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Abstract— The problem of sharing bandwidth in a communication net-
work has beenthe focus of much recentreseach aimed at guaranteeing
an appropriate quality of sewice to users. This is particularly challenging
in an ervironment with a great diversity of usersand applications, which
makesit difficult, if not impossible,to tightly constrain user attrib utesand
requirements. This motivates shifting the burden of rate allocation from
the network to the end-systems. We proposea decentralized schemefor
user adaptation and study its dynamics. The proposedschemeusesconges-
tion prices as a mechanismfor providing both feedbackand incentives to
end-systems.
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|. INTRODUCTION

Quality of service(QoS)provisioningin the Internethasat-
tractedconsiderablénterestin recentyears. One of the earli-
estattemptgo addresshis problemwasintserv[2], which pro-
posedthe resenation of bandwidthandbuffersalongthe route
for eachconnectionwhich requireda QoS guarantee.The ap-
proachof flow basedresenationsandserviceprovisioninghas
spavneda considerabldody of researcthothin the ATM and
the Internetcommunities(see,e.qg.,[5], [14]). However, there
are doubtsaboutthe scalability of Intserv becausét requires
network routersto maintainperflow state,at leastfor connec-
tionsrequiringa QoSguarantee.

This haspromptedinterestin an alternatve proposalcalled
Diffserv[1], which is basedon distinguishinga small number
of serviceclassesandusingmechanismsuchaspriority queue-
ing at the coreroutersto provide a differentiatedservice. The
corenetwork thusneedgo allocateresourcesnly onaperclass
ratherthana perflow basis. It is possibleto guarantee€oSif

eachconnectionconformsto pre-agreedraffic specifications.

For example,Parekhand Gallager[11] have shawvn that, if the
input traffic is shapedoy leaky buckets,thenthe network can
guarantealelayboundsby usingweightedfair queueingat the
switches.Thetaskof ensuringconformanceanbemovedfrom
the corenetwork to the edgeswhich typically operateat lower
speedandaggrayatefewer connectionsthusmakingit feasible
for themto policetraffic on a perflow basis.A numberof open
guestiongemain,suchashow mary traffic classeso have, how
to definethemandhow to setappropriateehagesfor eachclass.

The approachstudiedin this paperis differentand doesnot
requirethe explicit definition of serviceclasses.lt is basedon
a simpleandinnovative ideaexplicatedin Kelly, Maulloo and
Tan[7] andGibbensandKelly [4], whichis to markeachpaclet
enteringa switchduringa‘congestiorepoch’. Marksreflectthe
factthatthesepacketsimposeda costin termsof delayor loss
on someotherpaclet. Endusersareinformedof whethertheir

pacletwasmarkedwhenacknavledgement$élow backto them
andarethenfreeto decidehow to adapttheirtransmissiomates.
Oneway to implementmarkingwould be to usethe ECN bit
to carrythe mark. In practice,it may be necessaryo associate
monetarychageswith marksin orderto createtheincentve for
usersto respondto marks. A variantof this schemehasbeen
studiedby Low andLapsley [8].

In this paper we considera modificationof the above pro-
posalwhereinthe switchassignseachpacleta priceratherthan
amark. Thepriceis arealnumberasopposedo a markwhich
is onebit. This assumptioris to simplify the analysis;we be-
lieve a small numberof bits of price feedbackwill sufice but
this needso bevalidatedby simulation.In a network, theprice
for arouteis setasthe sum of the pricesat eachof its links.
In otherwords,whena paclet traversesseveral switcheson its
route,eachswitchaddsits priceto theprice currentlycarriedby
the paclket. The pricereflectsthe degreeof congestiorencoun-
teredby the paclet and end usersare informed of how much
they werechagedwhentheir pacletsareacknavledged. They
arefree to usethis informationto adapttheir sendingratesin
ary mannerthey seefit. The fact that pricesreflect the ‘so-
cial cost'imposedby apacleton otherpacletsensureshatthis
mechanisnprovidesuserswith the right incentvesto adaptto
congestion.

The price mechanisnstudiedin this paperdiffersin anim-
portantrespectfrom a numberof earlierproposalswhich were
basedon pricing individual flows (see,e.g.,[6], [12]). It does
notrequirethe corenetwork to maintainperflow state.Thetask
of associatingpriceswith end usersis pushedto the network
edgeswhereit is easierto dealwith. We proposea mechanism
for usersto respondo priceinformationwhich is motivatedby
theassumptiorthatthey aretrying to maximisetheirindividual
utilities. A relatedmodel hasbeenstudiedby Massoulé and
Key [10] in the limit wherethe numberof usersincreaseso
infinity. In this asymptoticregime,thepriceturnsoutto becon-
stantandsothemodeldoesnot capturedynamics.In this paper
we dealwith afinite userpopulationandstudythe dynamicsof
the network correspondingo our modelof userbehaiour.

It is worth emphasizinghat our pricing modeldoesnot pre-
clude Diffsery, for example. On the contrary it can provide
guidanceonhow to pricedifferentserviceclassesWe have pro-
poseda mechanisnfor the core network to assigneachpaclet
the maminal costit imposeson otherusers. It is not essential
that this chage be passedon in its entiretyto end users. A
plausibleservicemodelis oneof intermediariegbsorbinghese
chageswhile chaging enduserson the basisof a specifiedser



vice classasin Diffserv Theperpacletchagesconsideredhere
mightthenprovide a basisfor settingpricesfor differentservice
classes.

An importantsensein which pricing schemediffer from
mandateduseradaptationis that usersare free to choosehow
to respondandthe price mechanisnmshouldbe designedo en-
courageappropriatauserbehaiour. In [7], [4], theauthorsana-
lyze amandatedchemédor usergo respondo pricesandshov
the systemcorvergesto the socialoptimum. They suggesthat
this shouldbe true even whenuserresponsearent mandated.
In this paper we establishcorvergenceto the social optimum
whenuserresponseare modelledas being motivatedby self-
interestratherthanby mandate.Our usermodelis admittedly
very simpleandit remainsanopenproblemto establistsimilar
resultsfor morecomplex userbehaviours.

The restof the paperis organizedasfollows. In Section2
we modelusersasattemptingo maximizeautility functionthat
encapsulatetheir valuationof bandwidth. While it is arguable
thatuserscanbeexpectedo know theirvalueof bandwidthijt is
our contentionthatmostmodelsof userchoiceimplicitly max-
imize someutility functionandthereis no lossin makingthis
explicit. Thequestionof how to characterizaiserutilities is not
treatedherebut the resultsarederivedin the context of afairly
generalclassof utility functions. The interactionbetweenutil-
ity maximizinguserscanbe modeledasa game,andmotivates
the adaptve expectationsframawork that we studyin Section
3. This is a decentralizedramework for adaptationby indi-
vidualusers.Theusergeceve pricefeedbackrom the network
whichthey useto predictfuturepricesandto modify theirtrans-
missionratesaccordingly In Section3, we describeconditions
underwhich sucha decentralizedchemecauseghe systemto
convergeto a socially optimalallocationof bandwidth;we also
determinghe speedf corvergenceln Sectiond we presente-
sultsof simulationdn whichthemodelassumptionarerelaxed,
andconcludein Section5.

Il. INDIVIDUAL OPTIMIZATION

We considera discretetime modelof a singlelink sharedby
N users.In eachtime slotn, user; transmitsaquantityz;(n) of
datapacletsonto thelink. Theunit priceof bandwidthin atime
slotis determinedhasafunctionof theaggreyatedataarriving on
thelink in thatslot; thus

N

Bla(n)), wherex(n) = 3" zi(n),

i=1

p(n)

and¢ is agivennon-decreasinfunction. Useri derivesa utility
ui(z;(n)) in time slot n, which is a non-decreasingunction
of the bandwidthit usesin that slot (the numberof pacletsit
transmitsin thattime slot). The users’total utility is assumed
to bethe sumof their utilities in eachtime slot. Useri seekso
maximize

Vi(x)

= ui(2:) — 2:i9(2),

wherex = (z1,...,zn) is thevectorof bandwidthdemands,
x =11 + ...+ zn denotesheaggreyatedemandand¢(z) the
correspondinginit price for bandwidth. We thushave a model

of agameamongtheuserswhereV; (x) denoteshesingle-stage
payof to useri asa functionof theactionsof all theusers.It is
usualin gametheoryto assuma&ommonknowledgeof the util-
ity functionsof all the players,but suchanassumptiorappears
unrealistidn our context whereusersypically donotevenknow
thenumberof otherplayerscompetingwith themfor resources.
Note thatall that a playerneedsto know in orderto choosea
guantityto sendis the pricein thattime slot. A detailedmodel
of how thatpriceis arrivedat throughthe actionsof otherplay-
ersis notrequired.

The only information available to a userwhen choosingits
transmissiomratein time slotn is the history of pricesp(n—1),
p(n—2),...,wherep(n) = ¢(z(n)), andthehistoryof its own
actions.This suggestshefollowing naturalframework for user
adaptation. Eachuseri forms its own estimate p;(n), of the

pricein thentN time slot, p(n), basedn theinformationavail-

ableto it. It thenoptimizesits transmissiorrate,z;(n), based
on this estimate.In otherwords,useri chooses;(n) to max-

imize u;(z;(n)) — z;(n)p;(n). We proposea simple modelof

how usersform expectationf the price andusethis to analyse
the system.

Ideally, users’beliefsaboutthe price, p(n), shouldbe mod-
eled as probability distributions. In the particular optimiza-
tion problemconsideredabove, the probability distribution en-
tersonly throughits expectation(certaintyequivalences valid).
This would not be true for risk averseusers.Secondlythe op-
timization problemconsideredabove ignoresthe impactof the
users own contribution x;(n) to their price estimatep;(n). If
thefunction ¢ is known, or canbe estimatedyy usersthenit is
possiblefor themto incorporatethe effect of their own actions.
It is possiblebut cumbersoméo carrythroughthe analysiswith
this modification. Moreover, its practicalrelevanceis question-
able. We areinterestedn networkswith large capacity serving
alargenumberof userssimultaneouslyTheimpactof thetraffic
offeredby a singleuseron the unit price of bandwidthis likely
to besmall,andthereforet would not be unrealisticfor userso
ignorethis effect.

[11. SYSTEM STABILITY
A. User adaptation
The following assumptionswvill be madein the rest of the
paper

1. Theutility functionsareof theform

zf -1 ,
ui(x) = w; 7 B<l, w;>0,i=1,...,N. (1)
If 8 =0, weinterprettheformulato meanu;(z) = w; log z.
2. Thepricefunctionis iso-elastic:
T \k
= (5 2
$@) = (5)" @

where C' is a scale parameterwhich is associatedwith the
physicalcapacityof thelink, andk > 1 definesthe steepnesesf
the penaltyfor demandn excessof capacity



3. Playersusean exponentiallyweightedmoving averageesti-
mator of the price. Specifically useri’s price estimatein time
slotn is givenby

ﬁi(n) = pi(n —m;) + ai[p(n —mi) — pi(n —my)] =
Z(l —ap)faip(n — kmi) + (1 — a)™'pi(—5), (3)

wherem; denoteshe feedbacldelayfor useri, n; = [n/m;]
andj = m; + myn; —nisin {1,... ,m;}. Playeri chooses
z;(n) to maximiseu;(xz) — z p;(n), i.e., z;(n) is the unique
solutionof
wi(zi(n)) = pi(n). (4)

Theassumegbrice estimationschemg3) may appeainoddin
that price estimatesn onetime slot do not directly influence
thosein anothertime slot unlessthey sharethe samemodulus
relative to m;. (If usershave differentfeedbackdelays,there
will of coursebe anindirectinfluencethroughthe impactthat
eachusers actionshave on the price andthuson the choicesof
otherusers.) This motivatesusto considerthe following alter
native:

pi(n) = (1—a)pi(n —1) +a;p(n —m;)
= ' i (1 — a;)*aip(n — m; — k)
k=0

+(1 = ;)" pi(0), 5)
for n > my; if n < m;, wetake p;(n) = p;(0).

The applicationof logarithmic utility functionsto commu-
nication networks hasbeenconsiderecby Kelly et al. [7], for
example;they interpretthe parametenw; asa measuref user
i's willingnessto pay for bandwidth. Utility functionsof the
form (1) have beenconsideredoy Massoule and Roberts[9],
who provide an engineeringnterpretatiorof the welfaremaxi-
mizationproblemfor certainvaluesof 3. The goal of the price
mechanism(2) is to keeplink utilization closeto C, but at the
samedimeto preventdemandxceedindink capacity Theform
we consider which we call the CPE price mechanism, corre-
spondgo constaniprice elasticity which hasempiricalsupport
in the context of consumedemand13].

B. Global stability

In anearlierpapen3], we shovedundermilder conditionson
the utility and price functionsthatthereis a price ¢* which is
self-consistenin the sensehat,if all usershadq* astheirprice
estimateandchosetheirtransmissiomatesaccordinglythenthe
price of bandwidthwould indeedbe ¢*. If the utility andprice
functionshave the specificform assumedabove, thereis only
one suchprice, ¢*. We also showved that, underthe assumed
modelof useradaptationthe price estimate®f individual users
corverge to ¢* provided eache; is sufficiently small and the
usersreceie instantaneouprice feedbackm = 1). Moreover,
the userscanchoosen; suitablyif they know k, the steepness
parametetin the price function. In this paper we extend this
investigationin two directions. We allow delaysin the price

informationfed backto users;in practice,a delayof aboutone
round-triptime is to be expected. Secondwe usesimulations
to studythe effect of usersstartingout with a valueof «; which

is too largeto ensurestability anddecreasingt gradually This

mechanisms proposedasananalogudo slow startin TCPfor

usersto quickly reacha neighbourhooaf their steadystaterate
allocation.

We shallassumdor easeof analysisthatall playershave the
samefeedbackdelay (m; = m for all 7), startwith the same
initial priceestimatesp;(—n), 1 < n < m, andadaptatacom-
monrate (a; = « for all ¢), sothatthey sharethe sameprice
estimaten every time slot. Our aim s to show that,asn tends
to infinity, p(n) andp;(n), for eachi, corvergeto the unique
self-consistenprice,¢*. Theassumptiorof commonprice esti-
matesis very strong,but is neededo make the problemanalyti-
cally tractable.Our intuition is thatcommonexpectationsxac-
erbateoscillationsandmake corvergencemoredifficult; thus,if
convergenceholdsin this setting,it shouldbe expectedto hold
whenexpectationsareheterogeneoudie validatethis intuition
throughsimulations.

Suppostfirst that usersemploy the mechanisnin (3). Let
gr denotethe commonvalue of the price expectationsp;(n),
of all the usersin time slot n. We have from (4) and (1) that
useri's transmissiorrate in time slot n is given by z;(n) =
(w;/qn)"/(1=P), andsothe aggregatedemands

z(n) = (?) 7 ,  whereWs := (Z w;/(l_ﬁ))liﬁ.

By (2), theactualpricein time slotn is seerto be

Wg k

-7 = 18
ang) , whereCg :=C"'"".

p(n) = (

Theusers’estimateof the priceattime n + m is now givenby
(3)to be

Wg )ﬁ

C (6)

Gntm = (1—a)gn + of
For theprice ¢* to be self-consistentit mustbe a fixedpoint of
therecursion(6), i.e.,¢* solves
_k
)

o=

This canalsobe shavn using(1), (2) and(4). The solution of
(7) is uniquesincetheright handsideis adecreasingunctionof
q*. Letd, = (gn — ¢*)/q* denotetherelative errorin theprice
estimateattime n. Using(6) and(7), we obtaintherecursion

Ws
q*Cp

(7)

Ontm = f((sn)a (8)
where
«a k
fl@z) = 1-a)1+2z) + ok~ 1, K := 5 (9)

Obsenrethat f(z) — z is corvex, f(0) = 0,

fl@)—z - 400 as z —» —1
flz)—x - —00 as z = o©



Thereforef hasa uniquefixed point at zero. It is also clear
from (9) that f(z) > —1 for all x > —1. Thus, f mapsthe
interval (—1,00) into itself and so its iterates f™ are well
definedon this interval. We want to find a condition on «
suchthat, startingfrom ary initial condition §y, the iterates,
dny1 = f(d,), corvergeto thefixed point, zero.

. 1
for ary initial conditionz.

then f™(z) — 0 geometricallyfast

Lemma2: Let o € (ﬁ,l] be such that there exists
A € [0,1) satisfying f(f(z)) < A%z for allz > 0. Then
f™(x) — 0 geometrically fast, for ary initial condition
x € (—1,00). Corverselyif f(f(x)) > z for ary z > 0, then
thereis aninitial conditionz # 0 for which f(z) doesnotgo
to zeroasn goesto infinity.

Theproofsof thesdemmascanbefoundin [3]. If f*(z) — 0
geometricallyatrate\, then,by (8), therelative errorof theprice
estimate,s,,, goesto zero geometricallyat rate \'/™. Thus,
feedbackdelaysslow convergenceto equilibrium substantially
if usersadaptusing(3).

C. Local stability

Is it possibleto speedup corvergenceto equilibrium? This
guestionmotivatesusto consider(5) asan alternatve modelof
adaptation.We are unableto analytically establishconditions
for global stability in this setting.Insteadwe derive conditions
for local stability and study global corvergencevia simulation
in Section4B. Proceedingsbefore,we let ¢,, denotethevalue
of the price estimatein time slot n, which is the samefor all
usersunderour assumptionsTheaggreyatetransmissiomateis
obtainedfrom (1) and(4) to be

z(n) = (Ws/a.)" 7.
Thus,by (2), theactualpricein time slotn is

(W \* _ kK
p(n)_<QnCﬂ> ’ K_l—ﬂ'

Substitutingthisin (5) yieldstherecursion,

ws X
= (1= a)gn_ —= .
g =(1-0a)g 1+a(qnm05>

Defined, = (gn/q*) — 1 to be the relative errorin the price
estimateattime n. We obtainfrom (7) and(10) that

(10)

6p = (1= )1 +a[(1+6-m) =1]. (D)

Clearly, §,, hasafixedpointatzero.Linearisingtherecursionn
aneighbourhooaf this fixed point (i.e., for ¢, in aneighbour

hoodof ¢*), we get
on~(1—0a)bp1—aKb, m. (12)

The last recursionis stableif the correspondingcharacteristic
polynomial,

(13)

hasall its roots strictly within the unit circle in the comple

plane. If this condition holds, then the original nonlinear
recursions(10), (11) are stablein a neighbourhoodf ¢* and

0 respectiely. In otherwords, if the price estimatesentera

sufficiently smallneighbourhooaf ¢*, thenthey areguaranteed
to corverge to ¢*. Corvergenceoccursat a geometricrate

which is given by the largestmodulusof therootsof the above

polynomial.

Lemma3: Letm > 2. If 0 < o < 1/((m — 1)K) thenall
thezerosof the polynomial(13) lie strictly within theunit circle
in thecomple plane.

Proof: DefineF(z,a) = 2™ — (1 — a)z™ ! + oK. If
a = 0, thenthe equationF'(z,a) = 0 hasm — 1 solutionsat
z = 0 andoneat z = 1. Moreover, the solutionsarecontinuous
functionsof a.. We first shawv thatfor smallenougha > 0, all
rootslie strictly within the unit circle. By continuity this is not
aproblemfor therootsthatstartoff atz = 0. Usingtheimplicit
functiontheoremwe get

0z _ _OF/0a
Oar|(, 0)=(1,0) OF[0z|(, a)\—(1,0)

=—(K+1),

which is negative. Thusasa increasesrom zero, the root at
z = 1 movesinsidethe unit circle.

Let oy bethesmallestalueof . > 0 suchthatoneof theroots
of (13)lies ontheunit circle. By continuity, for a € (0, ag), all
rootsof (13) lie strictly within the unit circle. Let e*’ be aroot
of (13) correspondingo a = ag. We have from (13) that

cos(mf) — (1 — ap) cos((m — 1)0) + ap K
sin(mf) — (1 — ap) sin((m — 1))

0 (14)
0 (15)

Using (15), we caneliminate(1 — ag) from (14). Furthersim-
plifcationusingtheidentity cos a sin b—sin a cosb = sin(b—a)
yields

1 sin((m—1))
O/,()K a )

It can easily be verified that the maximumvalue of the right-
handsideis m —1. Thusthe above equationhasno solution
unlessog K > 1/(m —1). It followsthatay > 1/(K(m — 1)).
Recallthatfor 0 < a < ag, the polynomialin (13) hasall its
roots within the unit circle. This establisheghe claim of the
lemma. |

sin @

IV. SIMULATION RESULTS

In this section,we presentsimulationresultsto validatethe
theoreticalanalysisof the previoussections We considera link
of capacityC = 1 sharedyy tenusersgvolving in discretetime
asdescribedn the previoussection. Theparametek determin-
ing the steepnessf the price curve is takento be 8. Notethat
all usersof the sametype, i.e., with the samefunctionalform
for utility (sameg in (1)) andthe samefeedbackdelays,adap-
tation parametelandinitial price estimate,canbe aggrejated.
Thus, our simulationresultscorrespondo a systemwith ten
distinct usertypes,with the actualnumberof usersbeingarbi-
trarily large.



At the beginning of eachtime slot, eachuseri chooseghe
quantityof data,z;, it is goingto transmitonthelink in thattime
slot. Thepricein thetime slotis determinedasafunctionof the
aggre@atetransmissionmate,z = ), z;, in thattime slot. User
i is informed of the price m; time slotslater andemplgys this
informationto determineits price estimateand, consequently
its transmissiomatem; + 1 time slotslater.

If wethink of theparameter”' notasthe physicalcapacityof
thelink but asthe capacitytimessometargetedutilization rate,
thenthe network operatorcanadjustthis parameteto achieve a
desiredperformancedargetdescribedn termsof pacletlossor
gueueingdelays for example.

A. Basic simulation

The usershave logarithmic utility functions,i.e., 8; = 0
fori = 0,...,9, with willingnessto pay parametersy; rang-
ing from 0.10 to 0.19 in stepsof 0.01. All userssharethe

samefeedbackdelaym; = 10, the sameinitial price estimates

pi(—=9) = ... = p;(0) = 10, andupdatetheir price usingthe
sameparametery; = 0.1.

Theresultingtransmissiomatesareshowvn in Figurel, while
Figure 2 depictsthe actualprice aswell asthe price estimate,
whichis commonto all users.Obserethatthepricesandtrans-
missionrateschangeonly onceeverytentime slotsandsoadap-
tationis slow.

0.15 4

transmission rate

user 9

0.10 -

user 0

0.05 -

0.00 - T T T T T T T - time
0 50 100 150 200 250 300 350 400

Fig. 1. SimulationA: Transmissiomates

Theinitial priceestimateof 10 is pessimisticcomparedo the
equilibriumprice,whichis 1.39. In practice we canexpecteven
moderatelyisk-averseuserdo startwith apessimistidnitial es-
timateasoptimisticinitial estimatedeadto overcommittingin
thefirst step,resultingin avery high price. Sincewe have geo-
metric corvergence gvenif we wereto startwith anextremely
pessimisticguess,say p;(0) = 100, the transientwould only
double.

B. A different model of adaptation

The usershave the sameutility functionsas above andthe
feedbackdelayis again10 time slotsfor eachuser However,
the usersnow employ the estimationmechanisnin (5). This
resultsin thevaluea = 0.1 no longerbeingstable. To ensure

4.0 q price

true
estimated-———

3.0

1.0 A1

0.0 T T ; T T T T - time
0 50 100 150 200 250 300 350 400

Fig. 2. SimulationA: Priceevolution

stability, wetake a;; = 0.02 for all users.Thesimulationresults,
shavn in Figures3 and4, demonstrat¢hat using(5) insteadof
(3) enablesomavhatfastercorvergenceto equilibrium.

0.15 - transmission rate

user 9
0.10 4

user O
0.05 4
0.00 + » time

0 50 100 150 200 250 300 350 400

Fig. 3. SimulationB: Transmissiomates

C. Heterogeneous price estimates and utility functions

Theusersnow have differentinitial price estimatesdifferent
utility functionsanddifferentratesof adaptation.The purpose
of this simulationis to shav thatthe stability of thesystenis not
compromisedy this heterogeneityWe take p;(0) = 10/(1+1)
fori = 0,...,9 andg; rangingfrom 0 to 0.45 in stepsof 0.05
for users0 through9 respectiely. Once more, the feedback
delaysm; are 10 slots. The model of adaptationis given by
(5). Sincetheregion of stability for «; dependn 3;, we take
a; = 0.02(1 — B;), ¢ = 0,...,9, which is adequatdo guar
anteestability. The simulationresults,in Figures5 and6, shov
that heterogeneitydoesnot compromisestablecorvergenceto
equilibrium.

D. Heterogeneous delays

As illustratedin Figures7 and8, heterogeneityn feedback
delay doesnot compromisestability either The figures are
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Fig. 4. SimulationB: Priceevolution
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Fig.5. SimulationC: Transmissionmates

basedon 10 usersall of whoseutility functionsarelogarithmic,
with w; = 0.1 andwho emplgy the adaptatiormechanisiin
(5). Theirinitial price estimatep;(0) is 10. The feedbackde-
laysarem; = 1...10. Theadaptatiorratesa; aretakento be
0.2/m;. Notethat,unlike with TCR, the equilibrium bandwidth
sharesarenotinfluencedby thefeedbacldelays.

E. Time-varying adaptation rate

The last setof simulationresultswe presentillustratesthe
benefitsof using a slow-start-like mechanism.The usersstart
off with adaptatiorratesa; = 0.05 whicharetoolargeto ensure
stability. They geometricallydecreaséheir adaptatiorratesto
a; = 0.01, which ensurestability. Therateof decreasés cho-
senso thatit takesabout35 time slotsto halve the difference
betweertheinitial andfinal valuesof «;. The otherparameter
valuesarechoserasin simulationB, whichwill bethecompara-
tor for demonstratinghe effect of the slow-start mechanism.
ComparingFigures9 and 10 with Figures3 and4 shaws that
theproposednechanisndoesenableusergo reachequilibrium
morequickly.
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Fig. 6. SimulationC: Priceevolution
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Fig. 7. SimulationD: Transmissiomates

V. CONCLUSIONS

This papermwasmotivatedby the problemof providing differ-
entiatedquality of service(QoS)to endusersn thelnternet.We
consideredhe useof congestiompricesasa meansfor achiev-
ing a fair and efficient sharingof bandwidth. Usersattemptto
maximizetheirindividual utility in anervironmentwhereprices
aredeterminedy the collective actionsof all the users.By re-
flecting the social costsof congestionsuchpricesenableusers
to selecta gradeof servicethat balancegheir individual bene-
fit againstthe coststhey imposeon otherusers. Usersattempt
to predictpricesbasedon their knowledgeof the history of the
price processandchooseheir actionsto maximisetheir utility
conditionalon their predictions.

We proposecdh mechanisnfor rateadaptatiorby usersin re-
sponseo price information. The mechanisnincorporatesde-
lays in the feedbackof price informationfrom the network to
the users. We shaved for this modelof adaptatiorthat, under
reasonabl@assumptionsthe systemcorvergesto anoptimalal-
locationof bandwidth:the users’price predictionscorvergeto
the actualprice and their bandwidthsharescorverge to levels
which equalizetheir mamginal utility of bandwidthto the price
of bandwidth.Finally, we proposeda mechanismakin to slow-
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startin TCP andshaved thatit enablesusersto achieve faster
corvergenceo equilibrium.
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