedby thebackboneso carry|P traffic. Theamgumentsn this paperdo
not sayarything aboutthe advantagesf ATM in thatcontext ascomparedo paclet-overSONET or
othertechnologiesThefocushereis onhow thelnternetappearso theusersandsystemadministrators
atthe edgesof the network, andfrom their point of view ATM doesnot offer seriousadvantagesand
doeshave seriousshortcomings.

I amalsonot suggestinghatQoSis uselesslt will bevital in themary situationswherethereare
stringentbandwidthconstraintssuchasat the edgesof the network, especiallyin the wirelessarena.
Further techniguesuchasWeightedFair Queueing WFQ) andRandomEarly Detection(RED) can
beinvaluablein controllingcongestionandcanbeimplementednsidethenetwork withoutdestrging
the exceedinglyvaluablestatelessatureof the Internet,andwithout complicatingthe lives of users
or even the lives of users’systemadministrators. Suchsimple techniqueamight sufice to provide
congestiorcontrolsfor networksthatoffer uniformly high quality of serviceto all traffic.

Somecongestiorresponsie techniquesreessential Eventhe highestpriority transmissionsvill
occasionallyhave to competefor limited bandwidthwith othertransmissiorof similar priority. There-
fore essentiallyall applicationswill have to possessomemechanisnior limiting their bandwidthde-
mandsn thepresencef congestion(Thefew exceptionthatdorequireabsolutébandwidthguarantees
arelikely to staywith privatelinesor somespecialchannelon the public network, ashashistorically
beenthe case.) Sincethe humanperceptuakystemis insensitve to small changesyery simple, al-
thoughsuboptimal algorithmslike the onesin TCR, WFQ, andRED shouldsufice, especiallyif the
network is notheaily loaded.

Why do | keepinsisting on keepingthe Internetsimple? It is not just that the Internetis too

complicated;t is thatall the otherthingsthatrely on the Internetaretoo complicated! To make the
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applicationsthat peoplecareaboutinteracteffectively with mostof the QoS schemeghat are being

proposedvould beanundesirabledditionalburden.
5. Lessongo belearned from switchedvoice networks

The Internetcommunityappeargo be learningpreciselythe wrong lessonsfrom the switched
voice networks. The ideasthat datamaovesin flows andthat preciseguaranteesf servicequality are
requiredappearo be inappropriatefor the Internet,and are leadingto developmentefforts that are
likely to beof little use.

On the otherhand,thereare valuablelessonghat can be learnedfrom the traditionalphonenet-
works. Oneof themis simplicity. The Internetis just too complicated.Not only is it expensve (as
thefiguresin thefirst tablein Section2 shaw), but it requiresmary expertsatthe edgedo keepit run-
ning. A telling signis thatonly abouttwo thirds of U.S. householdshathave PCsalsohave Internet
accountsln contrastthe phonesystemhasdevelopedsimpleuserinterfacesandstandardshatallow
billions of peopleto useit easily Thereis anunaoidableconflict betweensimplicity andflexibility,
andthe phonesystemis not flexible enoughto survive in its presentform. On the otherhand,the
Internetwill surelyhave to becomesimplerto attractmoreusers.Furthermorethereshouldbewaysto
dothatwithout sacrificingmuchflexibility, by moving towardsstandardsuchasIPv6, providing more
securityinsidethe network, andsoon.

Anotherimportantlessonthat the Internetcan learn from the switchedvoice network is about
economicslt is worthrememberinghatinitially the phonewasanextremelyexpensie technology A
hundredyearsago,monthlychagesfor phoneservicein New York City amountedo half of theaverage
monthly wage. Yet with diligent effort, phoneservicehasbecomeaffordablefor the masses.As is
discussedh [OdlyzkoZ2], somefactorsthatwentinto the high utilization of the switchedvoice network
(which wasa substantialalthoughnot the dominantcontritutor to the lowering of costs)arethe slow
andpredictablerateof grawth of voicetraffic, factorsthatdo not applyto the Internet.However, there
areotherfactorsthat canalsobe taken adwantageof in datanetworks, suchascomplementaryraffic
patternsandstatisticalaggrgation.

Fig. 7 shaws the traffic patternson the switchedvoice network separatedhto the residentialand
businesgustomersBY carryingbothtypesof callsonthesamenetwork, over40%of capacityis saved.
(See[Odlyzko4] for amoredetaileddiscussion.)Yetin datanetworks, we have corporateprivateline
networksthatareusedmostlyjust duringthe businesgay We alsohave ISP networks usedprimarily

by residentialcustomerswho usethemlargely in the eveningsand on weelends. (See[Odlyzko2,

13



Odlyzko4] for graphsof usagepatterns.) Thosenetworks are disjoint. If they were combined,they
couldprovide auniformly high quality of serviceto all currenttraffic atall timesanddo sowith lower
total capacitythanthe separatedietworks have now.

Aggregation of traffic is anothergreatopportunityfor the Internet. If datanetworks were as
congestedasis widely believed (supposediywith 70% peakhour utilizations on most circuits, cf.
[OdlyzkoZ2]) therewould belittle thatcouldbe done.However, corporateusergpurchasdinesfor their
burstcapacity soutilizationsarelow, andthesituationis vastlydifferent. A dozenlineslike theonein
Fig. 3 canbeaggr@atedontoasingleT1 with all dozenusersobtainingessentiallthe sameserviceas
with their own lines, sincetheir traffic peaksareuncorrelatedTheline in Fig. 3 haslower utilization
thanthe averagefor privateline networks, but experimentswith combiningtraffic tracesfor different
lines shaw that statisticalaggregation hasgreatpromisefor producinghigher utilization. It appears
thatby aggr@atingtraffic from differentprivatelinesontolarger commonlinks, oneshouldbeableto
produceaverageutilizationsat leasttwo or threetimesashigh asthe 3-5%rangethatis typical of cor
poratenetworks. (Notethatthis is just aboutthe operatingrangeof currentinternetbackboneswhich
do appearto provide high quality services.) Furthermorethis would still be corporatetraffic only,
which s significantonly duringthe regularbusinesday By mixing in the complementarhousehold
traffic patternsijt mightbepossibleo raiseutilization levelsby factorsof four comparedo thecurrent
levels,andprovide uniformly high quality servicefor all traffic.

A large commonnetwork would alsosene to reducethe enormousadministratie costsof running
separateorporatenetworks with point-to-pointconnections.It might alsomale it easierto provide
someform of thedynamicroutingthathasbeensoimportantin reducingcostsandincreasingutilization
ratesin switchednetworks [Ash]. In generalthe costadwantageof a singlecommonnetwork have
beendemonstratedverwhelminglywith electricandotherutilities, but arestill waiting to berealized
in datanetworks.

The costsadwantagef a large commondatanetwork arealreadybeingpartially realizedby the
InternetbackbonesA large partof thereasorfor the hugedifferentialin transportcostsshawvn in the
first tablein Section2 is preciselybecausehe public Internetaggrgatesmary sourcesf traffic, both
businessandresidentialdoesoperatdargelinks, andcentralizesnary network managemerfunctions.
However, to beacorvincing substitutefor privateline networks,thepublic Internetwill haveto provide
higher quality and security Quality on mary backboneslreadyappeardo be suficient, and VPN

(virtual privatenetwork) technologyexiststo assurenecessargecurity
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6. Differential sewice, usagesensitive charging, and Paris Metr o Pricing

Themainobjectionto QoSis thatit would complicatethe Internet.As a simpleexample,if traffic
priority wereto be setaccordingto application,then either encryptiontechnologiesuchas IPSec,
which concealpaclet payloads,would have to be banned,or elsean elaborateadditional signaling
schemewould be required. The ideal solutionis to keepthe Internetascloseto a dumbnetwork as
possible,onethatjust acceptyaclets anddeliversthento the destination.As in the switchedvoice
network, this might require building in more intelligenceinside the network (to deal with security
issuesfor example),but it shouldbeintelligencethatis invisible to theendusers.

Althoughtheidealof asimplenetwork is very attractve, thereareadvantageso morecomplicated
systems.In particular several levels of servicequality would leadto more efficient use of network
capacity Today all corporatetraffic, including delay-insensitie file transfersreceve the samehigh
quality service,andin addition,networks areidle mostof the time. On the otherhand,on the public
Internettherearechole pointsthatleadto frustrationwith the“World Wide Wait,” yetthereis noway
for usersto obtainbetterservice. A network offering differentlevels of serviceto differenttypesof
traffic thereforehasattractions All the standarceconomicagumentsarguein favor of sucha solution
[MacKieM, McKnightB, Variar]. Chagesdo nothave to be highto have anoticeablesffect onhuman
behaior. Still, the questionis whetherthe gainsareworth thecost.

Any universaldifferential serviceschemewill almostinevitably involve a usagesensitve pricing
system. So far suchpricing hasbeenappliedonly in limited casesmostnotablyin countriessuch
asChile, New Zealand,and Australia,wherecommunicatiorcoststo the U.S. (which is wheremost
of their internationalndoften of their total Internettraffic comesfrom) arevery high. However, with
traffic increasingandtransmissiorostsstill groving, chaging perbyteis spreadingEvencorporatd T
managerareimplementingt, in orderto allocatecoststo divisions. Sofar, though all suchchagesare
simplyfor eachbytesentor receved (althoughsometimed is justfor bytesrecevedfrominternational
links). This hasobviousattractionsall by itself, asit would promotefairness.As it is, flat ratepricing
meanghat corporationghat usetheir Internetlinks lightly paythe sameasISPsanduniversitiesthat
transmitat high fractionsof the capacityof their connectionsThis is alreadyleadingto modifications
of the standardlat rateapproachwith ISPsoftenfacinghigherchagesthanotherusers.

Evenwith simple perbyte chaging, thereare problemscausedy thelack of a reliablemeasure-
mentinfrastructure (As a simpleexample,in thetwo years’of datal have recevedfor thelink of Fig.

3, about15% of the valuesaremissing,andtherearesomeobviously erroneougntries,suchassome
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indicatingdatatransferratesof over 100 Mbps.) Thereare also questionsof fairness sincepaclets
thataredroppedurtheronin theirjourney getcountedandchagedfor, andthis overchage getsworse
preciselywhenthenetwork is congestedndprovidestheworstservice.

With differentialservicestheaccountinglifficultiesincreaseTraffic countswould have to become
morerohust, andtherewould surely have to be a substantialnfrastructureto allow eitherthe sender
or the recever to pay If it turnsoutthatit is worth modifying the Internetto that extent, then,in
a compromisewith the overwhelmingneedfor simplicity, | proposeusing the Paris Metro Pricing
(PMP)schemeof [Odlyzko1]. In PMP, thebackbonesvould bedividedinto severallogically separate
channelsgachwith a differentprice per byte. Userswould be free to selectfor eachpaclet which
channelto sendit on. The expectationis thatthe moreexpensve channelsvould attractlesstraffic,
andthereforewould bemuchlesscongestedT he detailsof PMP andin particularfurtherjustifications
for it arecontainedn [Odlyzko1]. The basicintuition of PMPis tohare a schemeéhatis assimpleas
possiblelf therearegoingto bedifferentserviceevelsonthelnternettherewill haveto bedifferential
pricing. In thatcasethough why nottake advantageof thatpricingto dealwith congestiortontrol,and
presere thestatelessatureof thelnternet?PMPkeepghepricing part,whichseemainavoidable ,and
dispensesvith everythingelse. My expectationis thatif a differentiatedservicesystemis introduced
on the Internet,it will eventuallyevolve towardsPMP (or degeneratd¢owardsit, dependingon ones

view).
7. Therapidly evolving Inter net

The precedingsectionsdealt with the currentinternet, and explainedthe utilization ratesand
patternghatdominateonit. They suggesteavhy ATM is nota solutionto the bulk of the problemson
thecurrentinternet,andthatmostof the QoSmeasurearealsoof questionabl@pplicability Will this
alsobetrue onthefuture Internet?Thatwill dependon pricesof transmissiorandthe natureof data
traffic.

Prices: In Section2, we saw the crucialrole thatpricing playsin utilization patternsof datalinks.
If pricesof transmissiorcontinueto go up, asthey have beendoingrecently thenmostdatanetworks
might be usedlike the corporatetrans-Rcific link of Fig. 4, andthendifferentiatedservicesmight
becomenecessary

Predictingdatatransporpricesis hazardousAs anexample,in 1993Irvin [Irvin] publishedastudy
of privateline pricesin theU.S.. He constructedwo plausiblemodelsthatfit the historicalrecordwell

upto thatpoint,andusedthemto predicta continuatiorof the decliningtrendin prices.Unfortunately
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that happenedo be just the time whenpriceshit their absoluteminimum. Since1992, priceshave
increasedaver50%,andin 1999werethreetimesashighaslirvin’s modelspredicted (SegCoffmang

for a graphof historical privateline prices.) However, asis discussedn [FishlurnO, Odlyzko4], we
areenteringa new era, with new technologiesandnen competitors.Until recentlythe Internetwas
sosmall, thatevenits 100% peryeargrowth ratedid not affect the much smallergrowth rate of the
underlyingtelecommunicationsetwork. Very soon,though,that grownth rate for the Internetwill

meana similar growth ratefor the entirenetwork, whichis likely to leadto rapidintroductionof new
equipmeni&ndarapiddeclinein prices. (It is alsolikely to leadto anincreasen total revenuesrom
datatransportin analogyto whathasbeenhappeningn microprocessordjarddisks,andotherhigh
techareas.) The paper[FishkurnQ] presentssomesimple economicmodelswhich demonstratehat
whenpricesfall rapidly, a lightly loadednetwork with uniformly high quality of servicecanoftenbe
economicallyoptimal.

Unfortunately it is impossibleto predicthow soontransmissiorpriceswill startdeclining. Even
whenthey do, it is notclearhow fastthey will do so.

Nature of Internettraffic: ATM andmary QoS schemeaveredismissedn an earliersectionas
irrelevant for todays Interneton the groundsthat currenttraffic doesnot consistof extendedflows
with well-definedrate requirements.However, the Internetcan changeextremelyrapidly. After all,
hardlyanyonehadheardof the Webhalf adozenyearsago,andyetit is now thedominantapplication
on the Internet. Whatif multimediatraffic beginsto dominate?UnderthoseconditionsATM might
be the right answey but this appearsan unlikely scenario.St Arnaud[StArnaud StArnaudCFM]has
alreadyarguedcorvincingly thatmultimediais not thefuture of the Internet,andinsteadcomputeito-
computercommunicatiorwill dominate.To his agumentd would addanotherone,namelythatthere
arelimits on how muchmultimediamaterialpeoplewill wantto be consume.On the otherhand,as
long ascomputerskeepgrowing in numbersand power, their potentialcommunicatiordemandswill
grow, andarelikely to fill available bandwidth. However, my views differ from thoseof St Arnaud
in animportantrespectHe expectsthatthe dominantcomputetto-computetraffic will beinsensitve
to delayandjitter. My predictionis thatwhile thatis truein principle, it will notbe soin practice. |
expectthat future computetto-computertraffic will in someimportantrespectde similar to todays
Websurfing. It is likely to be overwhelminglygeneratedn respons¢o humandemandsAn example
mightbea suigeonsendingdatafrom the operatingroomto a specialisfor a consultationywhoin turn
sendsout software agentgo scourdatabasefor similar data. Anotherexamplemight be a salesman

trying to generatea quotefor a prospectie customer and kicking off a flurry of communications
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betweenthe ERP (enterpriseresourceplanning)systemsof his compan andits suppliers. All such
communicationwill have the samefeaturethat we seeon the Web today featuresthat corporations
spendmuchfor, namelydeliveringresultsasquickly aspossible Networksengineeredo provide that
level of serviceshouldbe ableto provide low lateny andjitter asautomaticbyproductswith only a

few simplemechanismsuchasFair Queueinghatarecompletelyinvisible to theusers.
8. Conclusions

The currentstateof the entire Internet,and the utilization patternson it, shav that ATM and
QoS areof limited utility. On the otherhand,thereare hugeinefficienciesin the Internetthat can
be alleviated without intrusive measureshat affect users. Thereis enoughdatatransportcapacityto
provide high quality transmissiorior all currenttraffic aswell asallow for substantiagrowth, if only
all datanetworks were combinedinto a commonnetwork. Thereis also overwhelmingevidenceof
users’desireandwillingnessto payfor high quality services How the Internetwill evolve s likely to
bedeterminedy thetrendsin transmissiormpricesandin thenatureof traffic. Giventhehugepotential
coststo theentirelT systemof ary modificationgto the Internet,though,simplicity will surelybeata
premium.

If pricesdo decreassuficiently rapidly comparedo traffic growth, thenit mightbeeconomically
optimal to continuewith the presentsystemof flat rate pricing, andto provide high quality service
to all paclets. If pricesdo not declinesuficiently, thensomethindik e the “expectedusageprofile”
proposalof [Odlyzko4] might be appropriate.In this schemeall traffic would still getthe samehigh
qualitytransmissionHowever, userswvould payISPsaccordingo their pastusaggbasedn sampling,
say),with loweredratesfor sendingtheir traffic at night, say or for makingsuremostof thetraffic is
congestion-sensit: (suchasTCP).Finally, if traffic gronth outpacepricedeclinesthensomeversion

of ParisMetro Pricingmightbe calledfor asalastresort.
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Figurel: Theanalogybetweerthelnternetandthe switchedvoice network is weakandoftenmislead-
ing.
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Figure2: Traffic onanISP’s T1 line on Tuesday®f April 14and21,1998.5-minuteaverages.
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utilization of a corporate T1 private line
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Figure 3: Traffic on a corporateT1l line in the continentalU.S. during Thursday May 28, 1998. 5-
minuteaverages.
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Figure4: Traffic from the U.S. to the Far Easton a corporatel28 Kbps line during a weekday The
peaktraffic hoursbetween1800and2400coincidewith the busy hoursin Far Eastlocation. Hourly
averages.
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SWITCH trans-Atlantic traffic to Europe on Tuesdays
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Figure5: Traffic on the 8 Mbps link from the U.S. to SWITCH, the Swissacademicandresearch
network, duringTuesday®f February3, 10,and17,1998.Hourly averagessSwisstime. By permission
of SWITCH.

Traffic from the Internet to the University of Waterloo
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Figure6: Traffic onthelink from thepublic Internetto the Universityof Waterloo.Theline with circles
shavs averagetraffic duringthe monthof hearviesttraffic in eachschoolterm. The stepfunctionis the
full capacityof thelink. By permissiorof University of Waterloo.
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switched voice volume
business vs. residential
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Figure 7: Residential(thin line) and business(line with circles) voice traffic on U.S. long distance
switchedvoice networks,aspercentagef peaktraffic onthosenetworks.
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