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Abstract In this paper, we address the problern of dimensioning links in a mul
tiservice IP network to satisfy the varying delay ( QoS) constraints for 
different traffic classes. The delay (QoS) performance objectives are 
viewed in terms of mean delays required for the various traffic clas
ses or in terms of random variations of their delays (e.g., jitter) or a 
combination of both. The need for such a method arises as a natu
ral consideration after the development and implementation of various 
technologies that can support traffic classes with different delay require
ments in large-scale IP networks (e.g., DiffServ/MPLS). 

Keywords: Dimensioning, multiservice IP network, DiffServ-MPLS, quality of ser
vice. 

1. lntroduction 
Traffic demands on the Internet today include delay-sensitive traffic 

(e.g., IP telephony, e-commerce, video) in addition to the traditional 
"best-effort" or delay-tolerant traffic (e.g., file transfer, e-mail). As a 
result, service providers face the challenge of providing an efficient net
work that can support all types of traffic with various Quality of Service 
(QoS) requirements (e.g., delay, jitter), while preserving the scalability 
and simplicity of the current Internet. 

Recently, an approach to provide QoS in large-scale IP networks using 
a mixture of DifiServ-based QoS management and MPLS-based traffic 
engineering has been defined [Blake, S., Black, D., Carlson, E., Davies, 
E., Wang, Z., Weiss, W., 1999](Rosen, E., Viswanathan, A., Collon, R., 
2001)[Nichols, K., Blake, S., Baker, F., Black, D., 1999]. This approach is 
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based on the aggregation of individual flows into classes at the boundary 
of the network and on the provisioning of QoS to the class instead of the 
single flow. At the boundary of the network, packets of the individual 
flows are marked differently, based on their QoS requirements, to create 
several different traffic classes. Packets in these classes receive different 
service quality in the network through the implementation of 
queueing mechanisms at the routers, which utilize multiple queues per 
output port ( one for each traffic class) in combination with scheduling 
and active buffer management [Wang, Z., 2001]. Various scheduling 
mechanisms have been developed that enable different delay criteria for 
the traffic classes to be met. One such scheduling mechanism is the 
Class-Based Weighted Fair Queueing (CBWFQ) [Floyd, S., Jacobson, 
V., 1995] mechanism. CBWFQ reserves a portion of the link bandwidth 
for a specific class and thus operates as a bandwidth allocation scheme. 
The scheduler serves a series of queues in a weighted round robin order 
and provides each queue with its allocated bandwidth before moving to 
the next queue. Within each class,. the discipline is first in first out. lf 
a particular class is not using its reserved bandwidth, the other classes 
can use the unused bandwidth. Moreover, the CBWFQ is normally 
configured in such a way, that the sum of all bandwidth allocation to 
the delay-sensitive classes cannot exceed a specified utilization value p 
(e.g., 75 %) of the totallink bandwidth B. The remaining bandwidth 
B ( 1 - p) is used for the best-effort traffic. Thus, this QoS provisioning 
has a traffic-class-based granularity. 

The mechanisms for QoS provisioning, which are embodied in the 
DiffServ-MPLS approach, are necessary but insufficient to provide any 
service guarantees. They have to be complemented with resource provi
sioning. Resource provisioning is fundamental for affering service quality. 
In every node, the network administrator must allocate a sufficient Ievel 
of resources in terms of bandwidth and buffer space to each class of traf
fic so that the performance objectives (e.g., delay) of the various traffic 
classes can be satisfied. This requires the application of a dimension
ing or capacity planing method to determine the amount of bandwidth 
to be allocated to each delay-sensitive traffic class, as weil as, the total 
bandwidth on the links in the network so that the multiple delay (QoS) 
constraints for the traffic classes can be satisfied. 

It is traditionally difficult to provide network capacity to meet varying 
QoS constraints. In addition, the traditional methods for dimensioning 
multiservice networks use a loss-based approach. That is, dimension
ing of the network is achieved so that the blocking (loss) probabilities 
of various types of traffic ( classes) remain below a specified threshold. 
An example of a loss-model, that deals with multidass and multiQoS 
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traffic modelling and dimensioning is the model developed by Kaufman 
and Roberts [Kaufman, J.S., 1981][Roberts, J.W., 1981], which is used 
for ATM network dimensioning. However, such loss-based dimensioning 
methods are not suitable for traflic where the QoS is based on delay or 
jitter. With increasing demands for delay critical applications on the In
ternet, it is obvious that new methods to perform network dimensioning, 
subject to varying delay (QoS) objectives, are urgently needed. 

In this paper, we consider the development of a dimensioning method, 
that determines the bandwidth allocations for delay-sensitive traflic clas
ses, as weil as, the total bandwidth ( capacities) of the links in a multiser
vice IP network. The method takes account of varying delay constraints 
for the various traffic classes. These delay constraints can be viewed 
either in terms of the mean end-to-end delays required for the various 
traffic classes or in terms of the random variations of their delays ( e.g., 
jitter) or both. In Section 2, we first introduce the network model and 
we describe the characterisation that has been adopted for a class fiow so 
that the burstinees of IP traffic can be captured. In Section 3 we formu
late the problern under consideration and outline a general framework 
for our modelling approach. Sections 4, 5, and 6, respectively, provide 
the solution to the dimensioning problem. Section 7 identifies issues for 
future work and concludes the paper. 

2. Network Model 
In order to model a multiservice IP network, we introduce an approx

imate model of the QoS-based queueing mechanism (CBWFQ), which is 
used at the nodes to enable the different delay criteria for each class to 
be met. The network can be viewed as a collection of links connecting all 
the nodes together, where a node consists of separate queueing facilities 
for each class of traflic, and a scheduler which allocates a fixed am
mount of the link bandwidth to each delay-sensitive traffic class. Since 
each queue is served at a specific service rate bi we approximate the 
QoS-based queueing mechanism by a set of parallel single-server queues 
(Fig. 1), which are, in turn, modelled as GI/G/1 queues with infinite 
capacity. In a sense, since the total traffic is composed of a number of 
classes, each of which is served in aseparate queue at the nodes with a 
specific service rate, this allows us to confine the problern to a network 
of GI/G/1 queues for each class, respectively. 

2.1 Class Flow 
We define a class ftow as a single class of traffic between an origin to 

destination (OD) pair. We model the class fiow as a general (GI) arrival 
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Figure 1. Approximate model of QoS-based queueing 

process characterised by a mean packet arrival rate and a squared coef
ficient of variation (SQV) of the packet inter-arrival time. The 'typical' 
packet size for the dass ßow is defined to be the mean packet size of all 
individual flows that belong tothat dass. 

In [Atov, I., Harris, R. J., 2002], we have presented models, which can 
be used to translate the origin-destination (OD) pair traffi.c demands for 
each dass as obtained from traffi.c measurement data into equivalent GI 
arrival process parameters for direct application into the dimensioning 
procedures. Due to the aggregation of individual flows into traffi.c dasses 
at the ingress of the multiservice IP network, first individual flows are 
modelled in order to obtain characterisation of TCP-based and UDP
based flow, respectively, in terms of the parameters of the on-off process: 
mean rate, peak rate, and hurst period. Then a mapping model is intro
duced, which enables us to translate the parameters of the on-off source 
into the characteristic parameters of a GI arrival process. Finally, a 
Superposition method is applied, to perform aggregation of individual 
flows sharing the same origin and destination, which are being accom
modated by the same service dass in the network, in order to obtain 
characterization of dass ßows as a GI arrival process. 

In this paper, we consider that each dass ßow is assigned to a fixed 
route r; a route is simply a collection of links traversed from the origin 
to the destination. If there are C dasses of traffi.c, between each OD 
pair there can be up to C different routes ( one for each dass) and the 
total number of routes in the network is R. We characterise a dass 
flow with the following set of parameters (,\c__,., Xe, The first 
two parameters denote the mean packet arrival rate and the SQV of 
the packet inter-arrival times of offered dass c flow (c = 1, 2, ... C), 
which has been assigned a route r (r = 1, 2, ... R). The third and the 
fourth parameter, denote the mean packet size (in bytes) and the second 
moment of the packet size of dass c ßow, respectively. 
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3. Dimensioning Problem Formulation 
Direct inputs into the dimensioning problern that we consider in this 

paper, indude: 

1 The forecast demand for various dasses of traffic between every 
origin-destination {OD) pair in the network. Traffic demands are 
categorized into dasses according to their delay requirements. By 
applying the model in [Atov, 1., Harris, R. J., 2002) we obtain 
characterisation of each dass flow in terms of GI arrival process 
parameters. 

2 Delay (QoS) requirements for various dasses of traffic. For each 
dass of traffic between each OD pair, the end-to-end1 delay re
quirements are specified in terms of a mean delay and the variance 
of the delay. If there are C dasses of traffic, then C - 1 dasses 
have delay requirements, and the remaining dass is regarded as 
having no delay requirements (e.g., best-effort traffic). 

3 The network Topology. 

4 Routing information, which specifies how traffic is routed in the 
network. We assume that there is one defined route for each dass 
of traffic between an 0 D pair. 

The objective of the dimensioning method is to determine: 

1 Class-based bandwidth allocations on the links in the network ( e.g., 
bandwidth required for each delay-sensitive dass on each link), 

2 Capacities of links in the network. 

The capacities of the links have to be determined to satisfy the varying 
delay requirements of the traffic dasses. In order to solve these objec
tives, the major challenge is to incorporate: {1) optimal partitioning 
of QoS {delay) objectives on the links in the network for each dass of 
traffic, (2) a tractable stochastic model of QoS-based queueing services 
at the routers. We consider QoS to be additive i.e., end-to-end delay 
( variance of the delay) along a route is the sum of the delays { variances 
of the delays) of its constituent links. The variance of the delay can be 
considered as an additive metric under the assumption that the nodes 
in the network are stochastically independent. 

1The "end" points are the boundary routers in a multiservice IP network (e.g., DifServ /MPLS 
domain). The network provider can guarantee delay objectives across its domain. 
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The QoS partitioning problern is a separate optirnization problern 
which we are considering and will be the subject of another paper. Sev
eral authors have studied the QoS partitioning problern (see [Lorenz, 
D.H., Orda, A., 2002] and references therein), however, the existing 
work has only focused on unicast and rnulticast topologies. For our di
rnensioning rnethod we need to consider the QoS partitioning problern 
for an arbitrary network topology, where an 'isolated' link delay con
straint (QoS) for class c traffic represents a rnaxirnurn allowable delay 
on a link, so that the end-to-end delay constraints of all class c traffic 
flows traversing that link are still satisfied. We consider a QoS frarnework 
in which each network elernent can offer several QoS guarantees, each 
QoS guarantee is associated with a different cost, or rnore precisely, a 
cost function for each link can be assurned as given. The problern can be 
forrnulated as follows: Given a network G = (V, E), link cost functions 
{cc..l(QcJ)}lEE, and end-to-end QoS requirernents Find 
a partition qc = { Qc..l}lEE for all classes of traffic (c = 1, 2, ... , C- 1) 
suchthat the corresponding network cost c(qc) = l:tEE Cc..l(dc..l) is rnini
rnized while the end-to-end QoS requirements { are satisfied. 
In our approach, we first compute an "optimal" QoS allocation for each 
particular origin-destination ( OD) pair and each class of traffic in iso
lation using one of the algorithrns for the unicast problern in (Lorenz, 
D.H., Orda, A., 2002]; a reallocation heuristic is then developed to de
termine a single, near-optimal set of QoS allocations for all the links and 
all dasses of traffic, qc (c = 1, 2, ... , C- 1), so that c(qc) is minimized 
while the QoS requirernent (constraint) for every OD pair demand of 
dass c in the network is still satisfied. Having this in mind, from now on 
for the solution of the dirnensioning problern we shall assurne that the 
link delay requirernents for every delay-sensitive traffic dass on every 
link in the network are known. 

3.1 Outline of the Proposed Solution 
Our general rnodelling approach can be surnrnarized into three rnajor 

stages: 

1 In the first stage, frorn the affered dass flows between the OD 
pairs and the routing information, we provide a characterisation 
for the total dass flows on every link in the network in terms of 
the pararneters of a general (GI) arrival process. 

2 In the second stage, we calculate the class-based bandwidth alloca
tions on the links in the network, given the arrival characteristics 
of the total dass flows on the links and the link delay requirernents 
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for the traffic classes, by applying the GI/G/1 delay performance 
evaluation model. 

3 In the third stage, from the class-based bandwidth allocations on 
the links, and the specified link utilization, we determine the total 
capacities of the links in the network. Special care should be taken 
to incorporate the bandwidth requirements of the delay-tolerant 
traffic class (e.g., best-e:ffort). 

In the following sections, we discuss the necessary undertakings in each 
of the major steps in turn. 

4. ModeHing Traffic per Class of Service on 
Links 

From the o:ffered class fiows to the network and the given routing 
information, one can obtain characterization of the total traffic of each 
class on every link in the network. We shall use the following notation: 
Ac..J - 'total' mean packet arrival rate of class c fiow into the queue 
(reserved for class c) associated with the link l; SQV of the packet 
inter-arrival times of the 'total' fiow of class c entering the queue ( for 
class c) on the link l; Pc...l = AcJTcJ - 'total' mean traffic (utilization) 
of class c fiow on link l. The 'total' mean packet arrivalrate of class c 
fiow on a link l, can be determined as the sumofall class c fiows, whose 
routes traverse the link l: 

R 

AcJ = L: (1) 
r=l 

where is an indicator function with value 1 if l E r ( e.g., link l lies on 
route r) and 0 otherwise. This follows from the consideration, that under 
equilibrium conditions, the mean fiow entering a queue is always equal 
to the mean fiow exiting the queue (conservation of fiow constraint). 

In order to obtain the variability parameter, of the total class c 
fiow on each link in the network, we apply the basic methods for super
positioning and splitting traffic fiows (see Appendix A), as provided by 
the well-known QNA analysis [Whitt, W., 1983]. (Note that the QNA 
approximations are only valid when the queue is stable, i.e., PcJ < 1 is 
satisfied). From the methods for superpositioning and splitting traffic 
fiows, shown in Appendix A, it can be noticed that the variability pa
rameter of class c fiow on each link l in the network, depends on the 
utilization of the queue associated with class c on each link, Pc...l, which, 
on the other hand, is a function of the portion of the capacity of link l 
allocated to class c; which we actually need to determine. Therefore, we 
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shall calculate the internal flows (e.g., the variability parameters of the 
flows) iteratively as part of the dimensioning procedure as explained in 
the next section. 

5. Determining Class-Based Bandwidth 
Allocations on Links 

The bandwidth required for each delay-sensitive dass c on a link l, 
which we denote by bcJ, can be determined from the traffic characteris
tics of the total amount of dass c traffic on a link l and its delay (QoS) 
constraint for that link QcJ, by inverting an approximate delay formula 
F; that is, find bcJ where: 

c = 1, 2, ... 'c - 1 

For this purpose, we analyze the GI/G/1 delay performance model. 
The delay (QoS) constraint for a traffic dass on a link, Qc.J, can be ex
pressed in terms of the mean delay and the variance of the delay, which 
we denote as dc.1, and respectively. Depending on the type of delay 
(QoS) constraint, the following sets of delay-sensitive dasses of traffic 
are defined: 
DSC- contains dasses of traffic sensitive to delay i.e., their mean delays 
are required to be less than or equal to their specified end-to-end delay 
limits. 
VSC - contains dasses of traffic sensitive to variations in the delay i.e., 
their delay variances are required to be less than or equal to their spec
ified end-to-end delay variance limits. 
DVSC - contains dasses of traffic that are sensitive to both delay and 
its variation. 

The mean delay of a packet from dass c on a link l represents the sum 
of the waiting time of the packet in the queue until it is being serviced, 
Wc.1, and the service time of the packet, Tc.J, dc.1 = WcJ + TcJ· In a 
similar way, the variance of the delay for a packet of dass c on a link 
l, is the sum of the variance of the waiting time of the packet in the 
queue, afcJ' and the variance of the service time of a packet, a;cJ' 

= awcJ + a;cJ· 
The mean delay for a packet of dass c in the queue associated with 

dass c on a link l may be approximated using the QNA approxima
tion {Kramer and Langenbach-Beiz approximation) [Whitt, W., 1983] 
as follows: 

{2) 
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{ 

_ 

e 2 < 1 g = cc.l 

1 

(3) 

where: Tc.J is the mean service time of a packet of dass c on link l, 
Tc.J = is the SQV of the service time for a packet of dass c, 

--2 

= , bc is the service rate or bandwidth allocated to dass c 
Xe 

(in bps), and s is a scaling factor (s = 8, as 1 byte = 8 bits). 
The variance of the queueing delay for packets of dass c in the queue 

may be approximated by using the QNA model result [Whitt, W., 1983] 
as follows: 

(12 - w2 c2 
Wc_l - cJ Wc_l 

where c.l is the SQV of the queueing delay and is given by: 

2 cb+1-x 
cwcJ = X 

where: 

C2 2 1 4(1 - PcJ)a 
D = PcJ- + + 1)2 

c2 < 1 cJ -

c2 > 1 c.J -

(4) 

(5) 

(7) 

(8) 

{ 
+ ? 1 

a- (9) 
- + + 1) < 1 

The variance of the servicetime of a packet, a;cJ' is given by: a;cJ = 
2 2 

TcJcscJ· 
The algorithm for determining the bandwidth allocations for the delay-

sensitive classes is described in figure 1. For inverting the delay and the 
variance formulae in steps 3b. and 4b., respectively, we have used two 
different recursive methods. One is based on Newton's method and the 
other one is based on an algebraic transformation of the given formula. 
Note that g in the delay formula given by (2) can take one of two values, 
depending on the SQV of the arrival flow in the queue, (which is 
determined in the previous step) and thus two iteration procedures are 
required for calculation of bc_1 ( one for each case). The same applies for 
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Determine bc_1 = {bcJ}IEE for all QoS sensitive dasses (c = 1, 2, ... , C- 1). 

1 c = 1, C =total number of QoS dasses, hc.J = {rocJ}teE, bocJ = for W, 
Do..l 

A = qc = {QcJ}iEE· 
/*Initialize the algorithm. Start with tbe first QoS sensitive dass of traffic; 
Assign arbitrary small values hcJ for the service times of dass c packets at the 
queues associated with dass c at eacb link l in the network; Read from the 
given input the dass c flow traffic characteristics, their routing information, 
and their 'isolated' link QoS constraints. *I 

2 For eacb c from 1 to C - 1 
if qc = {dcJ}IEE tben go to step 3. 
if qc = then go to step 4. 
if qc = {dcJ, then go to step 5. 
/*For eacb dass c check its type depending on its QoS constraint. If its type 
is DSC, VSC or DVSC tben go to step 3, 4, or 5, respectively. *I 

3 a. Calculate internal flows: 
b. Link by link invert the delay formula dcJ = WcJ + TcJ to derive bc..J, 
where WcJ is given by (2) for given link delay constraint dcJ and input traffic 
characteristics (AcJ, 

c. If tbe maximum relative error of all links max {I bei -beo.l I} > E, where 
oo..l lEE 

f is sufficiently small value (  = 0.0001), then bocJ = bc..J for Vl and repeat 
step 3. 

4 The same as step 3., except in 3b., invert the variance formula = + 
to derive bcJ, wbere is given by (4) for given link delay variance 

constraint and input traffic characteristics ( AcJ, 

5 Perform step 3. and step 4. to derive (bcJ)step3 and (bc..J)step4 for all links. 
Then calculate bcJ = max{(bcJ )step 3, (bcJ )step 4} for all links { l = 1, 2, ... , E) 
in the network. 

Figure 1: Algorithm to determine class-based bandwidth allocations 

the inversion of the variance formula, as h in (7) can take two possi
ble values, depending on the SQV of the arrival flow in the queue. In 
practice, we have found both methods converge very rapidly. 

6. Determining Capacities on Links 
Having obtained the bandwidth required for each delay-sensitive traf

fic dass on a link, we can now determine the capacity of the actuallink 
l, denoted by bt. First, we consider the case where the maximumlink 
utilization p, is specified at input. In this case the link capacity can be 
obtained as follows: 

l = 1,2, ... ,E (10) 
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There is no delay requirement on best-effort traffic. When each delay 
sensitive class occupies its full share of its allocated bandwidth, the best
effort traffic can use the bandwidth equal to the difference b1- bcJ. 
Furthermore, best-effort traffic can utilize any available bandwidth not 
used by any of the delay sensitive traffic. 

Finally, if no maximum link utilization is specified at input, then the 
link bandwidth is given by: 

C-1 

bt = L bc...l + ffibe.J (11) 
c=l 

wher ffibe.J is the mean offered best-effort traffic on the link l, which is 
equal to Abe.JXbeS· 

7. Conclusion 
In this paper, we have considered a dimensioning method, which de

termines capacities on links in a multiservice IP network (e.g., Diff
Serv/MPLS) subject to varying delay (QoS) constraints for the traffic 
classes. lt is considered that for delay-sensitive traffic classes, the delay 
constraints can be specified in terms of mean delay or delay variance or a 
combination of both. Moreover, these delay constraints are assumed to 
be given as 'isolated' link-delay constraints, which can be derived from 
the end-to-end delay constraints and the given link delayfcost functions 
by solving an optimization problem. 

In our future work, we shall consider the case where the delay allo
cations can be considered as part of the dimensioning problern and that 
optimization is achieved for both the delay and the capacities on the 
links in the network in a unified fashion. 

Appendix: A 
Superposition of GI trafftc flows. The superposition process of n in
dividual GI flows, each characterised by >..; and CJ, is approximated by a GI traffic 
fl.ow with parameters >..A = Ev; >..; (mean rate of the superpositioned flow) and Cl 
(SQV of the inter-arrivaltime of the superpositioned ßow) given by: 

2 '"">..· 2 CA= w L...t f"C; + 1- w 
Vj A 

(A.l) 

where: 
1 1 

w = {1 + 4{1- p)2(v- 1) v = ( .>. )2 
Ev; X!" 

p is the total mean traffic obtained as p =>..Ar, with r being the mean servicetime 
of a packet. This method will be used for superpositioning (merging) individual dass 



24 

c flows that are being assigned different routes but are traversing the same links and 
thus entering the same queue. 

Departure flow from a queue. The departure flow from a queue is a GI 
traffic flow, characterised with the parameters Äo = ÄA and Cl,, which are obtained 
as follows: 

(A.2) 
This result will be used when the output process of a queue feeds another queue. In 
addition, if the output process gets probabilistically split, then the following results 
apply. 

Splitting a GI flow Probabilistically. Ha GI flow with parameters A, 
and C2 is split into n flows, each selected independently with probability P>· In our 
case we shall make use of deterministic splitting. The parameters for the i-th flow 
will be given by: 

Äi =p;Ä 

Cl = p;C2 + (1 - p;) 
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