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Abstract

Ž .The International Telecommunications Union ITU Study Group 2 is preparing recommendations concerning traffic
engineering to support broadband services, for which measurements and modeling are a key component. The present paper
reviews three problem areas that could be of interest to teletraffic researchers and for which the ITU would appreciate future
contributions. The first area concerns the potential interactions of standardized, algorithmic traffic descriptors with stochastic
models for cell traffic variables. The second area is on the appropriate definition of cell-level and call-level measurements
that enable the inference of important characteristics of the traffic and of the performance of the network. The last area
concerns long-range dependent versus Markovian models and the need for future work to consider the endogenous character
of data traffic given feedback controls. Crown Copyright q 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The International Telecommunications Union
Ž .ITU , a specialized agency of the United Nations, is
preparing recommendations concerning traffic engi-
neering to support Broadband-Integrated Services

Ž .Digital Networks B-ISDNs , for which measure-
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ments and modeling are a key component. B-ISDNs
are communication networks that support a variety
of services, including voice, video and data, on a
common network whose transmission links are typi-

Ž .cally in the range of 34 Mega-bits per second Mbps
Žto 2.4 Giga-bits per second though some access

.links may be as slow as 1.5 or 2 Mbps . Within the
ITU and much of the telecommunications industry,
B-ISDNs will be implemented using the technology

Ž .of Asynchronous Transfer Mode ATM , which is a
packet network with small, fixed-size packets called
cells. ATM networks are currently being deployed,
primarily, as an infrastructure in public and private
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networks. A public telecommunications service
provider can use the ATM infrastructure to internally
integrate its various service offerings over a common
backbone network, thereby realizing savings in oper-
ations, administration and capital costs. Also, public
carriers are offering ATM-based services that busi-
nesses, government agencies, and universities can in
turn use to obtain their own ATM infrastructure to
support their private networking needs.

The present paper reviews three problem areas
regarding measurements and modeling to support
traffic engineering for B-ISDNs:
1. Traffic descriptors and traffic variables,
2. Cell and call-level measurements,
3. Long-range dependent and Markovian traffic

models.
For each topic, background material is provided
followed by the exposition of open issues of concern
to the ITU. The topics were selected for their poten-
tial interest to teletraffic researchers, and contribu-
tions on them will be appreciated by the ITU.

1.1. The standardization panorama

In the ITU-T, traffic engineering has traditionally
fallen under the responsibility of Study Group 2
Ž .Network and Service Operation , see Fig. 1. In

Ž .contrast, Study Group 13 General Network Aspects
is responsible for initial studies on B-ISDN including

the definition of network architectures, capabilities
and interfaces, and network performance.

In this context, Study Group 13 has developed
w xRecommendation I.371 1 , which defines the traffic

contract and the different traffic controls for B-ISDN.
For network performance, it has developed Recom-

w xmendation I.356 2 for cell level performance and
w xI.358 3 for call level performance. Some of the

performance parameters defined in the recommenda-
tions are traffic related.

Study Group 2 is developing recommendations on
traffic engineering for B-ISDN within the framework
of the Study Group 13 recommendations. Study
Group 2 recommendations specifically devoted to

w xB-ISDN are E.716 4 on traffic modeling, and E.735
w x w x w x5 , E.736 6 and E.737 7 on traffic control and
dimensioning, and presently under development

w xE.726 8 on traffic related performance parameters
w xand E.745 9 on cell level traffic measurements.

Other related Study Group 2 recommendations are
w x Ž .E.500 10 which is presently under revision and
w xE.493 11 which cover call-level traffic measure-

ments in several networks including B-ISDN.

2. Traffic descriptors and traffic variables

The various characterizations of the cell flow on
an ATM connection can be grouped into two types:
Ž . Ž .1 standardized traffic descriptors and 2 stochastic

Fig. 1. Standardization organizations relevant to B-ISDN traffic engineering issues.
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cell traffic variables. Standardized traffic descriptors
are defined in terms of an algorithm that determines
whether or not each arriving cell is conforming to
the traffic descriptor. In contrast, cell traffic vari-
ables are parameters that are used in a stochastic
model of the cell flow.

2.1. ReÕiew

2.1.1. Terminology on standardized traffic descrip-
tors

w xAs stated in ITU Recommendation I.371 1 , the
traffic descriptor parameters of a connection are the
set of traffic parameters used during the connection
set-up to capture the traffic characteristics of the
connection at a standardized interface. The traffic
descriptor parameters of a connection at the user-net-

Ž .work interface UNI are declared by the user and
Ž .surveyed by the network policing function . Thus

the traffic descriptor parameters, apart from provid-
ing information useful for performing resource allo-
cation, must satisfy the following conditions:

Ž .Ø be understandable for the user or terminal , which
has to be able to declare them prior to the realized
cell flow; conformance should be possible;

Ø be enforceable by the policing function at the
Ž .UNI and inter-network interfaces INI .

The above two conditions imply that the traffic
descriptor parameters should be simple and they
should be defined algorithmically, and thus form
deterministic bounds on the traffic characteristics of
the connection. Since the traffic descriptor parame-
ters of a connection are a part of the contract be-
tween the user and the network operator, they have
been standardized. To date the traffic parameters

Ž .defined in I.371 are the peak cell rate PCR and the
Ž .pair formed by the Sustainable Cell Rate SCR and

Ž .Intrinsic Burst Tolerance IBT . The SCRrIBT are
Ždefined in terms of the leaky-bucket algorithm a.k.a.

the virtual scheduling algorithm or the generic cell
.rate algorithm . At a standardized interface, the UNI

or INI, the PCR is associated with a cell-delay-varia-
Ž .tion tolerance CDVT to account for the delay

variation that may occur upstream from the interface.
The pair PCRrCDVT is also defined in terms of the
leaky-bucket algorithm, and it determines an opera-
tional bound on the peak cell rate of the connection

at each interface. Similarly at a given interface, the
SCR is an upper bound on the realizable average rate

Žof a connection, and the SCRrIBT with a tolerance
added to the IBT to account for upstream cell delay

.variation jointly determine the maximum conform-
ing burst sent at the PCR. The parameters PCR,
SCR, and IBT constitute intrinsic traffic character-
istics of the connection at the source and their value
is unchanged at all interfaces of the connection. In
contrast, the cell-delay-variation tolerances may be
different at each interface.

2.1.2. Cell traffic Õariables
Cell traffic variables are used in stochastic models

of ATM traffic; they are typically moments or quan-
tiles or other parameters pertaining to the distribution
of random variables that model the cell arrival pro-
cess. Stochastic models have received tremendous
attention in the literature. In the context of ITU
recommendations, cell traffic variables are discussed

w xin Recommendation E.716 4 , where a survey of the
most usual ones is presented. In particular, four
alternative approaches for defining cell traffic vari-
ables are presented in E.716, depending on model
viewpoint:
Ø the burst structure of the cell flow,
Ø the number of cell arrivals in given intervals,
Ø the interarrival times,
Ø the number of cells exceeding certain rates.
The traffic engineer has the task of selecting the
most significant traffic variables, from the viewpoint
of determining the impact of the connection on the
network performance.

2.1.3. SerÕice-type designator
The service-type designator is a qualitative traffic

descriptor also specified in Recommendation I.371
w x1 , which provides an implicit declaration of the
traffic characteristics of a connection. To date, this
designator has received little attention, and no partic-
ular service-types have been defined. Examples might
be video-teleconferencing with a particular coding
standard, or fax of a particular generation. The end-
system would just need to specify which service-type
pertains for the given connection, and the network
operator would know a good deal about the charac-
teristics of the connection, based on prior knowl-
edge. This knowledge could be in terms of both



( )A.W. Berger et al.rComputer Networks and ISDN Systems 30 1998 1327–13401330

Žstandardized traffic descriptors e.g. the application
.would never generate cells faster than a given rate

and in terms of stochastic cell traffic variables, as
Ž .well as quality of service QoS requirements that

would need to be satisfied. The Service-Type desig-
nator could also be used in conjunction with an
ATM traffic parameter such as the PCR.

2.1.4. Discussion
Superficially, the standardized traffic descriptor is

similar to the cell traffic variables as they both
describe the traffic in some sense. However, there
are fundamental differences. The parameter values of
the traffic descriptor pertain to the given realization
of the cell flow. Both the source and the network
should be able to determine throughout the duration
of the connection whether each cell arrival is con-
forming. In contrast, of course, a given realization of
a finite cell flow may deviate markedly from the
values of the cell traffic variables. Standardized traf-
fic descriptors provide a deterministic bound on the
cell flow, while cell traffic variables provide infor-
mation on the expected characteristics of the cell
flow and allow for a more thorough characterization
of the traffic.

2.2. Open issues

The following open issues concern the interplay
between traffic variables and traffic descriptors.
1. Given that traffic engineering models are gener-

ally based on the use of traffic variables, what
traffic variables should be used to describe indi-
vidual connections for purposes of connection

Ž .admission control CAC and dimensioning?
1.1. Should we use cell traffic variables corre-

sponding to the ‘‘worst case’’ traffic charac-
teristics compatible with declared values of
the traffic descriptor parameters? This has
the disadvantage that the network may be
over-dimensioned.

1.2. Should we use cell traffic variables esti-
mated from measurements or from the

Žknowledge of the service type or, for esti-
mating the cell-delay-variation, from as-

.sumptions on the upstream networks ? This
has the disadvantage that it could require

significant resources for measurements, and
the network operator is less certain of pro-
viding the committed quality of service to
the admitted connections.

2. In case 1.2 above, how should the traffic vari-
ables incorporate, if at all, the standardized traffic
descriptors that pertain at given interfaces?
2.1. For example, in the context of public ATM

Ž .networks and variable-bit-rate VBR video
being carried over a real-time VBR ATM
connection, the stochastic model of the cell
flow should incorporate the influence of the
standardized traffic descriptors PCR and
SCRrIBT.

2.2. Likewise, for a data application that is being
supported by a non-real-time VBR ATM

Žconnection which is analogous to a frame-
.relay connection , the stochastic model of

the cell flow from the data application should
also incorporate the influence of the stan-
dardized traffic descriptors PCR and
SCRrIBT.

3. Would the definition of additional standardized
traffic descriptors yield a substantial benefit? For
what services?
3.1. Can cell traffic variables from stochastic

models provide insight into the judicious
definition of standardized traffic descriptors?

4. Is the Service-Type designator useful?
4.1. For a given application, what are particular

definitions of Service-Type, which could in-
clude both parameter values for the standard-
ized traffic descriptors and the model of
stochastic traffic variables, as well as QoS
requirements?

3. Measurements

The growing demand for broadband services is
accelerating the implementation of an operating net-
work platform based on the ATM technique. Aside
from all the procedures needed to set-up and run
such a network, the traffic monitoring function can-
not be overlooked. Of extreme interest is therefore
the definition of a set of traffic measurements to be
routinely performed on the ATM network, regarding
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traffic characterization, performance monitoring, and
the monitoring of traffic-control actions. With the
introduction of ATM, we now need measurements at
the cell level, in addition to the measurements at the
call level that were required of a circuit-switched
network. Given the large variety of traffic sources
acting as input to the network, the task is quite
difficult, and the effort is still at an early stage.

In the following, an attempt is made to analyze
the current status of the traffic measurement activity
and to expose some of the problems still facing the
network operators.

3.1. Contexts of application of traffic measurements

Traffic measurements are of interest to a large and
diverse set of people, including the network planners

Žand designers who need long-term statistics to di-
.mension tomorrow’s networks , the Operations and

ŽManagement Department which is in charge of de-
tecting sudden traffic surges, taking the appropriate
Network Management countermeasures, and in addi-
tion collecting the statistics of interest to all the other

. Žusers , and the Administration Department which
.has to run the billing procedures . The simple collec-

tion of the desires of all the measurement users
would soon lead to a large and unmanageable mea-
surement book. The introduction of any new mea-
surement represents in fact an additional burden to
the processing capabilities of the ATM exchange,
whose ultimate task is that of switching rather than
measuring.

The first step of the definition process is neverthe-
less the categorization of measurement users and an
understanding of their needs. To this purpose the
following rough classification of the application con-

Žtexts can therefore be useful billing has not been
included since it is generally not under the responsi-

.bility of traffic engineers :
Ø planning and dimensioning,
Ø performance monitoring,

ŽØ traffic control including what is called Network
.Traffic Management in the telephone network .

These three activities are listed in order of growing
time-sensitivity. As network planning is generally
performed on a yearly basis, for dimensioning pur-
poses traffic measurements can be processed off-line.
On the contrary, traffic control procedures must be

executed on a much tighter time scale: for example
Ž .connection admission control CAC could use real-

time measurements of occupancy that have been
taken over a time scale of one minute.

Note that each of the applications above require
both call level and cell level measurements.

3.2. ReÕiew

3.2.1. Measurements at the cell leÕel
As was stated above, three types of measurements

can be distinguished: those for traffic characteriza-
tion, for performance monitoring and for monitoring
of traffic-control actions. For traffic characterization,
the cell traffic variables characterizing a cell flow
from the point of view of its impact on network
performance must be measured. ITU-T Recommen-

w xdation E.716 4 defines cell traffic variables and
proposes four alternative sets of traffic variables for
characterizing a cell flow. In draft Recommendation

w xE.745 9 , work is being carried out on the feasibility
of these measurements and on their attributes: the
object, the frequency and the readout period. The
object of the measurement could be an ATM connec-
tion, an ATM link, the connections of the same QoS
class in an ATM link, etc. The frequency could be,

Ž .for example, continuous i.e. at every moment , or
on a given periodic schedule, or on request for
special studies. The readout period is the length of
the time interval after which a measurement value is
provided.

As to the variety of aims that can be served by
cell-level measurements regarding traffic characteri-
zation, a first point to mention is the use of these
measurements in the design of efficient ATM layer
traffic controls algorithms, in particular CAC. In
fact, aside from considering the traffic descriptor
parameters declared for the new and currently estab-
lished calls, the CAC algorithm may base its deci-

Žsions on either past measurements which allow to
correlate the declared traffic descriptor parameters

.with cell traffic variables or on real-time measure-
Žments of the currently established calls Dynamic

.CAC . If the CAC is based on measurements, the
measured cell traffic variables will influence the
number of connections admitted, and hence the cell-
level traffic measurements may be used in network
dimensioning as well.
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The framework of measurements for performance
monitoring at the cell level is presented in the ITU-T

w xRecommendation I.356 2 , prepared by Study Group
13, where the ATM layer Performance parameters
are defined in terms of:

Ž .Ø Measurement Points MPs ,
Ž .Ø Cell Reference EÕents CREs , i.e. events associ-

ated with cell transits through the measurement
points, as the cell exit or the cell entry eÕent,

Ø Cell Transfer Outcomes, defined through two cor-
responding cell transfer reference events at two

Ž .different MPs CRE1 at MP1 and CRE2 at MP2 ,
such as successful cell transfer outcome, lost cell

Ž .outcome, or misinserted cell outcome see Fig. 2 .
Using the above cell transfer outcomes, ATM cell

Žtransfer performance parameters such as cell loss
.ratio or cell transfer delay can be defined for two

general Measurement Points.

After properly locating the two MPs within the
Žnetwork element at the interfaces between layers in

the ATM protocol stack according to recommenda-
.tion I.356 , the above framework is used by Study

w xGroup 2 in the ITU-T Recommendation E.745 9 to
define the performance measurements at the cell
level that are required for traffic engineering.

A third group of measurements are those to moni-
tor traffic-control actions. For example, the policing
mechanism may reject cells which are non-confor-
ming with the declared traffic descriptor. Although
the operator is not responsible for the loss of non-
conforming cells, it can be interested in monitoring
the cells rejected by the policer to advice the users
on an appropriate choice of the traffic descriptor
parameters. The network operator is also interested
in knowing the cells rejected by the policer at subse-
quent network interfaces. Another example of this

Ž w x. Ž .Fig. 2. Cell transfer outcomes after Rec. I.356 2 . ts time interval between cell reference events CREs , T supper limit on t in ordermax
Žthat the cell not be judged as lost, CLPscell-loss-priority bit in ATM cell header CLPs0 means a high priority cell, and CLPs1 means

.low priority , XXX denotes a discarded cell. Note: Outcome occurs independent of cell content.
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type measurement is the recording of the number of
Resource Management cells sent within Available
Bit Rate or ATM Block Transfer connections.

3.2.2. Measurements at the call leÕel
The standardization activity devoted to ATM traf-

fic measurements at the call level has been lower
than at the cell level. It should be reminded that, at
the call level, an ATM network has a number of
similarities with a circuit-switched one. The consid-
erable amount of work done in the context of the
telephone network can therefore be translated with
little effort and adapted in this new environment. The
traditional reference framework for the measurement
principles for the telephone network is undergoing a
major revision process to extend it to other networks:

w x w xRecommendations E.500 10 , E.502 12 and E.493
w x11 jointly define the set of measurements to be
performed by switches for both traffic characteriza-
tion and performance monitoring.

Additional measurements will be needed as a call
in a B-ISDN can be more complicated than a point-
to-point connection. A B-ISDN call can consist of
multiple ATM connections; also, a given connection
can be a point-to-multipoint connection, and in the
future multipoint-to-point and multipoint-to-multi-
point connections may be defined.

As for traffic characterization, calls are classified
according to their bandwidth; for each bandwidth
class the quantities of interest are the traffic intensity

Žand its components: the number of bids call at-
.tempts and the holding times. As the traffic intensity

is a continuously varying quantity, simply plotting its
time profiles, though giving a qualitative picture of
the users’ demand of network resources, would not
result in sharp indications for the network operator.
Hence, the sampled traffic data are subject to averag-
ing on a traffic reference period. It is to be noted that
the assumption of one hour as the reference period in
telephone networks is consistent both with the typi-

Žcal duration of a telephone call the reference period
is nearly twenty times larger than the mean holding

.time and with the time in which the actual call
arrival process can be well approximated by a sta-
tionary process. In ATM networks, it may be diffi-
cult to define a length for the reference period that
satisfies both conditions.

Ž .The performance grade of service at the call
level is represented by the blocking probability, and
by the delays in the set-up, re-negotiation, and re-
lease phases. Of particular relevance in the context
of traffic management are the completion ratios, as
the Answer-to-seizures ratio and the Answer-to-bids
ratio.

3.3. Open issues

1. Is the use of a reference period still a valid
paradigm in ATM networks? If so, how should it
be defined? As a duration of one hour is assumed

Žfor the telephone service typically twenty times
.the mean holding time , should its duration be

proportional to the mean holding time for the
service under consideration? Can we still attain
the objective that the reference period is long
enough to obtain reliable estimates and yet short
enough so that the modeling assumption of sta-
tionarity is reasonable?
1.1. In the presence of long duration calls, the

cell-level characteristics may change during
the call. Should a reference period be de-
fined for cell level as well as for call level
measurements? If so, how can we segment
the call duration into blocks each of which
can be assumed to exhibit stationarity?

1.2. The bursty nature of traffic can sometimes
be misinterpreted as the lack of stationarity,
leading to an overshortening of the reference
period. How should we avoid such pitfalls?

2. As the nature of traffic sources gets more varied
and the complexity of network mechanisms grows,
more complex models are proposed. How to rec-
oncile the desire for accurate traffic characteriza-
tion with the need to keep the measurement load
down to acceptable levels? What parameters
should be estimated from measurements?
2.1. Measurements have revealed that the aver-

age value of the cell loss ratio experienced at
a switch buffer can vary widely during the

w xcall 13 . We would like to have a better
understanding of the cell-loss process for
given scenarios. For example, for contiguous
intervals of time, labeled is1, . . . , each of
length T , what is the character of the se-
quence of cell loss ratios for intervals i,
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is1, . . . , for different values of T? How big
does T need to be for the variance of the cell
loss ratios to be relatively small?

2.2. Is the accurate estimate of performance pa-
rameters, such as loss and delay, more diffi-
cult if the arrival processes are self-similar?
If so, what refinements are needed?

2.3. If self-similarity of arrival processes is perti-
nent for CAC or dimensioning, what traffic
parameters should be estimated?

3. An established way to dimension ATM links is to
use the generalized Erlang-B formula. However,
this approach may become less useful for the full
range of B-ISDN services, including those with
elastic traffic characteristics.
3.1. One approach is to adapt the generalized

Erlang-B formula by revising the measure-
ments of the input parameters. How should
this be done?
3.1.1. In Video-on-Demand, the typical

holding time of a connection is of the
same order of magnitude as the busy
period of connection requests. For ex-
ample, a popular time to request a
movie is between 8:00PM and 9:00PM
and these connections are still present
during the less popular request period
of 9:00PM to 10:00PM, making the
latter period have higher occupancy
than the former. As a consequence the
peak of occupations is shifted in time
with respect to the peak of requests
w x14 , so that a steady state is not
reached.

3.1.2. Currently, for IP-based applications
the point-to-point traffic matrix be-
tween network nodes changes much
more rapidly, day by day, than for
voice traffic. A given web site can be
hot for a few days, and then another
is.

3.1.3. How should the input parameters be
adjusted to account for non-Poisson
connection arrivals? Connection re-
quests initiated by humans tend to be
Poisson, but not so for those initiated
by machines. For example, the re-
quests to initiate an FTP session tend

to be Poisson, but no so for the initia-
w xtions of the file transfers 15 .

3.2. Another approach is to use some new method
to dimension bandwidth.
3.2.1. For the given method, what measure-

ments would be needed to support it?

4. Long-range dependent and Markovian traffic
models

4.1. ReÕiew

As the concepts of long-range dependence and
self similarity have only relatively recently received
attention in the teletraffic community, as compared
with Markovian models, we begin with a brief sum-
mary of key definitions. For additional details, see

w xfor example Refs. 16–18 .

4.1.1. Long-range dependence and self-similarity
� 4Let X ,kG1 be a covariance stationary process.k
Ž . Ž .Let r k be the autocorrelation function r k s

wŽ .Ž .x 2 w xE X ym X ym rs , where E X sm and1qk 1 1
2 ` Ž . �variance of X is s . If Ý r k s`, then X , k1 ks0 k

4 ` Ž .G1 is long-range dependent. Likewise, if Ý r kks0
� 4-` then X , kG1 is short-range dependent. Ifk

� 4X , kG1 is given by a Markovian model, such ask

a Markov chain or via an underlying process such as
the Markov Arrival Process, the autocorrelation func-
tion will have a finite sum, and thus the process is
short-range dependent. For Markov models generally
considered, the autocorrelations eventually decrease

� 4exponentially for large k, though if X , kG1 is thek

state of a periodic Markov chain, the autocorrelations
Ž .can oscillate and not decay ; however the sum

remains finite.
� Ž . 4A stochastic process Y t , 0F t-` is self-simi-

� Ž .4 � H Ž .4lar with Hurst parameter H if Y at and a Y t
have identical finite-dimensional distribution func-
tions for all a)0. Heuristically, for all scalings of
time, a self-similar process distributionally looks like
itself with the appropriate amplitude scaling. Frac-

w xtional Brownian motion 19 is a self-similar process.
� 4Let X , kG1 be an increment process of a self-k

� Ž . 4 Ž .similar process Y t , 0 F t - ` : X s Y kD yk
ŽŽ . .Y ky1 D , where D is some fixed time interval.

� 4Suppose X , kG1 is covariance stationary. Thenk
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Ž . Ž .its autocorrelation function, r k has the form r k
Ž . 2Ž 2 H . 2Ž .s 1r2 d k , kG1, where d is the central

w xsecond difference operator 16 , that is:
1 1 2 H2 2 H 2 Hr k s d k s kq1 y2kŽ . Ž . Ž .
2 2

2 Hq ky1 , kG1. 4.1Ž . Ž .
Ž .Note that if Hs0.5, then r k s0 for kG1. If

H/0.5 then for large k:

r k ;H 2 Hy1 k 2 Hy2 ,Ž . Ž .
Ž . Ž . Ž . Ž .where f x ;g x means f x rg x ™1 as x™

Ž .`. Of most interest is the case when Hg 0.5,1 , for
Ž . Žthen r k decays as a power law decays hyperboli-

.cally and the sum of the autocorrelations is infinite.
Thus a covariance-stationary increment process of a

Ž .self-similar process with Hg 0.5,1 is long range
dependent.

As an aside, although the self-similar and long-
range dependent processes of interest are ‘‘bursty’’,
they are not necessarily so. In the context of commu-
nication networks consider a constant bit rate con-
nection whose rate is only probabilistically known
Žsuch as for dimensioning bandwidth based on a

. Ž .forecast . Consider the trivial model where Y t
equals the number of bits to arrive over the interval
w x Ž .0,t . Let Y t sRt, for some positive random vari-
able R. Let X equal the number of bits to arrive ink

ŽŽ . xthe interval ky1 D,kD , then X sX , kG1.k 1
Ž . Ž .Here Y t is self-similar with Hs1, and since r k

� 4equals 1 for all k, X is long-range dependent.k

Determining whether a given data set is self-simi-
lar is often impractical, as the definition involves the
comparison of infinitely many finite dimensional

w xdistributions. Cox, in Ref. 17 , introduces the practi-
cal notion of second-order self-similarity, as well as
useful, alternative, equivalent characterizations for
long-range dependence. We review the key points
here.

� 4Again let X , kG1 be a covariance stationaryk
Ž .process with autocorrelation function r k , and let

Ž .g v be the power spectral density function:
`1

yi k vg v s r k e .Ž . Ž .Ý
2p ksy`

� Žm. 4Define the mth aggregated process, X , kG1 ,k

mG1, via:

X Žm.smy1 X q . . . qX , kG1.Ž .k k mymq1 k m

� Žm. 4X , kG1 is also covariance stationary. Let nk m
Ž Žm.. Žm.Ž .denote the variance X , and r k denote thek

� Žm. 4autocorrelation function of X , kG1 . We havek

the following equivalent conditions for short-range
dependence:

` Ž .1. Ý r k -`,ks0
Ž .2. the power spectral density g v is finite at vs0.

Ž3. lim mn -` i.e. n is asymptotically of them™` m m
y1 .form: a constant times m .

Žm.Ž . Ž � Žm.4. lim r k s0, for each kG1 i.e. X , km™` k
4 .G1 tends to second order pure noise .

Likewise, we have the following equivalent condi-
tions for long-range dependence:

` Ž .1. Ý r k s`.ks0
Ž .2. the power spectral density g v is singular at

vs0.
3. lim mn s`.m™` m

Žm.Ž . Ž � Žm. 44. lim r k /0, for kG1 i.e. X , kG1m™` k
.has a non-degenerate autocorrelation function .

� 4Cox defines the process X ,kG1 to be exactlyk

second-order self-similar when the aggregated pro-
cesses not only have a non-degenerate autocorrela-

Ž .tion function and hence are long-range dependent
but have one that is identical to that of the original
process:

r Žm. k sr k , kG1, mG1. 4.2Ž . Ž . Ž .
Ž .Moreover, Eq. 4.2 will pertain for the long-range

dependent process where n sn mya , 0-a-1. Inm 1
Žm.Ž . Ž .particular, r k will equal Eq. 4.1 above where

� 4Hs1yar2. Lastly, X , kG1 is said to bek

asymptotically second-order self-similar when

r Žm. k ™r k , as m™` , kG1,Ž . Ž .
which pertains when n ;cmya , 0-a-1, for somem

constant c. Note that in common usage the ‘‘second
order’’ is often omitted.

( )4.1.2. Long-range dependence LRD in communica-
tion networks

Many recent studies have found that measure-
ments of various data and VBR video traffic exhibit
aggregated processes whose variance n decays morem

y1 Žslowly than m , thus indicating asymptotic sec-
. Žond-order self-similarity and long-range depen-

. w xdence . Some particular studies are: Leland et al. 20
in extensive measurement and analysis of Ethernet

w xtraffic, Beran et al. 18 in various VBR video se-
quences of video-conferences, TV programs and
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w xmovies, and Duffy et al. 21 in common channel
signaling traffic in local-exchange-carriers’ net-
works.

It has been noted that when analyzing a finite data
set, long-range dependence can be confused with
non-stationarity. However, this ambiguity may be an
asset as a long-range dependent model may be useful
for making a good design decision when the station-
arity of the arrival process is in doubt.

w xWillinger et al. 22 have investigated how long-
range dependence of aggregate traffic flows can arise
based on characteristics of individual sources. They
have shown that if the individual sources are alter-
nating ONrOFF where the length of the ON or OFF
period has infinite variance, then the superposition of
the sources is long-range dependent. Villen and Gamo´
w x23 show that a process consisting of Poisson ar-
rivals of bursts with infinite variance is long-range
dependent. Although no finite data set will have a
sample variance of infinity, the data set may be
nicely modeled with a distribution with an infinite

Žvariance such as Pareto with a shape parameter less
.than 2 . This has been the case in various measure-

ment studies: for example, for traces of source-de-
stination traffic on a local Ethernet and over a wide-

w xarea network 22 , for Narrowband-ISDN data traffic
w x24 , for Telnet packet interarrivals and size of FTP

w x w xbursts 15 , for VBR video frame sizes 25 , and in
w xworld wide web traffic 26 .

Given that a process is long-range dependent, a
natural follow-on question is whether this attribute is
important in the queueing behavior, for regimes of

w xinterest. Fowler and Leland 27 study the character-
istics of congestion periods using high resolution
traces of measured LAN traffic and show a marked
difference from that obtained with an analytic source
model of Poisson arrivals of fixed size packet trains.

w xErramilli et al. 28 examine the impact of long-range
dependence on queueing behavior of measured Eth-
ernet traffic. They perform experiments by partition-
ing the data trace into contiguous blocks each con-
sisting of m interarrival times, and then either shuf-

Žfling the interarrivals within each block whereby the
.short-term correlations are eliminated or shuffling

Žthe order of the blocks whereby the long-term corre-
.lations are eliminated and for both cases the marginal

distribution of the interarrival time is unchanged.
ŽThey find that preserving the order of the blocks the

.long-term correlations is key to matching the true
Ž .trace driven mean delay and complementary queue
length distribution.

However, other studies have not confirmed the
importance of modeling long-range dependence in
order to predict cell loss ratios. Heyman and Laksh-

w xman 29 consider traces of VBR video teleconfer-
ences and films where the process of number of bits
per frame-time is long-range dependent, which they

Žmodel with a Markov chain in particular a dynamic
.autoregressive process of order one , which is short-

range dependent. They find that the Markov model
accurately estimates the cell loss rates and mean
buffer sizes over a wide range of loadings. Similarly,

w xElwalid et al. 30 show that for video teleconferenc-
ing data, Markov chain models can accurately pre-
dict the number of connections that can be admitted
on a link without violating a cell-loss constraint. Ryu

w xand Elwalid 31 consider model processes based on
VBR video where they vary the short term and long
term correlations. They find that ‘‘even in the pres-
ence of the LRD property, it is the short-term corre-
lations that have a dominant impact on CLRs under
realistic scenarios of ATM buffer dimensioning’’.

w xGrossglauser and Bolot 32 consider a fluid input to
a finite capacity buffer, and they adjust the character-
istics of the input rate including its marginal distribu-
tion and its autocorrelation function which is hyper-
bolic up to a cutoff lag. They find that the impact on
loss of the correlation in the arrival process becomes
nil beyond a given time scale. Also, changes to the

Ž .marginal distribution but holding the mean fixed
can significantly influence the loss rate. Andrade and

w xMartınez 33 , using the index of dispersion of counts´
also find that after a given time interval, the correla-
tions in the arrival process have little influence on
queue length.

w xResults by Krishnan 34 may lead to an explana-
tion of some of the above contradictory indications.
Consider the queueing of the superposition of inde-
pendent and identically distributed fractional Brown-

Ž .ian motion processes which are self-similar where
the service rate is adjusted so that the probability the
work in system is above a given threshold equals a
given value. Consider two cases distinguished by a
different value for the Hurst parameter of the sources.
Krishnan shows that for sufficiently many multi-
plexed sources, the required service rate is smaller
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w xfor the sources with the higher Hurst parameter 34 .
w xFurthermore, Krishnan and Meempat 35 have shown

that this phenomenon also occurs for the VBR video
w xstreams used in Ref. 30 where now the sources with

the higher Hurst parameter are the traces of the
sample video, and the sources with the lower Hurst
parameter are from a Markovian model.

4.1.3. Shortcoming of prior work
The above studies which use LRD or Markovian

models in the queueing behavior of bursty data
applications have considered the arrival processes to
be independent of the current state of the network
and have not considered their elastic and endogenous
characteristic. In reality, the realized flow of, say, IP
datagrams associated with a given application de-
pends on the actions of other applications that are
also using the network. The flow control and retrans-
mission algorithms of TCP and CSMArCD influ-
ence the resulting flow of datagrams. Measurements
of realized Ethernet traffic do capture the flow that
results from the aggregation of these controls. Re-
searchers have then used these measurements to
drive simulations of queueing behavior or to derive
analytic models of sources which are then used to
drive the simulations or to determine analytic models

Žfor the queueing behavior which can then be com-
.puted numerically . However, such studies have

treated the arrival process as independent of the state
of the queue. In reality, if the given process were
arriving to a buffer and if losses were occurring, then
some control would be altering the future arrivals.
For example, in Fowler and Leland’s Figs. 11 and 12
w x27 , the congestion period is 100 seconds wherein
losses greater than the objective of 10y4 are repeat-
edly occurring, and wherein losses greater than 10y3

occur over a 4 second period. In practice, higher
layer controls would have reacted to the losses and
reduced the offered traffic; however, as the authors
point out, their trace driven simulation ‘‘cannot in-
corporate the effects of automatic and human re-
sponses of congestion’’. In practice, if the Available

Ž .Bit Rate ABR transfer capability is being used,
then feedback to selected sources, hopefully prior to
cell loss, would alter the future flow of cells. If the

Ž .Unspecified Bit Rate UBR transfer capability is
being used, then the discard of a connection’s

AAL5-PDU would trigger a higher layer control, say
TCP, to make the adjustment.

Treating the arrival process as independent of the
state of the buffer and imposing a performance ob-
jective of low loss is expecting the network to be
designed to be transparent for the data applications.
In all likelihood, this is economically impractical for
public networks. As a point of reference, we should
bare in mind that probably none of the existing
network interface cards, or bridges, routers, or gate-
ways have been designed or are being operated
taking into account the possible LRD of the traffic.
The endogenous characteristic of the data traffic is
one of the reasons why intranets and the Internet
work as well as they do.

VBR video also has an elastic quality. In the
context of ATM, the VBR real-time transfer capabil-
ity is tailored to support VBR video. With this
transfer capability the cell flow crossing a public
interface is suppose to be conforming to the stan-
dardized traffic descriptors of PCR and SCRrIBT.
In harmony with this requirement, a VBR video
encoder, via judicious use of the encoder buffer and
adjustments to the quantizer step-size, can be de-
signed to emit cells in conformance with these traffic

w xdescriptors, see Ref. 36 . A common worst-case
model of such sources is the simple, deterministic
ONrOFF source. Another approach for supporting
VBR video over ATM is suggested by Kanakia et al.
w x37 who investigate a dynamic control, like ABR,
wherein the encoder responds to feedback from the
network – here the resulting cell flow may be LRD
but, like the case of data, would be dependent on the
congestion state in network nodes.

Thus in the case of VBR video over ATM, if the
VBR real-time transfer capability is used, then, al-
though the cell arrival process is independent of the
state of the network, it would be conforming to the
PCR and SCRrIBT traffic descriptors. If the ABR
transfer capability is used, then the cell arrival pro-
cess would be dependent on the state of the network;
studies where the VBR video is modeled as a LRD
process that is independent of the state of the net-
work might be relevant for smaller private networks,
but as with the case of data, are probably not rele-
vant for public networks.

Some simulation studies have been made with
self-similar sources carried over ABR service. Pre-
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w xliminary findings by G Benke et al. 38 are ‘‘that
the ABR scheme seems to protect the network well;
although larger queues form at the ABR SAP’’.
ŽThis study did not seem to include an additional
feedback control from the ABR SAP to a higher

.layer.

4.2. Open issues

As a rough summary, many important traffic
sources exhibit long-range dependence, though
Markovian models currently have a richer theory for
performance analysis. Evaluation of a given traffic
model, whether LRD or Markovian, needs to be
done within a stated context. For the ITU’s work on
B-ISDN traffic engineering, models of traffic are
used to predict performance which in turn are used
for dimensioning resources and for connection ad-
mission control. The goal is to make ‘‘good’’ deci-
sions, taking into account a vector of concerns. The
test of a traffic model is how well it helps in making
a good decision.
1. For public ATM networks, we are particularly

interested in studies of dimensioning resources
and connection admission control for data or video
traffic where a control scheme adjusts the source’s
emission rate based on congestion in the network.
1.1. For elastic data applications, where through-

put can be a more important performance
parameter than connection blocking, how
should bandwidth be dimensioned?

5. Conclusion

We have discussed three problem areas of impor-
tance to the ITU regarding modeling and measure-

Ž .ments for broadband services: 1 traffic descriptors
Ž .and traffic variables, 2 cell and call-level measure-

Ž .ments, and 3 long-range dependent and Markovian
traffic models. Further work by teletraffic re-
searchers on these topics and subsequent contribu-
tions to the ITU Study Group 2 would be welcomed.
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