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Abstract

We considera traffic flow constraied by a Token Bucket Regulatorandanalyzeit from aninfor-
mationtheoreic poirt of view. Specifically we determire the maximum averag information (or the
entropy) it maycorvey in agiventime; whenwe take into account the sideinformation presetin the
form of variablepaclet lengtls evenastheflow confamsto theimposedtraffic corstraints. This may
have animpacton a pricing policy thatis basedon reguator parametes.

Index Terms

Quality of Service(QoS)in Intemet, Flow Control and Token Bucket Regulatian, Entropy and
Pricing

|. INTRODUCTION

Networks that offer Quality of Service(QoS) guaranteesegulatethe traffic sourcesusing
Traffic Regulatorsso that the resultingflows adhereto certaintraffic constraints. A simple
Traffic Regulatorthatenforcesa linearly boundedlow is the Token Bucket (or Leaky Bucket)
Regulatorwhich hastwo parametersthetokengeneratiomater andthesizeof thetokenbucket
B[1].

In this letter, we derive the maxinum amountof informationthat a traffic flow cancorvey
onanaverage(or theentropy) duringafinite transmisen interval while still conformingto the
TokenBucket Regulator We take into accountthe sideinformation,thatis presenin theform
of variablelengthsof paclets. The ideaof usingindirect meansto corvey information or of
‘side information channel’hasbeeninvestgatedearlier by Gallagerin his pioneeringpaper2].
More recently [3] gives a detailedexposition to this ideawhich considersnformatian thatcan
beconveyedthroughmeanstherthanthe pacletcontentghemseles for example by encoding
it into thetiming of paclets. The network, though,couldmaskor distortthis covert channeby
randomlydelayingthe paclets. For the caseconsideredn this paper however, the channel
becomedlistortionfree aslong asthe flow conformsto theregulator

Il. INFORMATION UTILITY

We considera discretetime model, wherethe sourcetransmis paclets of variablelengths
x1,T9, ..., xy atdiscretdimesl, 2, ..., N respectrely; conformingto thenegotiatedTokenBucket

Regulator with bucket depth B andtokenrefill rater. We alsotake asa regulatorparameter
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By, theinitial token countfor the bucket and denotethis augmentedioken Bucket Regulator
by TBR(r, B, By). Let¢; denotethe numberof tokensin the bucket just after the j* paclet
transmis®n. Notethatt, = B,. Theconstrainimposedoy TBR(r, B, By) is

zj <ti1+r ;Vji:1<j<N (1)

If all the pacletlengthsz;s areconforming,i.e., satisfy(1) thenthe numberof residualtokens

will evolveas

t; = min(tj_1 +7r—2z;,B) ;
to = By (2)

We seekto maximze the averagenformationthatthe sourcemaycorvey in N transmisions
or the entrofy of a flow of durationN. We denotethe flow entrogy for a particularsourceby
&(By, N) andthemaximumachiesableflow entrogy by £*(B,, N). Themaximum flow entrory
is definedto be the information utility of the regulator As will be shown later, a sourcemay
achieze the maximumentrogy by following anoptimal scheduleThedependencenthe Token
Bucket Regulatorparameters r» and B is to beunderstoodndwill notbe statedexplicitly. We
arguethatthe sourcehastwo waysof corveying informatian to therecever.

1) Attimej, thesourceransmitsapaclketof lengthz;. It canthuscontainz; bitsor z; x In2

natesof information.

2) Anindirectway of corveying informatianis thelengthz ; of thepacletselectedwhichcan

form anindependenalphabet.(We assumehatthe network doesnot fragmentpaclets.)
This ariseshecaus¢he sourcecantransmitpacletsof any lengthsolong asit conformsto
thetokenbucket constrainti.e.,0 < z; <t;_; + .

To find the informationutility for N transmisans,we consideranintermediatestagewhere
the sourcehasn moretransmssionsto malke, i.e., justbefore(N — n + 1) transmissin. Let
therebe b tokensin the bucket, i.e., ty_, = b. We assumdhatthe sourcechoosedo transmi
a paclet of lengthi with probability p;(b,n). As before£(b,n) denotegshe entrofy in nates
for n slots,with b tokensto begin with (i.e., subjectto theT BR(r, B, b) constraint).Thenthe
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following recursve equationmusthold.

i=b+r
E(b,n) = > pi(b,n)iln2 — Inp;(b,n)
=0
+&(min(b+r — 4, B),n — 1)] (3)

Thisequationndicateghattheflow entropy for durationn is a sumof theinformation contained
in the paclet lengthandpaclet contentsof the first of the n transmisions,andthe entrogy of
the remainingflow consistingof n — 1 transmis®ns. To simplify notatims, we define& (b, n)

to be

Eb,n) = &(B,n) ;Vb> B

i=b+r
Eb,n) = > pi(b,n)[iln2 —Inp;(b,n)
=0
+&b+r—i,n—1)] ;¥b< B (4)

We seekto find the informationutility of the regulatorwhich is the maximum possibé flow
entroy. We obsene thatthe only meandby which prior transmssionscanconstrainthe restof
theflow is throughthe numberof residualtokensleft. Henceto maximizeentropy in aflow of
durationn, thesourcewouldfollow apolicy thatyieldsmaximumentrogy for aflow of duration
n — 1, for eachof the possilte residualtoken statesthatit may reach,andthis optimal policy
would be independenof the probabilties of paclket lengthselectionin previoustransmisions,

i.e.,p;(b,n). Thisgivesthatfor maximumentroyy,

1=b+r
g*(bv n) = Z pz(b: TL)[Z In2— lnpi(b: TL)
i=0
+&*(b+r—1i,n—1)] ;whereb< B (5)

For maximumentroyy, the probabiltiesp; (b, n) arechoserto bethosethatmaximze (5) subject

to
1=b+r

Zp,-(b,n) =1 (6)

=0
The optimal valuesfor probabilifes, i.e., p;(b,n) may be determinedby Lagrange-multiper
optimization. This optimizationyields

*  iIn2—14+E (br—in—1)+A -
pi(b,n) = e ( n=D+A e,
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pf(b,n) x eiln2+£*(b+r—i,n—1) (7)

Theconstanbf proportianality maybe evaluaked using(6). Also,

£(b,0) = 0; Vb
p;(b,1) o 2° (8)

Startingwith (8), andusing(5) and(7) recursvely for n = 1 ton = N, onecancomputethe
valuesof the optimal probability scheduleandthe correspondingntroygy for a flow of duration
N subjectto TBR(r, B, By). Numericalcomputatbns reveal that entrofy increasesalmost

linearly with r while logarithmcally with B.

[I1. CONCLUSION AND A REMARK ON PRICING BASED ON TOKEN BUCKET PARAMETERS

Given assuredherformanceguaranteespricing of serviceswould be a function of the regu-
lator parameterandthe flow duration. Our analysisgivesthe informationutility offeredto a
consumeansa functionof theseparameterslt hasbeenarguedthata sustaimblepricing policy
mustbe a linear function of boththe regulatorparameters and B [4]. Thisis becausethese
parametersranslatdinearly to the amountof bandwidthandbuffer spacerequiredin the net-
work. A functionthatis non-linearwould allow entitiesto make profits by buying in bulk and
sellingin chunksor vice-versa. For example,if the priceswereto increasesub-linearly(say
logarithmically) with buffer spacethena broker may make profits by buying a large amountof
buffer spaceandsellingit in smallfragments.

The information theoreticutility, aswe showv, however is not a linear function of B. It in-
creasegnuchslowly with B. This makesfor an interestingcasefor a consumerseekingto
maximize his utility for agivenpriceandthusinfluencethe selectionof parametewaluesfor the

TokenBucket Regulator
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