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Abstract—This technical report is an extended version of a pa- ~ Based on analysis of the Quality of Service (QoS) mecha-
per [1], which addresses the problem of dimensioning links in a nisms employed in multiservice IP networks and their impli-
multiservice IP network subject to satisfying varying performance cations for network planning, an approximate model of QoS-

requirements for different traffic classes. These performance re- based ina mechanism d at the routers was di d
quirements are viewed in terms of mean end-to-end delays re- ' ased queueing mechanisms used at the routers was aiscusse

quired for the various traffic classes or in terms of random varia- N [1]. This approximate model assumes fixed bandwidth par-
tions of their delays (i.e., jitter) or a combination of both. titioning to split the link capacity between different traffic

In this report we provide a detailed presentation and analysis of classes. Such a model allows us to consider the different traf-
the recursive methods for inversion of the well-known QNA per- fic classes separately and determine their bandwidth allocations

formance models, which [1] employs. Also, the accuracy of the : : : : )
model is investigated by means of a simulation study over an ex- on the links independently. Figure 1 shows the network dimen

tended range of test cases. The results demonstate the capabilitySioning process that we consider for the solution of the problem
of the model in guaranteeing the end-to-end delay requirements CA. The information required for this process includes:
for the traffic classes. « Traffic descriptors for the demands of the delay-sensitive
classes,
« Routing information for the delay-sensitive classes,
I. INTRODUCTION « Local (link) partitions of the global (end-to-end) QoS con-
straints for the delay-sensitive classes,

Generally defined, the capacity allocation (CA) problem con- « Network topology
sidered in [1] is the problem of determining bandwidth alloca- The algorithms for the solution of Problem OPQR-G (Opti-
tions for the delay-sensitive traffic classes, as well as total bamgal QoS Partition and Routing in multicommodity flow net-
width (capacities) of the links in the network so that multiplevork), discussed in [4], [5], when applied for each delay-
delay constraints for the traffic classes can be satisfied. Detsgnsitive class of traffic independently, will determine the re-
mining bandwidth allocations for the various traffic classes qjuired input for the dimensioning process; that is, the primary
the links is an important design issue as standard Weighted Faiites between the origin-destination (OD) pairs and the QoS
Queueing (WFQ) service disciplines [2], [3] can only providgartitions on the links for each class of traffic, respectively. We
tight end-to-end delay guarantees for the classes if an adequ#tine aclass flowas a single class of traffic between an OD
level of resources (in terms of bandwidth and buffer space)pair. We model the class flow as a general (Gl) arrival pro-
allocated along their respective data paths through the netwagkss characterised by a mean packet arrival rate and a squared

The CA problem poses the challenge of performing approeefficient of variation (SQV) of the packet inter-arrival time.
priate link dimensioning in order to balance quality of servicEor this renewal process, the coefficient of variation is used to
against costly overprovisioning. For this problem, an accuratbaracterise traffic burstiness, i.e., the variablity of the arrival
model for describing the characteristics of both the external #eam. IP traffic is bursty in the sense that its squared coef-
traffic flows and the internal flows (on the links) is requiredicient of variation is always greater than or equal to unity. In
However, there is a tradeoff between the modelling power [d], we have presented models, which can be used to translate
the traffic descriptors used to describe the real traffic and tthee OD pair traffic demands for each class of traffic as obtained
complexity that they impose when used in network plannirfgom traffic measurement data into equivalent class flow traffic
functions. In this report, we present an extended version oflascriptors (i.e., Gl arrival process parameters) for direct appli-
dimensioning model presented in [1] for the solution of the CAation into the dimensioning procedure.
problem, which incorporates traffic characterisation proceduresThe dimensioning process can be summarised into three ma-
that allow burstiness of multi-class IP traffic to be effectiveljor stages (depicted in Fig. 1 as shaded boxes):
modelled. The selection of renewal traffic model i.e., Gl ar- 1) Traffic-based decomposition modeFrom the offered
rival process, for this purpose, represents a reasonable balance class flows to the network and the given routing informa-
between the accuracy (modelling power) and the efficiency re- tion, obtain a characterisation of the internal (or intern-
quired by a network planning tool. ode) class flows by applying the methods for superposi-
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F— - and Iineari_z_ation. For a comprehensive_ study on traff_ic-based
descripors informaton decomposmqn models see [_8]. In the first case, starting frqm

the external inputs, the basic network operations are applied
successively one at a time for each node of the network in isola-

] tion. For each node, the departure (or output) process is approx-
Traffic-based imated. According to the probabilistic routing after the node,
ootegy o] decompesiion the output traffic process is split and subsequently merged (or
(internal flows) superposed) with other traffic processes in order to obtain the
' inputs for the nodes further downstream in the network. The
Link Qo8 Link dimensioning internal flows and performance measures can be obtained in a
O single iteration step i.e., after single analysis of each node, if
there are no feedback loops present in the network. Otherwise,

additional iterations are required until convergence at the nodes
Fig. 1. Multiservice IP network dimensioning process within the feedback loop is reached. In the linearization so-
lution approach, approximating linear equations are needed to
describe the transformations for the parameters of the internal
tion, departure and splitting of Gl traffic arrival processeslows, arising from the basic network operations. The parame-

2) Link dimensioning modelOn a link by link basis, given ters of the internal flows are then obtained by solving a system

the internal class flows and their link QoS constraints, def linear equations.

termine the bandwidth allocations required for the delay- 1) Kihn's and Whitt's decomposition modelsin 1979,
sensitive classes, as well as, the total link capacities Ryihn published a traffic-based decomposition model for open
using a link dimensining model. networks of GI/G /1 queues [9]. The arrival processes and the

3) Dimensioning model validatiorExamine the end-to-end service-time distributions are partially characterised by their

QoS performance of the class flows in the capacitated nffst two moments or, equivalently, by, (the mean arrival
work by using a queueing network simulator. rate),c% (the SQV of the interarrival time);s (the mean ser-

Itis important to emphasize here that, the solution of the Céice time), andc? (the SQV of the service time). The per-
problem, as obtained from the above dimensioning process, idfmance at each node is described by approximate formulae
determine the bandwidth allocations on the links for the delagrat depend only on these parameters. This model employs a
sensitive traffic classes. The so-called total link capacities afiiccessive/iterative approach to solve for the internal flows and
tained through this process, shall be usedetsiplink capac- performance measures at the nodes in the network. Later, in
ities in a further optimisation process that the network planngg83, Whitt extended #hn's model by adding several new fea-
has to consider, as in practise link capacities are limited tot@es and he also implemented his decomposition model into a
discrete set of values [7]. software tool widely known as QNA (Queueing Network An-

The rest of this report is organized as follows. In Section lalyzer) [10], [11]. Specifically, he improved and modified the
renewal-based traffic decomposition models are reviewed. mierging operation for Gl traffic arrival processes and applied a
detailed description of the procedures that combine these méidearization solution approach for the network decomposition.
els in order to achieve characterisation of the internal clase developed second-order traffic equations, which when com-
flows for the specific network model considered in [1] is givebined with Jackson’s first-order traffic equations [12] enable the
in Section Ill. The algorithm for determining the class-basetho characteristic parameters of the internal flows to be derived
bandwidth allocations on the links is decribed in Section I¥fom a system of linear equations.
along with the recursive methods that it employs for inverting In view of the two-parameter descriptions of the arrival pro-
an appropriate link performance model. Finally, this report cogess(\ 4, ¢% ) and service timérs, c) at a considered node,
cludes with a simulation study that validates the dimensionifige elementary calculus that transforms the two parameters of

model used in solving the CA problem. the internal flows for each of the three basic network operations,
as given in [10], is described in the following:
Il. RENEWAL-BASED TRAFFIC DECOMPOSITIONMODEL a) Superposition of Gl traffic flowsThe superposed pro-

' iy cess ofn individual Gl flows, each characterised By and
Traffic-based decomposition models encompass procedurgs”. . : h
C ?g = 1,...,n), as it enters the considered node is approx-

required for modelling of the basic network operations of merg
g g P ?ggated by a Gl traffic flow with parameteds, andc3, repre-

ing, departure and splitting, arising due to the common shari , ) ) R
of the resources and routing decisions in the network. In atntng the mean arrival rate and SQV of the inter-arrival time

dition, they deliver approximations for performance measur@5 e superposed flow, respectively. By conservation (_)f flow,
(i.e., mean queue lengths, mean waiting times, the correspol{t Mean arrival rate of the superposed flow is given by:

ing second moments, etc.) on both a per-queue and a per- "
network basis. In any case, only the steady-state of the network Ay = Z A (1)
is considered. =
For the traffic-based decomposition models that employ Gl
arrival processes as traffic descriptors, two different solutidtor the derivation of the SQV of the inter-arrival time of the su-
approaches can be identified: the successive/iterative appropetposed flow, Whitt combines the stationary-interval method
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implemented by Khn with the asymptotic method [13] into a
hybrid procedure:

©
©

flow 1 flow 3
n s ’ ) )
ci =w Z )\—]cf +1—-w, (2) | ) :
1A A7 A
with: flow 2 L//’/\ /—//\ % \
w = 1 v = ; Merging Departure Splitting
1441 —p)2(v—1)" o\ 2 ;
P 1) S (o) 0

andp is thetraffic intensityor utilisation at the node, defined byFig. 2. Basic network operations

p = AaTg. The superposition of renewal processes represents

a nonrenewal point process as the inter-departure times are gor : . . .
owever, considered in the procedure. In doing so, our inten-

related. In this regard, the variability parameter represents ttri;(?n is to develop a unique framework for implementation of the

SQV of the interarrival fume in the approximating SUPETPOSEL, tfic-based decomposition (i.e., for the computation of the in-
renewal process, but this does not mean that the dependencte n

L : . . érnal flows) that would also be employed when more complex
the original process is completely ignored. Whitt conveys th)s ffic descrintors are considered
dependence by making the variability parameter depend on ihae Ic descrp '
traffic intensity of the queue (even though the arrival process
is independent of the service time in the queue), as he showed  !ll. M ODELLING INTERNAL CLASS FLOWS
earlier [14] that the relevant covariances tend to depend on theafter the preliminaries discussed in the previous section, we
traffic intensity in the queue. devote our attention to the actual algorithmic procedure used in
b) Departure flow from a queueExcept for a very few the computation of the internal flows. The approximate network
specialized cases (e.g., M/ M7 and M/G /oo whose depar- model discussed in [1] enables us to confine the CA problem to
ture process is Poisson), the departure process from a quaugetwork of single-server queues for each class of traffic, re-
represents a nonrenewal point process as the inter-depargyectively, and determine the class-based flows and bandwidth
times are correlated. The departure flow from a queue is afilocations on the links independently. This network model is
proximated as a Gl traffic flow, characterised by andcf,, based on the assumption that a queue is associated with each
representing the mean arrival rate and SQV of the inter-arrivilk in the network. Accordingly, the departure process from a
time of the departure flow, respectively. Under equilibrium cormtueue is the actual process (from a specific class) observed on
ditions, the mean flow entering a queue is always equal to theink. The departure processes from queues may be split and
mean flow exiting the queue (by conservation of flow) and coBubsequently merged (also with external input traffic) in order
sequently\p = Ax. The SQV of inter-arrival time of the de- to serve as inputs in the downstream queues. Note that, in real-

parture flow is given by: ity, in this type of network, probabilistic splitting does not oc-
) 5 9 o o cur. Instead, the splitting is based on predetermined static rout-
cp=pcg+(1—pca . ®3) ing matrix (resulting from the fixed routing assumption) and

Whitt obtains the above result by applving a linear a rc)Ximtherefore is deterministic. Whitt discusses this in the context
y applying bp 3t “deterministic flows” and suggests an equivalent probabilis-

tion to the stationary-interval method implemented tini. tic routing interpretation for deterministic (fixed) routing. We

¢) Splitting a Gl flow Probabilistically: If a Gl flow with shall use this probabilistic routing approximation subsequently.

5 - o ——
pz:gzﬁttf ri\v’it?ndrgb:bi?iit)“t» "::\Zn gfgvrﬁétee?g};etlriiﬁ C;Icl)r\:\(/je From the input class flows and the given routing information,
P y P Wi P one can obtain a characterisation of the total traffic flows for

will be given by:

eachclass(c =1,...,C) on every link in the network, which

N o= 4y are also referred to dsternal class flows. Each input class
i = @i, (4) . . . .

2 g4 (1—q) (5) c flow between an OD paifu,v) € II is assigned to a fixed

¢ = e+ (1-a). router® (ruv e r.), wherer, is the set of routes for class

These basic network operations are illustrated in Fig. 2. fh We characterise an input class flow with the following set of

2 YV 2 7
addition to these basic operations, traffic based-decompositgﬂaTe:ﬁrg‘)‘c’ Cer XCI’()% }T? "€|’°°' tTheélﬁt tvSvo Sar?;F‘eters ket
models also provide a method for eliminating immediate fee enote the mean packet arrival rate and the SQV of the packe

back, which we do not discuss here, as such operation becoméesr-arrival times of the classflow (c = 1,2,...C), which

. 1 )
redundant in the modelling of practical communication nep_as been as§|gned aroufe’ *. The third and fqurth parameter
works. denote the first two moments of the packet size of cletmw,

Despite the comprehensivness of QNA, the algoritmic prg_espectwely. We shall use the following notat?on:
cedure that we adopt for the solution of the internal flows in ® A« -Mean packetarrival rate of clasfiow into the queue
the network, which we discuss next, is based on the successive (réserved for class) associated with the link

solution approa(_:h introduced byiJKn. Whitt's |n_1proved e~ twhere required we will use superscript for the class flow parameters
sults for the basic network operations (as described above) ape, 2) to designate to which OD pai, v) € II the flow is assigned.
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2) Merging By applying (1) and (2) merge all the fractional
flows \ij j, ¢ i, (Vi, i # j) to derive the mean rate and
the SQV of the inter-arrival time of the flow entering link
(4, k), represented by, , ¢i7.

3) Departure From the input flow to the queue associated
with link (4, k) A%, 7, apply (3) to determine the de-

flow 3
—

Slow 1
—

fow2, parture flow (i.e., the actual flow on linly, k), denoted
by )\jkv C?k.
Departure Merging In step 1, the SQV of the fractional flow, ;, is found by
' _ applying the splitting method (5) to the SQV of the flow on
Fig. 3. Network queueing model link (i,7) as: ¢}, ;i = qijjxci; + (1 — gijj1). Subsequently,

we use the values of; ;; to determine the values ef} and
« % - SQV of the packet interarrival time of classflow ¢, in step 2 and step 3, respectively. Note that, the values of

entering the queue (for clagkson the link, i ks iy ¢ Will not be initially known. According to the
e pa = AaTe - traffic intensity (utilisation) of clasg on successive approach for network decomposition, the computa-
link I. tion of these values starts with the queues associated with the

By applying the method for superposition (1), the mean pacHKétks that are incident to the nodes where the external flows en-
arrival rate of class flow on a link{, can be determined as theter the network, as the mean rate and the SQV parameter for

sum of all class: flows, whose routes traverse the lihk the external flows are given. Then, by performing the calculus
for split, merge and departure operations for each flow, the al-

A= Y Aal (6) gorithm proceeds until the destination for each of the flows is

(u,v)€el reached. For the example in Fig 3, we start by computing the

departure processes from queyes:) and (m, ) and subse-
quently merge these two processes to determine the input flow
a{pto queue(, j). After the departure process from lirfk j)

Is derived, this flow is split according to deterministic rout-

mate methods for merging, departure and splitting of GI traffmg into two fractional flows. The fraction of the flow on link

flows. We illustrate the procedure for the derivation of the vart?’J)' WhlchAenters the_downstr_eam qge(gek) IS d_erlved as
Gijik = y—oexl—_ Finally, this fractional flow is merged

ability parameter of the internal flows by means of the follow=" Mlowltflows * . . )

ing example. Consider the problem of finding the variability/ith flow 3 to determine the input flow into the queqg k).
parameter of a flow on a linkconnecting nodes, ), denoted NOte that the fraction of flow 3 that goes next to quéyd) is

by ¢, in the example network shown in Fig. 2 (for this iIIus-aCi:?Ll))r/] e;f]l:ﬁ(lato azr'eark())'.l'f\s Igrsrtrzztt(ea?slrr]ntglsbeexgrc?r?elea'trgittl:o?-
tration, we adopt the convention of representing a link with tHyau variabriity para nay - di y by
pair of nodes that it connects). The two characteristic pararﬁ@c'n_g e{:\ch flpw from its origin to destination. In this case, the
ters for the three input flows depicted in the figure are consigrdering in which the queues are selected for processing plays a

ered given. The equivalent queueing network model is shO\FIHJCiaI role. This may be_diffic_ult to implement, and therefore,
in Fig. 3. we employ the following iterative procedure.

The procedure for the derivation of the variability parameter F19Ure 4 depicts the iterative procedure that we employ in
of the internal flow on link(j, k) consists of the following three d_etermlmng the parameters of the mterna_l flows for _e_ach Ser-
steps: vice class. The algorithm executes only if the condition that

1) Splitting First, find all incoming links to nodg. For all queues in th? qetwor!< are .s_tablle is_satisfied. The_queue Is
the flow on each incoming linki, j) Vi,i # j, find the stlablgr:f the trafflt(): mtgnsll_ty_ (unl;‘sanon.) Ei.less than unity. ;rhﬁ
proportion oft, denoted byx, which enters the link g 20 8RR P2 BEE B0 M T el Sasocated with the
(7, k) and subsequently find the mean arrival rafg; links in the network, as well ag the v?ariablit arameters of all
and SQV of inter-arrival time’zf’j’“ of this fractional flow. fractional flows Spécificall the initializatio?]/ Erocess first sets
The mean arrival rate;; ;. is readily determined from h | fth. bilit Y, i  all fracti I i
the routing information for the flows, as the sum of al} € vajues ot ine variabiiity parameters of all fractiona flows to
flows whose routes traverse the links;) and (j, k) in zero. Further, the variability parameters of all flows on the links

sequence. Similarly, from (6), the mean arival rate of th%‘e" after the queues on the links) are set to zero. Finally, the
flow on ee.lch incoming linki jj) \.. is determined as variability parameters of all flows before entering the queues
9 ’ 17

the sum of all flows whose routes traverse that link. THa. the I|_nks are als_o S(:T‘t to Z€ro, except for the links which rep-

. . . . resent first traversing links in the paths through the network of
proportiong;; ;i is then readily computed as: I

’ the external flows. The variability parameters of such flows are

Nijjk computed from the variability parameters of the external flows

Qij,jk = Aij 7) by applying the calculus for the merge ope_ration 2) if more

than one external flow traverses the given link. For clarity, in

and this is subsequently used for the derivatiorzrf%.,C the flow chart (Fig 4) the queues (associated with the links in

by applying (5). the network) are indexed by numbers fronto £ — 1, with £

wherea?’ is an indicator function with value 1 if linklies on
router’” and O otherwise.

In order to obtain the variability parameter of the intern
class flows i.e.¢? for (I € E,c € C), we apply the approxi-
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IV. DETERMINING CLASS-BASED BANDWIDTH

ALLOCATIONS ON LINKS

l Read input data l

] The bandwidth required for each delay-sensitive ctams a
Are all queucs sable? s s ) link {, which we denote by.;, can be determined from the traf-
L yes fic characteristics of the total amount of clagsaffic on a link
Ioitalize waffic parameters [ and its delay (QoS) constraint for that ligl, by inverting an
%k approximate delay formul&’; that is, findb.; where:
o l qc,zzF()\cz,Cil,bcz) C=1,2,...,6.
For this purpose, we analyse the GI/G/1 delay performance
model. The delay (QoS) constraint for a traffic class on a link,
[ e watfic n from of queve 1| qe1, can be expressed in terms of the mean delay and the vari-
ance of the delay, which we denote &s, ands? ,, respec-
l Approximate output of queue i l t|Ve|y

The mean delay of a packet from clas®n a link! represents
the sum of the waiting time of the packet in the queue until it is
being servicediV,;, and the service time of the packe};:

l Split output of queue i l

l =i+l l

il’/E D e dcl = Wcl + T - (8)
. H}W d P In a similar way, the variance of the delay for a packet of class
0 c on a link{, is the sum of the variance of the waiting time of
the packet in the queuey;, _;, and the variance of the service

time of a packety?

Fig. 4. Algorithm for determining internal flows Tl

2 2 2
Odel = OW_el + 07l - (9)

The mean delay for a packet of class the queue associated
with classc on a linki may be approximated using the QNA
approximation (Kramer and Langenbach-Belz approximation)

being the total number of links in the network. The algorithrfiL0] as follows:

proceeds by performing the calculus for the three basic oper- 5 5

ations for each queue independently. The order in which the W, = Tetpel (e + ¢ )9 (10)
algorithm selects the queues for processing, in general, may be 2(1 = par)

arbitrary. After each queue in the network has been conside
the algorithm will execute another iteration if a suitable conver-
gence criterion has not been met. Convergence is reached when

ereg = g(pa, ¢, c2 ;) is defined as

2 \2
_2pe)-P) g 2 o

the maximum relative error of the variability parameters of tl"@( Pel an cid) — exp 3per(ctel o)

flows on all links in the network between two consecutive it- 1 for ¢ >1,

erations becomes less than or equal to a predefined sufficiently (12)

small value. That is, for a given classhe stopping criteria is and:

defined bymax{ ciz/;\cffz } < e with ¢2, andgf\l denoting . Tal is the_ mean service time of a pqcket of clasm link [
o I€E i.e, the time it takes for the mean sized packet of ctass

the variablity parameters of the internal clasow on link [, be transmitted on the link which has capadity.

as computed in the last and second last iteration, respectively, o

ande = 0.0001 (for example). = Xes (12)

)
bcl

From the models for superposition of GI processes as they, 2 s the SQV of the service time for a packet of class
enter the queue and for the departure from a queue it should . which is the variance of the service time divided by the
be noted that the respective input and output processes depend square of its mean and after some algebraic manipulation
on the traffic intensity at the queue. Specifically, the variability  jt can be shown that it is equal to the SQV of the packet

parameter of classflow on each linkl in the network,cgl, de- size, 0% .

pends on the traffic intensity of the queue associated with class )

con each link,.;. The traffic intensityp,;, on the other hand, ) X2 - 702 )

is a function of the portion of the capacity of lirkallocated Cscl = ? =0Xxec» (13)

to classe, which we actually need to determine. Therefore, we
shall calculate the internal flows (e.qg., the variability parameterse b, is the service rate or bandwidth allocated to claés
of the flows) iteratively, as part of the dimensioning procedure, bps) on linkl, ands is a scaling factord = 8, as 1 byte =
as discussed in the next section. 8 bits).
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The variance of the queueing delay for packets of class
the queue may be approximated by using the QNA model result Input:  G(V, E), 7e =
[10] as follows: Tgv}(u,v)GH: qc = {qcl}lEE;
Tt = Wachy o 14 Ac={(e. X, XD by, for
ceE 6'

Output: be; = {be; }1e g for all QoS
sensitive classes.

wherec?, ., is the SQV of the queueing delay defined by

2
cH+1—
Clzxv,cz — T X (15) 1 forclasc=1toC — 1
X 2 foralllink (I € E)
with x denoting the probability of delay = P{W, > 0}, 3 Tel = 550 €L = e
which is given by 4 forclasc=1t0C —1
5  switch @c)
X = Pa-t (Cgl = Dpa(1 = pa)h, (16) 6 casege = {dci}ick
6a foralllink (I € E)
142+ perc? ) 6b Calculate internal flowsf (Ao, ¢%) }ic g,
cl clCs cl d
TTpa (2., — Dt p%,(AG T2 for c¢5; <1, 6¢ Invert the deIayjormuIa (8) to derivg;,
h = 4pa f 2o (17) 6d ifmax{'bCleﬂ > €
PRy or ci > N el IcE
catpadeateia) ¢ 7 6e by +— by for VI and repeat steps 3,6.
and 7 casege = {07 . }ier
7a The same as step 6, except in 6¢, invert the
4(1 = pa)a variance formula (9) to derivi,;.
2
C(D = 2pCl -1 + P = 9 (18) 8 = {d 2
3(037(41 + 1) casege = { claadid}leE
8a do steps 6 and 7 to g@i.; )step 6 @Nd(be;)step 7 fOr VI,
8b bey max{(bcl)step 65 (bcl)step 7} for Vi.
365701(1 + szcl) for cf,cl >1, 9  return the set of class-based link capacitigs
a = 19)
2 2 2
(2Cs,cl + 1)(Cs,cl + 1) for Csel <1.
. ) ) o Fig. 5. Algorithm to determine class-based bandwidth allocations
The variance of the service time of a packet, ,, is given by:

0-72',cl = Tglcg,cl'

The algorithm for determining the bandwidth allocations for
the delay-sensitive classes is described in figure 5. Basedt¥pe service class we need to find the value of its bandwidth al-
the given topology, offered class flows, routing information arl@cation on a link such that its jitter link constraint is satisfied.
link delay QoS constraints for each class of traffic, the alg$? the case oflelay- and jitter-sensitiveervice class we are
rithm returns class-based bandwidth allocations for all links §fven two constraints for each link, one for the delay and one
the network. Initialization of the algorithm involves assignind®r the jitter, respectively. As before, we need to find the band-
starting values for the service times at the nodes for each traffitdth allocations which are required to satisfy these constraints
class, respectively. The service times for the classes are Spg@ividually. The bandwidth allocation for this class would then

fied by the two parametets,;, ¢2 ,) and their initial values are be the maximum of these two values.

computed from the first two moments of the packet size for theThe algorithm calculates the internal flows and the class-
classes and their initial fixed capacity shares on the linksby based bandwidth allocations iteratively, until the class-based
applying (12) and (13), respectively. The fixed capacity shargandwidth allocations on the links converge. The iterative pro-
of each class on the link$,;, are initially set to sufficiently cess stops when the maximum relative error of the class-based
large values in the following wayl,, > 2eXes wherep,,;; is Pandwidth allocations on all links between two consecutive it-

the value for the initial traffic intensities of all link queues irerations becomes less than or equal to a specified sufficiently
the network i.e.p. = pinic (I € E), which we set to an appro- small value e.gmax { be1—ba } < ¢ wheree = 0.0001.
leEE

priately small value e.g10~%. The mean arrival rates of the _ . et ' .
internal class flows\.; (I € E, ¢ € C) are computed from (6). For inverting the delay and the variance formulae in steps

Once the initialisation step is completed the variability paC- @nd 8c., respectively, we have used two different iterative
rameters of the internal class flows are compufed € E, c methods, which we discuss in the next section. One is based
a), by applying the algorithm described in figure 4. AftePD Nevvton’§ method a|_f1d the other one is bgsed on an algebraic
the internal flows have been determined, the algorithm Cyclggr;]sformhat:jon of the given formu_lgll. In prar]ct|cg,r\1/ve havifodund
through the classes and, on a link by link basis, determines t ﬂl methods converge very rapidly, so that either method can

required bandwidth allocatiorts; by numerically inverting a € used.

delay formula, a variance of delay formula or both depending Having obtained the bandwidth required for each delay-
on the type of class considered. Flelay-sensitivéype service sensitive traffic class on a link,; (c = 1,2, .., C), the total
class we need to find the value of its bandwidth allocation a@apacity of the actual link (i.e., link setup capacity), can be de-
a link for which the resulting link delay would be less than otermined as the minimum capacity of all available capacities
equal to its link delay constraint. Similarly, f@itter-sensitive on the link that is higher than the linear sum of the individual
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bandwidth allocations for the classes i.e.: 1) Algebraic Transformation Iterative Methodtn the first
iterative method, the equations (22) and (23) are transformed
algebraically into the formp = g(p). Then the correspond-
ing iteration procedure is given Ipy,+1 = g(pn). The itera-
tion process defined in this way, is said to be convergenador

. - . . if th rr ndin n s nvergent. A
wheremod|-] is a ceiling function. The set of these link setup e corresponding Sequenpg, p1, vz, S converge

capacitie@.?lSemp (I € E) will determine the required input for Zumlcﬁr:itscrzgg:tégn (fg)ci(;rl\r/:rrg?gﬁsgg Eﬁ )th<e %(\J.H(I)r;v?nrd?,\r/;o.
the solution of the optimisation problem considered in [7]. PPy ' g way:

&
07°""" = mod | > b (20)
c=1

22d
A+c2—-2)+2(1+Xd)’

pP=a0p)=
A. lterative Methods for Class-based Bandwidth Allocations 1(p) p(

As discussed in the previous section, the bandwidth requirgglich results in the following iteration procedure for case 1
for a delay-sensitive class on a link can be determined frafite., ¢2 > 1):
the traffic characteristics of its total flow on the link and its

delay (QoS) constraint for that link by inverting an approximatepn+1 — 2Md (n=0,1,2,...).
delay performance formula. Based on the type of the dela pn(c? 4 —2) +2(1 + A\d)
(QoS) constraint for the class, an inversion of a delay and/or (24)

variance of the delay formula is performed for this purposeimilarly, for case 2 (i.e.c? < 1), (23) can be transformed in
In the following, we outline the iterative procedures employeif€ following way:
for the inversion of a link delay formula. The details of the
ti dures for the vari f the delay formul p=92(p) 2Ad
respective procedures for the variance of the delay formula can = g2(p) = ;
be found inpAppendix B. / Pl + et =2 +2(1+ Ad)
The total time of a packet spent at a queue associated withrfl consequently the iteration procedure for case 2 (%<
link, represents the sum of the waiting time in the queue and thgis given by:
time it takes for the packet to be transmitted on the link. Thus,

the total delay for a packet of clasat link [ is given by: _ 2X\d —0.1.2
Pt pn (24 c2)e=4 — 2] + 2(1 + \d) (n=0,12..).
d, = Pcl 1+ Pcl(cgl + Cg,cl)g (21) . (25)
T N 2(1 = pa) ‘ 2) Newton’s lterative Method: Newton’s method (also

L , . _called the Newton-Raphson method) can also be used for so-
C_:onS|der|ng the apove link d.elay formula, we v_vant fora 9iVeltion of equations of the fornf(z) — 0, wheref is differen-
link delay constraintd,;, traffic arrival and service character—.[iable In some cases, it produces faster convergence than the
- 5 9 : . : ; . ,
IStICS, At c, ¢ o1, 10 ODain a solution for the link queue UtII'previous method. According to this method, the general for-

s-cl?
isationp.. Having determined the link queue utilisation, i for the iteration procedure in our case is given by:

we can directly derive the mean service timge= ﬁ—(; as well
as the service capacity on the linke., the bandwidth alloca- f(pn)
tion for classc on a linkl, b, = % (A1 X.s is the mean Prt1 = Pn = ' (pn)
flow rate of clasg: in bit/sec entering the queue at lifk Note - ) _ ]
that, in the delay formula given above the paramgtean take ~ SPecifically, the iteration procedure for case 1 (i€.> 1),
one of two possible values, depending on the SQV of the arri\){éheref(P) IS given by (22), after some algebraic transforma-
flow in the queue¢?, (see equation (11)) and, thus, two iteralions can be written as follows:
tionhproce(;ures are required for the computatiopp{one for p2(c2 + % —2) +2)\d
each case). Pn+1 = 5 T 5 .
For the solution op,; in the above delay formula we employ 2pn(c* + 5 = 2) + 2L+ Md)
two standard iterative methods for solving equations of the for8imilarly, the iteration procedure for case 2 (i.ec? < 1),
f(z) = 0. Thus, we first rewrite (21) in this form for both casesvhere f () is given by (23), after some algebraic transforma-
(the subscript indexing the link queut is suppressed in the tions can be written as follows:
following for clarity):

(n=0,1,2,..).  (26)

(27)

Casel:c® > 1 , P {7 (1 — A g;“) - 2} +2Xd 8)
n+1 —
_ OA ) _
A =P+ —2)+20(1+Ad) —20d =0, (22) Pr [7 (2 ””Aapn> 4] +2(1+Ad)
Case2:c? <1 with
_ 0A 4(1 — pn)(1 — 02)4 2, 2y . —A
fa(p) = p* [(F+ e — 2] +2p(1+Ad) —2\d = 0 (23) A@ =TT oA+ ) and 7y = (c"+cg)e .
where: oo For the inversion of the variance of the delay formula, given
A= 2(1—p)(1 =€) ) in (9), four iteration procedures are required for the computa-
3p(c? +c2) tion of p.;, as there are four distinctive cases to be considered.
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Depending on the SQV of the arrival flow in the quedein proposed by Matsumoto and Nishimura in [21], has an astro-
(16) can take two possible values. Similadyin (18) can take nomical cycle length 02?37 — 1, and good virtual random-
one of two possible values, depending on the SQV of the saess in up to 623 dimensions, for up to 32-bit accuracy. The
vice time for a packet, thus, resulting in altogether four possibé®urce code for this RNG is freely available at the Mersenne
cases for the variance formula, which need to be considered Tivister home page [22].
dependently in the iterative procedures. For details on the iterain a simulation study, a sampling experiment is performed on
tive procedures employed for the variance of the delay formul@set of random variables, and, as in traffic measurements, the
see Appendix A. output is subject to statistical errors. Statistical error associated
with a result obtained from a statistical experiment is measured
V. SIMULATION RESULTS by the corresponding confidence interval at a given confidence

The most critical components of the dimensioning method IFveI. As the width of a confidence interval (in any correctly
€ mostcnitical components ot the ensioning metho 0whplemented simulation) decreases with the number of samples
ogy presented in this report with respect to accuracy are the

. o i fiken, we have performed sufficiently long simulation runs to
proximate models comprising the renewal-based traffic deco P y ong

. . . o N 2rmit useful interpretation of the results.
position. In this traffic decomposition model, individual queue%1e P . .
ghere are a number of possible methods for recording the

are analysed separately after approximately characterising the . ™ . ) ) ) !
external and internal flows as renewal processes. The rene gpstps from a simulation study in o.rde_r to determine confi-
processes are characterised by two parameters representin ?I'i?e intervals for the performancg |nd|c_at9rs that are undgr
arrival rate and SQV of interarrival time, respectively. The a _tu. y. Our apprqach thrgughout this theS|§ s to use the repli-
rival rates of the internal flows are computed exactly, where tion method V_V'th ln_d|V|duaI warm-up periods prior to each
the variability parameters are obtained approximately and i ulation. A simulation s_tm_jy consists of a number_ Of. runs
represents the major approximation of this model. Computi ere, after each run, statistics on the performance indicators

performance measures for each queue, given its arrival and AR ena-to-end delay) are taken and accumulated for each traf-

vice parameters, also involves an approximation, but the qu ?—s trgam w:cme nettworlk<.. Ati Wet arz mtcterf[estzd tm stﬁdytlng éhe
ity of this approximation is relatively well understood, and i €haviourorthe network in Ine steady-state, data coflected dur-

pretty good, as reported in [16]. The greatest difficulty witih9 the warm-up periods are not used to calculf_:lte the estlmates
f the performance measures. At the conclusion of the simu-

this decomposition model is determining appropriate variabﬁ— : o )
ity parameters for the arrival processes to the queues. ation, the accumulateq statistics are useq to fmd_the average

In the following, we present a simulation study to asse grformance of the traffic ;trgams and confidence '"T"ts are ob-
the capability of the proposed dimensioning methodology ined using standard statistical theory. For calculating steady-

delivering the end-to-end delay QoS guarantees for the trafﬁté‘te confidence limits of mean values, see for example [23].

classes. The test scenarios used in our simulation study are sim-"€ external arrival processes in the proposed dimensioning
ple, but sufficiently illustrative, to indicate the quality that caf"0de! represent class-based aggregates offered to the network
be expected from the proposed dimensioning method acro along with their associated static routes they define the set

wide range of traffic input parameters and traffic intensities f (raffic streams (or class flows) in the network. In our simu-
the nodes. lation experiments each traffic stream (TS) is modelled as a hy-

For this study, we have used the ns-2 simulation tool [17;?_erexponential process, which represents a suitable model for a
It is a stochastic discrete-event network simulation tool whicRUrsty renewal traffic since its squared coefficient of variation
since its development in 1989, has become very popular Witmhin.ter-arri\./al times is always greater than unity. Specifically,
the research community. As ns-2 is an open-source project}¢ interarrival times for the packets are generated according
is possible to integrate new components or modify existing irf? hyPerexponential distribution with two transient staré
plementations of components within the object-oriented arct€- the mixture of two exponential distributions with balanced
tecture of ns-2. This enabled us to construct specific simulatiBlfans: one with meam, realized with probability» and the
scenarios relevant for our study. In addition to ensuring thaP{'e" With meanm realized with probabilityl — p, where
valid simulation model is used, two other main issues that habg1 = (1 = p)mo.
to be addressed for ensuring validity of a simulation study areAnalysis of the results for the performance of the dimension-
[18]: (1) application of appropriate pseudo-random generatdf§ model is performed by applying the following three-step
of independent uniformly distributed numbers, and (2) apprérocedure:
priate analysis of simulation output data. 1) First, for a given network model, set of traffic streams and

The source of randomness in ns-2 is provided by a random their corresponing end-to-end delay, as well as, link delay
number generator (RNG), which implements the well-known  requirements, run the CA algorithm to determine the re-
“minimal standard” generator, originally designed for the IBM quired bandwidth allocations on the links in the network.
System/360 [19] and later improved by Park and Miller in [20]. 2) Run ns-2 for the same network model and set of traffic
However, a main shortcoming of this RNG is the length of its streams by setting the link capacities in the network ac-
cycle 232 — 1, which with the recent advances in computing cording to the output results of the CA algorithm.
power becomes obsolete in all but very short lasting simulation3) Compare the delay statistics for the OD pairs in the net-
studies. In order to overcome this pitfall, we have integrated the = work obtained from the simulator with the target values
current state-of-the-art RNG, known as tklersenne Twister specified at input, in order to examine the capability of
into the ns-2 RNG component. The Mersenne Twister RNG, the dimensioning model to deliver the end-to-end delay
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TABLE Il
END-TO-END PACKET DELAY RE FOR VARIOUS TRAFFIC INPUTS AND
1,4 110 msec TRAFFIC INTENSITIES AT THE NODES FROM).30 TO 0.65

OD pair Delay

Ts 2,4 95 msec

Simulation | Simulation CA model CA model
d(1,4) [msec] | di4) [msec] | RE ford(; 4) | RE ford(s 4
107.75 92.51 —2.04 —2.62
(+ 3.2e-5) (& 2.0e-5) —— ——
107.04 89.88 —2.69 —5.38
(& 2.9e-4) (& 1.3e-5) —— ——
Fig. 6. Simple test network
106.05 87.31 —3.59 —8.08
TABLE | (£2.3e-5) | (£1.1e-5) — __
INPUT TRAFFIC STREAMS 104.82 83.12 —4.70 —12.50
(& 4.6e-5) (& 2.4e-5) —_ -
Number| Mean-\ | SQV-¢? 105.80 88.82 —3.81 —6.50
1 0.5 15 (& 7.5e-5) (+ 4.7e-5) —— ——
g 12 gg 105.01 86.89 453 8.53
4 20 6.0 (+ 3.3e-5) (+ 4.2e-5) —— ——
5 3.0 8.0 104.04 82.38 —5.41 —13.28
(4= 6.3e-5) (&= 5.4e-5) —— ——
102.58 85.91 —6.74 —9.56
guarantees. (& 2.8e-5) (£ 1.9e-4) - ——
Since, the dimensioning model considers the different traffic 101.99 82.27 —7.28 —13.40
classes separately and determines their bandwidth allocatipnét 1-3e-4) | (& 9.2e-5) —— ——
on the links independently, in the experiments we have consid- 99.35 81.73 —9.68 —13.96
ered the case of a single delay-sensitive service class only. The+- 4.5e-4) (£ 5.3e-4) - -
purpose is to assess the capability of the proposed dimension-
; . e : . —— —— 5.04 9.37
ing methodology in determining the bandwidth allocations on

the links in the network for a given delay-sensitive service class

so that the end-to-end delay QoS requirements for that class

are guaranteed. Since the network dimensioning model efféecreases and when the arrival processes are not in the same

tively does not take account of the statistical multiplexing at t#ne scale (i.e., do not have similar rates). Thus, our intention

nodes, the capability of the designed network in delivering ttigto test the dimensioning model with traffic loads of such char-

end-to-end delay QoS guarantees for a given service class wiiferistics that can potentially expose its worst performance.

always be better than the performance of the individual serviceThe packet delay requirements for the traffic aggregates be-

class case. tween the OD pairs is 110 msec and 95 msec, respectively (see
The specific network model that we analyse consists off4g 6). The link delay requirements are as follows: 3 = 85

nodes and 3 links (see Fig 6). A single service class is comsec,da—3 = 70 andds;_, = 25 msec, where the subscript

sidered and the traffic offered to the network is comprised @gnotes the connecting nodes of the link.

a number of traffic streams, assigned between each OD pair The first test we performed considened- 10 traffic streams

i.e., OD pair(1,4) and(2, 4), respectively. We consider twentyof typei between the OD paifl, 4) and 10 traffic streams of

different cases for the traffic load in the network involving twdype j between the OD paif2,4), wherei, j = {1,2,3,4,5}

values ofn, n = 10 and 20 (which result in total of 20 and andi # j. In this case, all combinations fdi, j) were con-

40 traffic streams in the network, respectively) and five diffesidered, which results in 10 different traffic load scenarios. The

ent types of traffic streams, each having different values for thek bandwidth allocations obtained from the CA algorithm for

mean packet arrival ratg\) and SQV of interarrival timeé:?)  all traffic load scenarios considered in this test resulted in traf-

as defined in Table I. The packet size for the traffic streamsfig intensities at the nodes (linkg)(i = 1,2, 3) that fall in the

set to a constant value ab00 bytes, thus, our model resultsrange from 0.30 to 0.65 (i.ep; = % whereb;; is the link

in a network of GI/D/1 queues. Note that we are testing otandwidth in bps). Thus, this simulation test assesses the accu-

model with very bursty traffic streams whose arrival rates vargcy of the dimensioning model for t/{6.30 — 0.65) range of

significantly, as for example, TS 5 has a packet arrival rate tHeaffic intensities at the nodes in the network.

is six times higher than the rate of TS 1. Whitt reported in [11], For each test scenario (i.€3, j) pair) network simulation

[15] that the reliability of the approximations used in the QNAxperiment was set up based on the link capacities obtained

decreases when the variability of the external arrival proces$esm the dimensioning model. For each experiment we per-
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TABLE 1l
D-TO-END PACKET DELAY RE FOR VARIOUS TRAFFIC INPUTS AND
TRAFFIC INTENSITIES AT THE NODES FROM).50 TO 0.90

formed nine simulations with different seeds for the random
number generator. The estimates of the mean packet dela
were computed based on the replication method and 95-percent
confidence intervals were obtained assuming a Stutdeisti-
bution. The results for all combinations @f ;) traffic streams
and_n = 10 are summarised in Tal_ale Il. _Each row in the ta: Simulation Simulation CA model CA model
ble indicates the traffic load scenario considered in the test. FFor

example, the test scenario in the first row consists of 10 traffi.4) [MSec]

di2,4) [msec] | RE ford(; 4) | REfords 4

streams of type 1 assigned between the OD (ait) and 10 105.95 90.46 —3.68 —4.77
traffic streams of type 2 between the OD p@ir4). The first (+ 8.1e-5) (+9.3e-5) —— ——

and second column show the results obtained from the simula- 104 5o 87.15 597 ~8.96
tions for the mean packet delay of the traffic aggregates betweerai 8.7e-5) (+ 8.2e-5) _ __
the node pair$l,4) and(2,4), respectively, in the capacitate
network. The confidence limits are given in parentheses belpw 102.88 85.95 —6.47 —9.52
the simulation estimates. Columns three and four show the riel{= 1:0€-4) (*1.2e-4) — —

ative percentage errors for the mean packet delays between the100.61 81.79 —8.53 —13.90
two node pairs with respect to the target delays, respectively(+ 2.2e-4) (+ 2.5e-4) —— ——
which are defined as 103.40 86.04 —6.00 —9.43
RE — Simulation delay — Target delay 100% . (29) (£ 3.0e-5) (£ 3.6e-4) - -
Target delay 101.73 85.18 ~7.51 ~10.33
At the bottom of the table are the average absolute relative per{* 7.3e-4) | (& 6.2e-4) —= ——
cent errors (ARE) for each OD pair, respectively, which are 101.08 81.34 ~8.10 —14.37
defined as\RE = Y°;”, [RE;|/10. (£ 4.9e-5) | (+5.3e-4) _— _—

The table shows the difference between the end-to-end
packet delays in the capacitated network and the delay re- 11031.7124 i8j'§’94 —8.07 —10.95
quirements given at input for various traffic loads for which (£3.7e-4) | (£4.2e-4) - -

the resulting traffic intensities at the nodes fall in the range 99.58 82.60 —9.47 —13.05
(0.30 — 0.65). It can be seen that, for this range of traffic inten- (£ 5.0e-4) | (4 5.2e-4) —— ——
sities, the dimensioning model performs well with ARE forthe g9 95 83.01 —9.13 —12.62
two OD pairs 0f7.20%. (£ 6.3e-4) | (& 6.8e-4) _ _

The second test we performed considered= 20 traffic
streams of type between the OD paifl,4) and 20 traffic
streams of typej between the OD paif2,4), wherei,j =
{1,2,3,4,5} andi # j. Similarly to the previous test, all
combinations for(i, j) were considered, which results in 10wvork are always less than the specified end-to-end delay con-
different traffic load scenarios. Also, the same packet delay ®iraints. Thus, the performance of the network is guaranted
quirements for the traffic aggregates between the two OD pait be better than what is required by the delay-sensitive traffic
as well as, link delay requirements are considered. Baseddaasses. The results also indicate, as expected, that the reliabil-
the given traffic demands for this set of test scenarios and tkheof the approximations used in QNA and, thus the accuracy
delay requirements, the link bandwidths computed by the GA the dimensioning model, decreases when the variability of
algorithm resulted in traffic intensities at the nodes, which fdihe external arrival processes increases (e2g» 6) and when
in the range fronp; = 0.50 to p; = 0.90 (i = 1,2,3). The the arrival processes have rates that vary significantly.
results for all combinations df, ;) traffic streams and = 20
are summarised in Table III.

The results in Table 11l show that for the case of various traf-
fic loads, which result in traffic intensities at the nodes in the In this report, we presented a dimensioning model for the so-
range (0.50 — 0.90), the dimensioning model performs welllution of the CA problem. Specifiicaly, it determines bandwidth
with ARE for the node pairs delay requirements £97%. allocations for the delay-sensitive traffic classes, as well as the
These results together with the results from Table Il lead tstal continuous bandwidth of the links by taking into account
to conclude that the dimensioning model performs well witthe varying delay requirements (QoS) of the traffic classes. This
repect to guaranteeing the end-to-end delay requirements fovdel allows the burstiness of IP traffic to some extent to be
the traffic demands in the case of various tarffic loads and trafiodelled, however, it cannot handle correlations often observed
fic intensities at the nodes in the rangg(@f0 — 0.90). In our inreal input traffic. Although itlacks modelling accuracy in de-
analysis we did not consider the case where traffic intensitiessatibing the characteristics of the external and internal IP traffic
the nodes fall out of this range as such cases are not of practftais, this model is very computationaly efficient and, there-
interest when considering a well planned functional network.fore, is appropriate to be used as a solution method for problem

In all cases, the dimensioning model slightly overprovisionSA when large size networks are being considered. Not only
the network, as the mean delays obtained in the capacitated sbbuld this model be used in this case, due to its efficiency,

—— - 7.22 10.72

VI. CONCLUSIONS
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but also because it provides a reasonable solution method witase i:

large networks, as well as large aggregates of individual flows

into service classes are considered. This is due to the multi- 4o ovg o )

plexing which occurs on a very large scale in this case and, a P 5 P +c3) 90) Cpauy T 1 1 2_ ¢

a result, the correlations significantly reduce due to the i gr- ) * 4X2(1 — p)? X (i) B G

mixing of packets from different traffic streams. (A.1)
The proposed algorithm for the solution of the CA probwhere bothy;, andy ;) depend only on the variability param-

lem consists of two main algorithmic steps. In the first stepter of the arrival process?, andc%)(i) depends only on the

from the offered class flows to the network and the given rouf iahility parameter of the service timé. Their respective

ing information characterisation of the internal class flows {%,,,es for all four cases are as follows:

achieved by applying the methods for superposition, departure

and splitting of Gl traffic arrival processes as provided by the

famous QNA approach. For this purpose we have incorporated 2 —1+ 40—p)c] i=1,3(2>1)

the QNA procedures in an efficient algorithm for computatiopp.  ~ _ cstl °

of the variability parameters of the internal flows. Having de”®

termined the internal class flows, the second step employs an

algorithm, which on a link by link basis determines the class-

based bandwidth allocations by numerically inverting a delay o+ 4p*(1—p)(c*—1) i=1,2(2 > 1)

formula, a variance of delay formula or both depending on the c?tp? (4t +c5) ’ -

type of class considered. For the inversion of the delay and®

variance of the delay formulae we have devised two iterative

BT

2
20— 1+ HEEEEHL i=2,4(2 <),

1—p)(c®=1)(1+c>+ c§ .
p+ p1(+/ifgé—l)—&-)f()2(4c2+pc§)) 1= 374(02 < 1) )

procedures.
Althpugh, the re'quir.ed builgl?ng blocks for cpnsideration of 1 i=1,2(c2>1)
a service class which is sensitive to the variations of the delay
(i.e., jitter) are developed, they haven not been implementeg(l) o _2a-pa-ch? )
into the dimensioning tool. Therefore, in this report we have e D i=3,4(c*<1).

evaluated the capability of the dimensioning model in gurantee-

ing the end-to-end delays only for the service classes. The sim-

ulation study validated the modelling approach and confirmedAfter some algebraic manipulations we rewrite (A.1) in the
that in the case of renewal traffic inputs the dimensioning modellowing way:

performs well with respect to guaranteeing the end-to-end de-

lay requirements for the traffic demands. The accuracy of the

model has been demonstrated for various burstiness characfer{p) = as(;)p’+as)p° as) p* +as(iyp* +az i p>+a1 p+aoiy = 0
istics of the traffic load and for a wide range of the traffic inten- (A.2)
sities at the nodes. where the parameters; ;), as (i), Ga(i), A3(:)» A2(i), A1(i) > G0(3)

Finally, we recognize that the dependence (i.e., correlatifor each caseé = 1, 2, 3, 4 are given below:

of inter-arrival times) in both external and internal arrival pro-

cesses deserves further emphasis, especially when smaller segh 1-.2 > 1 ande2 > 1

networks are considered and, therefore, in [24] we have consid- - t

ered development of a dimensioning model that takes account

of this dependence. ag = 822 +3(cA)* —16(c?)? + 4(A)? +19(?)*(2)? —
2c2(c2)? — (2)? +8(c*)3c2 — 8(c?)® — 13(c?)*c +
14c2(c?)® — 16¢2

= —20c%(c?)? + 4(c?)? 4 52(c?)? — 28(c?)?(c*)? —

APPENDIXA

The following four distinctive cases have to be considered 5n
the iteration procedures for inversion of the variance of the de2

2 2 2(.2\2 2 2\3 2 2\4
lay formula, given in (9) (the subscript indexing the link queue 24c7cs + 45 ()7 + 48¢; — 20(c5) e — 4(c5)" —
c_l is suppressed for clarity): 12(c*)3c? 4 4(c*)? — 4(c?)?

o Case 1r® > landc? > 1, as = 2002222 +28¢2¢? — 2¢2()? + 3(c2)3? — (2)® +

2 2

o Case 2.52 >1 andc3 <1, 3(02)305 n 1603)\2 +40(21)\2(c§)2 +27(c§)2c2 _

o Case 3¢ < 1andc; > 1, 4867 — 4(c2)? — 59(2)? 4 6(c2)2(c2)?

« Case4c? < 1ande? < 1. cs —4(c5) (c5)” +6(c5)™(c)

For the solution ofy in the variance of the delay formula@s = —80gA\*(c})? —4803)% —8(c3)?c® — 5607\ cs +
(from which we can directly obtain the service capacity or 16¢? — 8(c?)?(c*)? — 16(c?)? + 1603\%c*c? —
bandwidth required on a link) we employ the two iterative 4(c®)3c2 — 4(2)32 + 160202¢2

methods for solving equations of the forfifz) = 0, as dis- B 9 9\2. 2 9.9 2192 212 2
cussed in Section IV-A. For this purpose, we first rewrite (9) ift> 4(023 JQF 12)(%/\ C; - e+ 12000 — Togh )
this form in a general way that is applicable to all four case%! BogA*(c” —2)(c5 + 1)

where the subscrigtindicates the case under consideration: ay = 402X2c*(c? +1)
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Case 2:¢? > 1andc? < 1 as = 42 +1)(B02N\2EE - 203022 + 2 () —
4030%c? — 302 M\%(c )2)
= 402022 (2 — 3¢2
ag = 12(c*)* +24c%c? +5(c2)* — 48(c?)? — 48¢2 + “ 402)\2 (5 + )(;S <)
21(c2)%(c?)? 4+ 18(c2)%c + (c2)® + 8(c*)® — W = Ao+ D)
8(c?)3c? — 3c2(c*)? +18(c?)3c? ,
-2
as = —8(c2)* +8(c2)3 + 156(c2)? — 24(c2)(c?)? — Case 4:c* < landc: < 1
18(EPA) — BAA)PE — AP = 20(APE+ ag = 24(e) + 24(c) + 48c%? — 422 (c?)2(2)? -
144¢? — 72c2c2 — 36(c2)3c? — 12(c?)? 12(c?)3¢% — 12e724(c3)2%c2 + 6e 24 (cH)3 ()2 +
ar = (AP + 8402 + 22(R)? + 5(c) R + () + 3e=24(2)1c2 4 3e24(c2 ) (2)? — 12624 (c2)2¢2
48020\ — 144¢? 4 600202 c? 4 85(c2)%c? — 12(c?)? — 17e724(c3)3¢2 + 36(c?)%c? — 33e 24 ()32 —
156(c2)? + 120222 (c2)? 4 10(c?)?(c?)? ge—2Ac2! 46_2,4(0) _de2A(2)3
2 2 24v2
as = —22402(1)2\2( c2)? ;126623%)\ 327 4(c )2 ; 1241210(1)\ - a5 = —48( )3 48(c2)? — 96¢2c2 — 60(c2)2c?
8¢z ()" + 4803\ ¢ + 48c; — 16(c5)“ (%) — ( 22(:2)2 4 3e=24(c2)3 ()2 + 36(c2)3c? +
24c?c? — 28(c?)%c? — 8(c?)%c? — 8(c2)*c? + e 2A(2)22 — 3em24(2 ) ()2 — 3e=24(2)4¢? -
S S
480202c?c? + 48(c?)? 19¢ (02)2+326—2A( 2262 4 35e24(2)3c2 1
ay = 12(c2 + 1) (03N — 2 + 12050 — To3)\*c?) Te2A(2)2(2)? +4le—2A( 232 | 6e=24(2)4 4
ar = 24032\ (2 - 2)(2 +1) e A ()P 4 3 A () R — de AR +
242 2/ 2
ag = 1205 \°c*(c;+1) Se 2A( 2)3+3€72A( )4 2 “2A(2)2 _ 9.-24((2)?2
as = 12020%(c3)2c? 4 36(c?)*(c?)? — 360N\ %2 +
48¢%c? 4 24(c?)? — 48032 c? — 240272 (¢%)? —
Case 3:¢? < 1ande¢? > 1 240302% — 36(c2)3c + 12(c?)%c? 4 36¢%(c)? +
24(c?)3 + 8e 724 (2t — 6724 ()2 —
3—2A 2\3/.2\2 6—2A 2\3 22_4 —2A 2 2
ag = 8(cH)>+8(c?)? +16c%c? +12(c3)?c? — 4(c?)3c2 + QAE%; (c _)’_ . 72614( gc()zggsi 16 iA( c)c
_ - _ e cs e 2)3¢? —
8 2A()22 4 2022 (E)? + ¢ A(R) A2 oAyt ge-2A ()2
672A(C2)3(63)2 o 1167214(62)363 7467214(6?)4 o ; ) 24 s _22 s
—2A/ 2\3 2 —2A( 2\2( 2\2 (C) (0)05_126 (c5)7c
19e 74 (c5)?c® — 266 (¢?)?(c5)* + 5 5 oo >, 9o
4e?A(2)? 4 4 2A(2)2e2 azg = —360;\ (C ) + 1209022 (¢*)? + 120707 (¢)* +
213 N2 9o 2.2 22 2 60052 % el — 36(c2)*(¢?)? — 36¢3(c?)” + 12¢%(c2)* +
as = —16(c35)° —16(c5)* — 32¢*c; — 20(c5) " — 187N (E ) L 480202¢% + 060202¢% +
A2 ()P = 42(e)? +12(2)% + 42 ()22 ”zA S
e—2A(2)3(2)2 _ 24 —2A/ 2037 2\2 8e 24 (c?)?e2 + 126 (¢)? + 16e 24 (c2)?c? +
(c5) (C) —e () + e (A (D) + ~24,22 24 —24
—24 —24 24 2\2(,22 A’ +8€ Cs +4€ (2)? +4e24(c?)?
8e 24 (c?)%c +17e (®)3c? +33e24(?)?(?)? + 12( )30 2222 4 ()2
= C C C -
19¢724(2)%c? 4 2e72A(2)* + 4024 (2)% + “ sy A Tan G e
—2A 214 2 —2A 22 4Ud>‘ 3‘7d/\ ( ) )
e 2Pt + e (AR — 4em AP 5 9 9 )
26_2A(C ) —2A( )2 ar = _120d)‘ c (CS + )( Cs — 30 )
s = _12 2)\2 2\2 1
s = 40INA(2)? +12(A)X(P)? — 12030232 + “ N (N e+ 1)
16c2c? + 8( 2)2 _ 160202¢% — 802A2(c2)? — with A = 20-p)(1-c)” (sz(icg) I
SUd/\2 2 12(¢?)3c +4(2) A + 1264 + In order to apply the first iterative method, as discussed in
—2A(Cz)4 —2A<C 262 — e 24(2)3 ()2 — Section IV-A, we perform an algebraic transformation of (A.2)
; ? p into the formp = g(;(p) for each case as follows:
2A(62)3 c ) )3 126_2A(C§)2C2 . P = g( )(P)
T i SR 50 T o= g0 (p) = o)
3
—2,4(0?)3 242yt + 2e=24(c2)2 + ag(i)P° + asi)prasyp® + azayp? + ag@yp + ai)
—2A( 2)2 ( ) +4€ 2A 2 2 . . (A3)
wherei = {1, 2, 3,4} and consequently the iteration procedure
ag = —12050*(c3)%c +4Ud>\2 2(c%)? +4Uc21>\2(02)2+ for casei is given by:
20030222 + 4(c2)?c? + 43 (?)3 — 12(cH)? ()? — a0y
2/ 212 2 2 2 242 2 n !
126¢5(c*)? + 16077 (c5)” + 16Ud)‘ ¢; +320GA°c" + Pt = a3y P+ Qs(3) P (i) B + A3y P2 + Go(3) Pr + Q1)

4724 (c?)%e + 8eTHA(c]) e + e ()
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forn=0,1,2,....

(6]
According to the second iterative method (Newton’s method)

the general formula for the iteration procedure for case

given by: 7]
feiy(pn)
il = P — —— (n=0,1,2,... A.5) [8]
Pl = P 7l (o) ( ) (A.5)
. . ) 9
with  fi)(p) given in (A.2) and f(/l-)(p) = 6a6(i)p5 + o)

Sas(yptdayiyp® + 3ag)p® + 2a23)p + a1

Pn+1 =

I. Atov and R.J. Harris, “Characterization of Class-Based Traffic Flows in
Multiservice IP Networks”Proceedings of 8th IEEE International Confer-
ence on Communication Systems 2002 (ICCS 2@i2yapore, November
25-28, 2002.

I. Atov and R.J. Harris, “LP-based Algorithm for Optimization in Multi-
service IP Networks”"WSEAS Transactions on Communicatjovs!. 2,

No. 4, 2003, pp. 432-438.

A. Heindl, Traffic-Based Decomposition of General Queueing Networks
with Correlated Input Processed”hD Thesis, Technische Univegit
Berlin, 2001.

P. J. Kihn, “Approximate Analysis of General Queueing Networks by De-
composition”,|EEE Transactions on Communication®l. 27, No. 1, pp.
113-126, 1979.

[10] W. Whitt, “The Queueing Network AnalyzerBell System Technical

Journal Vol. 62, No. 9, pp. 2799-2815, 1983.

The iteration procedure for case after some algebraic [11] W. Whitt, “Performance of the Queueing Network Analyzégll System
transformations can be rewritten as follows:

Technical JournalVol. 62, No. 9, pp. 2817-2843, 1983.

[12] J. R. Jackson, “Networks of Waiting LinesQperations Research/ol.

5, 1957, pp. 518-521.

5a6(i)p6 + 4a5(i)p5 + 3a4(¢)p4 + 2a3(i)p3 + ag(i)pQ — Go(4) [13] W. Whitt, “Approximating a point process by a renewal process, I. Two

Gag(s) p° + Bas (i) p*das p® + 3az@)p® + 2a2)p + a10)  [14)
(A.6)
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