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SUMMAR Y Performance evaluation criterion is one of the
most imp ortant issuesfor design of network tratc control mech-
anisms and algorithms. Due to multiple performance objectiv es
of network tratc control, performance evaluation criteria must
include multiple performance metrics executed simultaneously;
these are called integrated performance evaluation criteria. In
this paper, we analyze various performance metrics of network
tratc control, and proposethree integrated performance evalua-
tion criteria. One is the improvement on original Power formula;
our new Power formula is based on the multi-service-class model.
Another is about the fairness of user's QoS (Qualit y of Service)
requirements (queuing delay and loss rate); especially the de-
tailed discussion on Prop ortional Fairness Principle is given. And
the third one is the integration of preceding two, in which the
throughput, queuing delay, packet loss rate, and the fairness are
considered simultaneously .
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1. Intro duction

Trazxc cortrol is a key mecianism for QoS provision in
computer networks. The essenceof tratc cortrol is to
cortrol the allocation and useof network resourcessud
as bu®ersand link bandwidth. The design of network
tratc cortrol medanismsand algorithms must satisfy
certain performance objectives. When an algorithm is
put forward, we needto know how well it will work:
whether it is rational, whether it will allocate network
resourcese®ectively and fairly. The meansto answer
these questionsis performance evaluation criterion. It
is very important for the designof new network tratc
control schemes,for the comparisonand selectionfrom
seweral designs,and for the optimization of original de-
signs. Di®erernt evaluation criteria will lead to di®eren
designs. In recernt years, the researti on performance
evaluation criterion has gotten more and more atten-
tion.

For ewvaluating network performance, seweral prin-
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cipal metrics can be measured such as throughput,
bandwidth, delay, and lossrate. And the objectives
expected respectively are high throughput, adequate
bandwidth, low delay and low loss rate. Consider-
ing only one or two of such metrics make the work
easier, but insutcient. That is becausewith the de-
velopmen of network technologies, new applications
come out cortinually, and the network tratc cortrol
schemes become more important and complex. The
performanceevaluation for such a systemmust consider
multiple metrics simultaneously. The ditcult y of de-
signing integrated performanceevaluation criterion lies
in the "niteness of network resources,including net-
work bandwidth, bu®ers,and processorcapacity. And
there is con®ict in trying to satisfy all the performance
objectives at the sametime. For example, by length-
ening the queuethe lossrate can be reduced, but in
turn the delay will get longer. So certain trade-o®s
must be made. One method for exploring integrated
performance evaluation criteria of network tratc con-
trol is to 'nd a performance evaluation model. Suc
model should presert multiple metrics of tratc control
performance at the sametime and shaw their inter-
nal relationships. By studying the relationships, the
integrated performance evaluation criteria can be put
forward.

In this paper, we presert three criteria. The “rst
is the improvemert on Power formula, and a compet-
ing mecdhanism of multi-class serviceis introduced. The
secondis on QoS requiremerts and fairness, especially
the Proportional FairnessPrinciple. And the third one
is the integration of preceding two. Notice that, F.
Kelly's proportional fairnessin [5] is di®erert from the
Proportional Fairness Principle discussedhere. The
former usespayment per unit time asthe Weight, W;,
while our Proportional FairnessPrinciple considersthe
fairness among multiple service classeswhich are dif-
ferertiated from ead other with di®erent QoS require-
merts.

This paper is organizedas following: Section 2 in-
troducesthe related work on performance evaluation
criteria and Section 3 explains the common metrics of
network traxc control. In Section 4 and Section 5,
two performanceevaluation criteria are given in detalil,
which consider throughput, delay, loss, and fairness.
Section 6 discusseghe integrated criterion of preceding
two. In the last section we concludethe whole paper.



2. Related Work

The Power formula describesthe relationship between
throughput and delay [1], but it only considers the
network node that has a single bu®er and supposes
the length of the bu®er can be innite. In [2], the
author comparesthe in°uence of throughput and de-
lay jitter on di®erent IP padkets, and then puts for-

ward an asymmetric best-e®ort service model provid-

ing di®eren throughput and delay jitter to two kinds
of IP packets. The performance di®erenceof the clas-
sical constrained optimization and genetic algorithms
in throughput, fairness, and time complexity is thor-

oughly researted in [3]. The author brings forward a
compromisescheme, but it mainly focuseson the allo-

cation of bandwidth.

K. Park preseris a QoS provision in honcoopera-
tive networks in [4]. This model is basedon network
systemoptimization, andit analysesmultiple QoSmea-
suremerns sucd as padcket lossrate, delay and jitter, in
both mean and burst-related measures. But the main
problem is that it doesnot include fairness,which is a
most important matter in QoS cortrol. F. Kelly in [5]
presers a rate control schemeon proportional fairness,
which adjusts every user'srate due to network resource
state so asto obtain network resourceallocation opti-
mization and proportional fairness. But since network
link state changesconstartly, the rate control for eadh
userwould be too complexto implement. On the other
hand, F. Kelly's schememainly controls user'srate, but
pays little attention to delay and lossrate.

In [6], by analyzing the integrated requiremerts on
real-time and throughput of Web seners, the authors
set up a performance-analyzingmodel using stochastic
Petri Nets for that kind of system. In [7], an integrated
schemeis put forward, which combinesthe cortrols on
delay and lossrate in Di®serv system.

From the pervious work, we seethat there is still
much work needto be done on e®ectie integrated per-
formance evaluation criteria for tratc control.

3. Performance Metrics of Traxtc Control

The performanceof a computer network can be viewed
from two di®erert points. Oneis from the systemitself,
another is from the users.

2 System viewp oint:  Global performance
of networks. These aspects of system performance
include the utilization of network resources, system
throughput, whether the load is balanced, whether the
congestioncan be avoided, etc. Indeed, such questions
greatly concernthe network carriers becausethey have
signi cant "nancial implications for the pro tabilit y of
the systemin service.

2 Users viewp oint: QoS requiremen ts of sin-
gle users. To enjoy the network, userswant to run a
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variety of applications that have di®erert QoS require-
ments suc asbandwidth, end-to-enddelay, delay jitter

and lossrate. For example, VolIP is sensitive with de-
lay and jitter but tolerant with loss, while FTP does
not care about delay and jitter but expects no loss.
A good tratc cortrol strategy must be able to meet
the requiremerts of di®eren applications and di®erert
users.

2 Users viewp oint: Fairness among users.
Network resourcesare nite. When the total require-
merts of usersfor resourcesare well below the system
capacity, the tratc is easily cortrolled to satisfy ev-
ery user. But this is not always the case. When the
total requiremerts exceedthe system capacity, some
users will be denied or get unsatis'ed service. Who
will be unlucky? Some rules must make that choice.
A good tratc cortrol strategy must isolate users (or
°ows) from ead other sud that service remains fair
among di®erert °ows, and bad-behavior °ows do not
a®ectthe performanceof other °ows.

As discussedabove, the performance of network
tratc corntrol stchemescanbe evaluated with seweral pa-
rameters. First, the whole performance of the network
can be preserted by network throughput T and uti-
lization U. High network performanceis desired. This
meansthat the valuesof T and U should be as high as
possible. While the QoS requiremerts of usersinclude
adequatebandwidth, low delay/jitter and low lossrate.
In this paper, we consideronly two generalparameters,
delay D , and lossrate L. More parameterssuc asjitter
will be studied in our later work. Thirdly, the require-
ment for fairnessF amongusersis complex. The reason
is that there is no accordart answer to the question of
what is fair. Somepeoplebelieve that the equilibration
among all network °ows is the fairness, while others
think that the resourcesshould be allocated accord-
ing to the current load and user requiremerts. In this
paper, we refer to the idea of proportional di®erertial
model [8], which indicates that resourcesare allocated
accordingto the proportion of QoSrequiremerts in the
heavy load situation.

There is con’ict when some performance objec-
tivesare to be obtained simultaneously. For instance,
by lengthening the queuethe lossrate can be reduced,
but in turn the delay will increase. So, the proper
trade-o® between multiple performance metrics must
be made.

The foregoing performance metrics can be in°u-
enced by many factors. For example, by cortrolling
which padket is to be discardedwhenthe bu®eris grow-
ing full, the bu®ermanagemen (congestioncortrol and
losscontrol) schemescan in®uence the lossrate. While
di®erert packet scheduling algorithms can result in dif-
ferert delay/jitter by allocating processingcapacity and
bandwidth to di®eren classesof queue. Although the
performanceevaluation criteria have tight relationship
with tratc cortrol algorithms, they are not real con-
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trol methods and we will not discussthose concrete
algorithms in this paper. The designof tratc cortrol
algorithms is left asthe future work.

4. Criterion-1: New Power Formula

A good starting point for evaluating the performance
of a network tratc cortrol schemeis to consider two
principal metrics: throughput and delay. Clearly, we
want as high throughput and low delay aspossible. Al-
though it might appearthat increasingthroughput also
meansreducing delay, this is not always the case.One
sure way for a network tratc cortrol algorithm to in-
creasethroughput is to allow as many padets into the
network as possible, so as to drive the utilization of
all the links up to 100%. We would do this to avoid
the possibility of a link becomingidle, becausean idle
link necessarilyhurts throughput. The problem with
this strategy is that increasingthe number of padkets
in the network also increasesthe length of queuesat
ead node. Longer queues,in turn, meanthat padets
are delayed longer in the network.

To describe this relationship | throughput and
delay, somenetwork designershave proposedusing the
ratio of throughput to delay asa metric for evaluating
the e®ectivenessof network traxc control sdheme [1].
This ratio is sometimesreferredto asthe Power of the
network, as Eq. (1). The Power is originally be de ned
in [14], and maximizing Power has been proposed as
an objective for computer networks. Also, literature
[16] indicates that Power has a single maximum. In
[15], This function hasbeenstudied in considerablede-
tail for deriving deterministic rules of thumb for prob-
abilistic problems in computer communications. The
application of Power in ATM switching systemis given
in [17].

T hr oughput®

Power =
W Delay

. 0<®<1 (1)

Note that it is not obvious that Eq. (1) is the right

metric for judging network tratc cortrol e®ectieness.

For onething, the theory behind Power formula is based
on an M/M/1 queuing network that assumesin nite
gueues. But real networks have nite bu®ersand so
sometimes have to drop packets. For another thing,
Eqg. (1) is typically de ned relative to a single connec-
tion (°ow). It is not clear how it extendsto multiple
competing connections. Despite theselimitations, how-
ever, Eq. (1) continuesto be used.

Since Eq. (1) is just based on one queue net-
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work model (Fig. 1) that assumesin nite queues,and

usershave much more diverseserviceexpectations now,

the current same-service-to-allmodel becomesinade-
gquate and limited. Sowe proposea multi-service-class
model to replacethe original one-queuemodel in Fig.

1. In this case,the network °ows are grouped into a
small number of service classesbasedon their QoSre-

guiremerts, and the competition for network resources
among se\eral serviceclasseswill be considered.

4.1 Throughput (T) and Delay (D)

We consider the multi-queue model (see Fig. 2) that
o®ersN classesof service. Each queueis for a service
classof QoS. Here we still assumein nite queues,and
the in°uence of padet lossrate is not considered.

If the packet length distribution is the samein all
classesand the senrer is work- conservmlg let , i bethe
averagearrival rate in Class-i,and , iz1 i bethe
aggregatearrival rate in the systemW|th N classesand
d; be the average queuing delay in Class-i. Then the
contribution of Class-i to the system averagedelay is
-Ld;. The system averagedelay is represetied by Eq.

@).

L X
d,)=—- .id )
> =1
Then the original Power formula becomes:

Throughput®
de,)

P ower

0<®<1 )
i=1 5 '™

The expectedresult of Eqg. (3) is the maximization
of its ratio, which is a function of how much traxc you
inject into the network. Figure 3 givesa represertativ e
Power curve, where ideally, the network tratc control
algorithms would operate at the peak of this curve. To
the left of the peak, the control is being too consena-
tive, which meansit is not allowing enough padkets to
be sert into network and keepthe links busy. To the
right of the peak, too many padkets are being injected
into the network and the queuing becomelonger, so
that the increasein delay even overwhelmsthe gain in
throughput.
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In fact, many network tratxc control schemesare
able to cortrol load only in very crude ways. That
meansit is simply not possibleto turn the "knob" a lit-
tle and allow only a small number of additional padets
into the network. As a consequencenetwork designers
needto be concernedabout what happens even when
the systemis operating under extremely heavy load, i.e.
at the rightmost end of the curve in Fig. 3. Ideally, we
would like to avoid the situation in which the system
throughput goesto zero becausethe systemis thrash-
ing. In networking terminology, we want a systemthat
is stable, where padkets contin ue to get through the net-
work even when the network is operating under heavy
load. If a medhanism is not stable, the network may
experiencecongestioncollapse.

4.2 Throughput (T) and Loss(L)

When the e®ectof padket lossrate is to be considered,
queuelength shouldbe nite. The relationship between
padket lossrate and throughput is very similar to the
foregoing Power formula Eq. (3), so we get the Power
for packet lossrate. We assumethe padket length dis-
tribution is the samein all classesand the sener is
work-conservingtoo. Let [; be the averagepadket loss
rate in Class-i, then the system averagelossrate is:

I(,) = _ Lili (4)

Then we get another Power formula (Note that the

lossrate is de ned as a nonzeroin nitesimal ", when
there is no padket lost):
Throughput
Power = %
FnoTy
= PN ijﬂl 'l_; 0< <1 (5)
- i=1 s il

It can be seenthat Eq. (5) is quite similar to Eq.
(3). Further analysisindicatesthat thesetwo equations
have almost the sameproperties and the samecurve.
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5. Criterion-2:
ness (F)

QoS Requiremen ts and Fair-

In the relative di®ereniated servicemodel, the network
traxc is grouped into a small number of serviceclasses
that are orderedbasedon their padket forwarding qual-
ity requiremerts, in terms of per-hop metrics of queuing
delay and packet loss. In this model, the network tratc
is grouped into N classeswhich are in sudch order that
Class-i is better (or at least not worse) than Class-(i
-1) for 1< i - N, in terms of local (per-hop) metrics
of queuing delay and padket loss. Note that the elu-
cidation 'or not worse' is required, sincein light load
conditions all classesmay experiencethe sameservice
quality level.

In this context, applications and usersdo not get
the absolute servicelevel guarantee suc as an end-to-
end delay bound or bandwidth, since there is no ad-
mission cortrol or resourceresenation in the system.
Instead, the network assuresthem that higher-level
classewill getrelatively better servicesthan lower-level
classes.And soit is up to the applications and usersto
determine which classmeetstheir requiremerts best.

In [8], the author has proposedthe proportional
di®erertiation model. According to this model, the ba-
sic performancemeasureof padket forwarding locally at
ead hop are ranked proportionally to certain classdif-
ferertiation parametersthe network administrator set,
which are independert of the loads of classes. This
cannot be achieved with other relative di®ereniation
models, such as strict prioritization or capacity di®er-
entiation.

Referring to reference[8], we propose a Propor-
tional Fairness Principle to evaluate the performance
of network tratc corntrol schemes.

Considering user requiremerts and system state,
there are three cases:

(1) In the caseof guararnteed service,i.e. whenthe
padket scheduler is basedon resourceresenation and
admission cortrol medanisms, or in the caseof abso-
lute di®ereniated services[9], usersand applications
obtain guaranteed servicequality. Let A; be the service
quality parameter that userrequired and ' ; be be the
service quality that usersreceiw, it can be expressed
as' i, A. Sinceall serviceclassesquality of serviceis
satis ed, there is no fairness problem among di®eren
classes.

(2) In the caseof relative di®erertiated servicewith
light load conditions, network system has enough re-
sourcesto satisfy users' requirements. Like (1), there
is no fairnessproblem among classes.

(3) In the caseof relative di®erertiated servicewith
heary load conditions, network resourcesget scarce.
Resourcesmust be allocated fairly on the basis of
QoSrequiremerts. The fairnessand QoS requiremerts
should be consideredsimultaneously. In this paper, we
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discussa set of performance evaluation criteria based
on QoS requiremerts and resource allocation fairness
for network tratc cortrol with heavy load conditions.
Two parameters of QoS requiremerts, queuing delay
and lossrate, are discussed.

The Proportional FairnessPrinciple ranks certain
serviceperformanceof all classegproportionally to the
di®ereriation parameters the network administrator
set.

If, say, g is a performance measureof Class-i, the
Proportional Fairness Principle imposesconstraint of
the following form on all pairs of classes:

-89 4= 16N ©)
G G

wherec; < ¢, < ¢¢¢< cy are the abstract quality
di®erertiation parameters (or called proportions). So,
eventhough the actual quality level of each classvaries,
the quality ratio betweenany two classesemains xed
and cortrolled by the network administrator, indepen-
dent of the tratc loads of those classes.

5.1 Delay (D) and Fairness(F)

The Proportional FairnessPrinciple statesthat certain
classperformancemetrics, such asthe per-hop queuing
delay and lossrate, should be proportional to the corre-
sponding fairness parameters the network administra-
tor set. Through thesefairnessparametersthe network
administrator can cortrol the relative quality ratio of
the o®eredclasses,either based on pricing or policy
requiremert.

We focus on fairnessfor queuing delay in this sub-
section,and sowe apply the Proportional FairnessPrin-
ciple to queuing delay metric. The simplest measureis
the long-term averagequeuing delay. Speci cally, if d;
is the averagequeuingdelay of Class-i padkets, the Pro-
portional FairnessPrinciple statesfor all pairs of classes
i and j that:

F =

;i = 1¢6¢;N (7)

|
A+ |_Q—I

The parametersf + g are referred to as Delay Fair-
ness Parameters (DFPs). Because higher class has
better servicequality, these parametersare ordered as
+ > + > ¢¢¢> + > 0. Sincethe Proportional Fair-
nessPrinciple doesnot depend on the load, it applies
with the samesemartics in any load condition where
it is feasible. For example, the network administrator
can specify that the average queuing delay in Class-1
double the averagedelay in Class-2,in spite of whether
the delays are on the order of a few packet transmission
times, or hundreds of padket transmission times. The
conditions under which this model is feasibleare shown
later.

It is desirablethat the Proportional FairnessPrin-
ciple holds not only in the caseof averagedelays over
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long time scale, but also over the short term. Long-
term averagesdo not always corvey enough informa-
tion, especially when the tratc is very gusty, or when
the user/application °ows are short. To illustrate this,
supposethat a usergeneratesa short packet °ow (say, a
Web session)in Class-j, with the expectation that the
°ow will experience lower delays than if it were sert
in Class-i (i < j). Even if the long-term average de-
lay of Class-jis indeed lower than the averagedelay of
Class-i, it may happen that the °ow is created during
a time period in which Class-i encourters lower delays
than Class-jdue to the large burst in the latter. If this
situation happensfrequertly, the proportional fairness
betweenclasseswill not be consistert and predictable.
Then a formulation of the Proportional FairnessPrin-
ciple for a short-term queueingdelay follows:

Let di(t;t + ¢) be the average queueing delay of
Class-i packets departing in time interval (t;t + ¢),
where ¢, > 0 is the monitoring time scale. If there
is no departing packet, di(t;t + ¢) is unde ned in this
time interval. The Proportional FairnessPrinciple for a
monitoring time scale¢, holds betweena pair of classes
i and j, if:

+

At g,

+

i;j = 1,¢0¢;N (8)

for all time intervals (t; t + ¢) in which both d;(t; t + ¢)
and d; (t; t + ¢) are de ned.

There is certain relationship between these long-
term evaluation and short-term evaluation of delay fair-
ness. Generally speaking, it is sure that the long-term
fairnessis all right if the short-term evaluation shows
the constraint of Eq. (8) is kept to. Howewer, evenif the
long-term evaluation shows Eq. (7) is kept to, we still
cannot say the short-term fairnessis all right, which
meansthat the queuingdelay ratios (measuredin short
time interval) divergefrom the speci ed constraint due
to traxc burst, for example.

The Feasibilit y of Prop ortional Fairness Princi-
ple

This subsectionis to provide further discussionon
the dynamics of the Proportional Fairness Principle,
and to show the conditions under which this principle
is feasiblefor the caseof long-term averagedelays. We
consider a losslessand work-conserving packet sched-
uler that servicesN queues,ead for oneclasg'.

The losslessaassumptionrequiresthat the scheduler
operatesin the stable region, i.e., the o®eredoad is less
than the servicecapacity. Otherwise the queuescan be
long enough to guarantee no padket loss. This oper-
ation scenario can be achieved in practice with some

YWe use the terms 'class' and 'queue’ interchangeably.



congestion cortrol mechanisms. A more realistic case
would be to consider a lossy multiplexer with sources
that adjust their rates basedon padet losses,as the
current TCP does. It will be discussedlater.

The assumption of work-conserving forwarding
mechanismis alsoimportant, becausewith a non-work-
conservingsdedulerit is possibleto setthe delay spac-
ing betweenclassedo arbitrary levels. This is not what
we expect. We believe that most forwarding meda-
nisms usedin practice are work-conserving.

If we assumethere exists a scheduling discipline
that can enforcethe Proportional FairnessPrinciple in
Eq. (7) for the caseof long-term averagequeueingdelay,
i.e. the Proportional FairnessPrinciple is feasible,then
we can seethat:

If the padcet length distribution is the samein all
classesthe consenation law indicates:

X
Lidi=,d(,) 9)

i=1

where d(, ) is the averagequeuing delay that will
experienceif the aggregatetratc is servicedby a work-
conservingFCFS Model sener of the samecapacity as
the scheduler that enforcesthe Proportional Fairness
Principle in the multi-queue model. From Little's rule,
the consenation law statesthat the averagebadklog in
a work-conserving system is independernt of the con-
crete scheduling discipline. For a more generalform of
the consenation law, which doesnot require the same
padket length distribution in all classessee[10]. Note
that d(,) is the estimation in practice, and has some-
thing to do with the tratc characteristics (e.qg., burst).
And in order to be estimated, it requiresdetailed mea-
suremens of actual tratc dynamicsin a certain link.

Combining Eq. (7) and Eq. (9), the averagequeu-
ing delay of Class-iis:

_ +d
di = () ©i= 1;¢¢¢;N  (10)
F L+ a2+ GO0+ y

From Eq. (10) we can seethe following properties
of the Proportional FairnessPrinciple:

(1). The average delay of a Class-i should in-
creas® with the increasein arrival rate of eat Class-|.

(2). Increasing the load of a higher class should
causea larger increasein the averagedelay of a class
than increasingthe load of a lower class.

(3). If the delay fairness parameter of a classin-
creases,the average delay of all other classesshould
decrease while the averagedelay of that classshould
increase.

(4). Supposethat a fraction of the Class-i load

YIn the following properties we use the terms ‘increase’
and 'decrease'informally, since the actual terms should be
‘non-decrease'and 'non-increase’, respectively.
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switches to Class-j, while the aggregateload remains
the same. The average delay of ead classshould in-
creaseif i < j, otherwise decrease.

For Eq. (10), we have assumedthat the Propor-
tional Fairness Principle is feasible, i.e., there exists
a work-conserving scheduler that can enforce the con-
straint of Eq. (7). In reverse,how to judge whether the
pProportional FairnessPrinciple is feasible? Then We
have the following de nition:

Given the classarrival rates f, ;g and the average
delay d(,) of the aggregatetratc, we sa that a set
of DFPs f4g is feasibleif there is a work-conserving
scheduler that can set the averagedelay of ead class
asgivenin Eg. (10).

In this case,the constraint of (7) is satis ed aswell.

Necessaryand suzcient conditions for the feasibil-
ity of a set of averageclassdelays, giventhe classloads,
are derived in [11].

For generaltratc assumptions,a set of N average
delays f d; g is feasibleif and only if the following 2V | 2
inequalities hold:

A. 8A20© (11)
i2 A i2 A i2 A

where© is the setof 2N | 2 nQBempty proper sub-
setsof f1;2;¢¢¢;Ng. Thetermd ~ ,4,i isthe av-
erage queuing delay that the aggregatetratc of the
classesn A2 © would experiencein a work-conserving
FCFS sener. These conditions expressthe fact that
the averagebadklog of a subsetof the N classescannot
be smaller than the badklog of those classesn a FCFS
model, in spite of the scheduling discipline.

It hasto be noted that thesefeasibility conditions
can be applied in practice QnJ:y if it is possibleto es-

timate the averagedelaysd  ,4.i Wwith the mea-

suremerts of tratc dynamicsin a speci ¢ link. Sud
an experimental procedureitself is an open issue,and
we do not discussit further here.

5.2 Lossrate (L) and Fairness(F)

We considerthe following model (seeFig. 4) for a net-
work tratc cortroller that o®ersN classesof service.
Each logical queueis assaiated with a class. An arriv-
ing padket is queuedbasedon its classmarking. The
padet scheduler determineswhich classshould be ser-
viced next, soasto achieve the necessarydelay propor-
tional fairnessbetween classes.Another module called
badlog cortroller monitors the aggregate badlog of
waiting packets in the system, and decideswhether a
padket should be dropped. The simplest type of badk-
log cortroller is a Drop-Tail bu®er manager, in which
a padket is dropped when there is no available bu®er
space. More sophisticated baclog cortrollers, such as
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RED [12], can be usedinstead. When a padket hasto
be dropped, the packet dropper module selectsa back-
loggedqueuefrom which the packet will be dropped. In
other words, it is the badklog cortroller that cortrols
the aggregatebacklog in the system, while the drop-
per cortrols the lossrate proportional fairnessbetween
classes.Although dropping padkets from the front of a
gueuecan lead to lower averagequeuing delay [13], we
will not investigate this optimization here.

As discussedabove, if let d; be the averagequeuing
delay of the queued(non-dropped) padkets, the propor-
tional fairnessprinciple requiresthat the classaverage
gueuing delays be spacedas Eq. (7).

Similarly, let I; be the averagelossrate in Class-i,
i.e., the long-term fraction of Class-i packets that have
beendropped¥Y. The Proportional FairnessPrinciple,
in the caseof padet drops, requiresthat the classloss
rates be spacedas:

i = 1;60¢; N (12)

where parameter % is the Loss Rate FairnessPa-
rameters (LFPs). And they are also ordered as ¥ >
¥ > ¢¢> ¥y > 0. Note that, in this model, higher
classeshave better performancein terms of both delays
and lossrates. We do not considertwo-dimensionalser-
vicesin which a classcan have higher delay but lower
lossrate, for instance.

Equation (12) statesthat the normalized lossrates
li=% should be equalfor all classes.We cannot say that
a network traxc control strategy is fair if Eq. (12) is
not met. The basic idea of the lossrate Proportional
Fairness Principle is to keep a running estimate |; of
the lossrate in ead class,and when a packet needsto
be dropped, selectthe backlogged classwith the mini-
mum |; =% ratio. Dropping a padket from such a Class-i

Y Another approach would beto de ne the lossrate based
on the fraction of dropped bytes. This metric is not com-
monly usedin practice though.
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reducesthe di®erenceof |;=% from the normalized loss
rates of other classestending to equalizethem.

Two important questionsarise then. First, how to
de ne and measurethe estimate of |;? Second,what
happens when the classwith the minimum |;=% ratio
is not badkloggedwhen a padket is to be dropped?

The answer to the rst question depends on the
time scale, bu®er size and algorithm complexity. The
secondquestion refersto the feasibility of the propor-
tional di®ereriation model. We note that under cer-
tain conditions the Proportional FairnessPrinciple can-
not be met, dependingon the speci ed LFPs and DFPs,
the aggregatebadlog, and the classload distribution.
All these factors can a®ectthe possibility that a cer-
tain classis idle when its lossrate should be increased.
And in turn they can a®ectthe feasibility of the Pro-
portional FairnessPrinciple.

For thesetwo questions,we have the following dis-
cussions:

Stationary load distribu-
tion:

The time scalefor calculating |; can be long term,
or short term. The correspnding evaluations of loss
rate fairnessare called long-term evaluation and short-
term ewaluation. The load distribution can have some
in°uence on thesetwo evaluation methods.

When the averagearrival rate in eat classremains
constart (stationary load distribution), it is easyto see
that either long-term or short-term evaluation can ap-
proximate the speci ed proportional fairnessconstraint
well.

But in the caseof a nonstationary load distribu-
tion, the load distribution changeshave little in°uence
on the e®ectof short-term evaluation, sinceit only 're-
menbers' the arrivals of the last few padkets in eath
class. And generally speaking, it is sure that the long-
term fairnessis all right if the short-term evaluation
shaws the constraint of Eq. (12) is kept to. The long-
term evaluation, howewer, is negatively a®ectedby the
load distribution changes. Becauseeven if the long-
term ewvaluation shows Eqg. (12) is kept to, we still can-
not say the short-term fairnessis all right, which means
that the lossrate ratios (measuredin short time inter-
val) divergefrom the speci ed constraint due to tratc
burst, for example.

The reasonfor this erratic behavior is that: Even
if, after the load changesall classesreach the stable
rate, the arrival courters are ratioed (for computing |;)
still basedon the long history records that including
previous arrivals. The duration of the erratic behavior
dependson the sizeof the arrival courters and the time
until the next over®ow.

versus nonstationary

Short-term  deviations  from
fairness principle:

The measuredshort-term loss rate ratios are not
always equalto the speci ed ratios, and there are occa-

the prop ortional



sional 'noise spikes' of signi cant magnitude. There are
two reasonsfor thesedeviations. The “rst is related to
the operation of dropper, while the secondis related to
the feasibility of the proportional model.

General speaking, the long-term measuremeh of
loss rate is more stable than the short-term measure-
ment but cannot re°ect the dynamics of tratc well.
Measuremetts in short-term intervals, such asthe peri-
odic measuremets every T=100,000 padkets show that,
the arrival rates can deviate signi cantly from their
long-term average due to traxc burst. The descrip-
tion of speci ed (or called expected) ratios of lossrates
are usually basedon the long-term measuremets. A
dropper that keepsa longer history other than seeral
current padket arrivals drops padcets basedon the mea-
sured loss rates that are from a longer history other
than the last T packets. Consequetly, the short-term
loss rates, which are measuredover sewral current T
arrivals, can deviate from the proportional fairnesscon-
straint.

With regard to the feasibility issues,one is that
there is a con’ict: the dropper cannot drop a padet
from a classthat is idle, but such a drop may be nec-
essaryso as to achieve the speci ed proportional loss
rate constraint. If most of the dropsin an interval of T
arrivals occur during a burst in which Class-iis idle, it
will not be possibleto equalizethe normalized lossrate
of Class-iwith that of other classes.Another feasibility
issueis that if the lossrate in aterm of T arrivalsistoo
small, it may not be possibleto drop enough padkets
from ead classso that the loss rates are proportion-
ally adjusted. In either case,however, the deviations
from the proportional lossrate constraint decreaseas
we increasethe 'monitoring timescale' of T.

The e®ect of queue length:

The rst obsenation is that increasingthe queue
length causessmaller deviations from the proportional
fairness constraint. The reasonis that the loss rate
estimates are more accurate when they are basedon
longer sequencef padket arrivals, since the burst in
the arrival rates and drop rates tends to be smoothed
out. A secondobsenation is that the required queue
length for meeting the proportional lossrates constraint
with a certain error tolerance increases,if:

a) the ratio of LFPs increases,or

b) the aggregatelossrate decreasespr

¢) the load ratio betweenclassesncreases.

Instances of infeasible prop ortional loss rate
fairness principle:

A dropper deviatesfrom the proportional lossrate
fairnessprinciple whenthe classwith the minimum nor-
malized lossrate is hot badkloggedwhen a packet is to
be dropped. These deviations can becomea common
caseunder someconditions, depending on the speci ed
LFPs, DFPs, averagebadlog, and classload distribu-
tion. For instance:
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A high ratio of LFPs (34=% = 64), in combination
with alighter load in Class-1(, 1=, 2 = 179), makesthe
lossrate proportional fairnessinfeasible, becausethere
are not enough Class-1padkets to be dropped so asto
make the lossrate in Class-164 times larger than the
lossrate in Class-2.

Or, the sdeduler does not introduce suzxciently
large delays with the Class-1 padkets when the DFP
ratio is low, sothat Class-1doesnot accunulate ade-
quate badklog for the speci ed lossrate di®erertiation.
A similar scenariocan occur if the ratio of DFPs is too
high: the highest classwill not have adequate badlog
becauset is servicedtoo much, and the lossrate di®er-
entiation will be higher than what is speci ed. This has
a larger impact on the feasibility of the lossrate Pro-
portional FairnessPrinciple when Class-1has a much
lighter load.

Generally speaking, it is hard to know a priori
whether the proportional loss rate constraint is feasi-
ble, due to many factors that a®ectthe resulting loss
rates. Sud challenging issueswill be consideredin our
future researd.

6. Com bination of Criterion-1 and Criterion-2

Intuitiv ely, criterion-1 and criterion-2 are independert
of ead other. Criterion-1 focuseson the system and
QoSrequiremerts, while criterion-2 focuseson the fair-
nessamong multiple competing serviceclasses.And we
note that the former evaluation criterion is not com-
plete, mainly in that two parameters, delay and loss,
are separately considered. They can, howewer, be in-
tegrated to evaluate the performanceof network tratc
cortrol schemes.

L. _  Throughput ®
The original power (Power = W) and

our extended power (Power = Throumput - gescriped
in Section 4.2) have somesimilar properties and inter-
nal relationships.

(1) Both values of delay and loss are expected to
be small, which meansgood performance.

(2) Let D asthe delay of the packets in a queue,
Q asthe queuelength, and L asthe padket lossrate in
this queue. Then there're the following relations:

Q = R(s)® andL = k(b®Q, whereR(s) isthe ser-
vice rate to the queuedetermined by packet scheduling
algorithms [18],[19], k(b)is the coexcient determined
by di®erent bu®er managemen algorithms [12],[20],
[21].

Then we have L = k(b) ¢R(s) ¢D, which indicates
the relationship betweendelay and lossrate, and which
again indicates that both powers have the similar per-
formance curve, except somecurve details suc as cur-
vature that may be smaller or bigger. As awhole, these
two powers can be combined together, with the intro-
duction of weight w; and wy:
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T®

Power= ————;
wy ¢D + wsp CL

0<®<1 (13)

where parametersw; and w, are the weights and
variant with di®erent environment and applications.

For example,if we want to know the capability of a
tratc control strategy in a sener or a tandem network
for real-time applications, of which we mainly care the
real-time characteristics, we can make w; larger and wy
smaller, such asw; = 0:9 and w, = 0:1. On the other
hand, in the caseof data transfer, what we care is how
low the lossrate will be, and then we can setw, larger
and w; smaller such asw, = 0:9 and wy = 0:1.

Our advanced Power equation is the general case
of original Power equations. For wp, = 0, it becomes
Eqg. (3) in Sect.4.1. And for w; = 0, Eg. (5) in Sect.
4.2is got.

If we considerdi®eretiation in serviceclassesand
system fairness, the advanced Power Eq. (13) is modi-
“ed to be Eqg. (14) for eat serviceclass:

®
Ti L 0<®<1  (14)

Powerj= ———;
"7 wy ¢Dj + ws CL;

For all classes,the Power formula of the system
becomes:

X

Power = P ower; (15)

where the value of D; and L; is the sameas in
Criterion-2 in Sect. 5 and conforming to the Propor-
tional FairnessPrinciple.

So, nally , we have an integrated performanceeval-
uation criterion consideringsystemthroughput, padcet
gueuing delay, lossrate, and fairness.

7. Conclusion

In this paper, by studying the network traxc con-
trol model, we proposea set of integrated criteria for
multi-ob jective performance evaluation, including net-
work throughput, user QoS requiremerts (queuing de-
lay and lossrate) and systemfairness.

This paper has two cortributions. First, the sys-
tem performancemetrics from di®eren viewpoints are
discussed.Sudc comprehensie views are helpful for un-
derstanding network traxc cortrol behaviors. Second,
sets of integrated performance evaluation criteria for
network tratc cortrol are de ned, which could be used
in practice to evaluate multi-ob jective performance,to
select and optimize various complex systems, even to
designnew tratc cortrol schemes.
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