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Abstract 
Virtual or logical subnetworks are expected to play an important 

role in large B-ISDN configurations. This gives an additional degree of 
freedom to ATM network architectures, since even for a fixed physical 
network the logical configuration can still vary depending on partic
ular demands and conditions. This new degree of freedom calls for 
new solutions to utilize the opportunity for the potential enhance
ment of network performance by optimizing the logical configuration, 
as part of optimizing the distributed network architecture. In this pa
per a framework and model, along with efficient solution algorithms, 
are presented to dimension virtual ATM networks on top of the same 
physical infrastructure network, such that the virtual networks share 
the infrastructure, while the total network revenue is optimized. The 
algorithms are tried on various network scenarios and a trade-off be
tween the quality of the result and running time is exhibited. 
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1 Introduction 

The trend towards service integration in telecommunications has been steadily 
more profound and at the time when ATM was introduced the expectations 
regarding the range of services that could be integrated had practically no 
limitations. During the last few years, however, it has been recognized that it 
is not at all easy to integrate services with very different demands regarding 
e.g. bandwidth, grade of service (GoS) or congestion control functions. The 
latest development within the ITU SG13 with the agreement of the defini
tions of 4 ATM bearer capabilities clearly demonstrate this. In some cases it 
turns out to be better to support different services by offering separate logical 
networks, and limiting the degree of integration to only partial, rather than 
complete, sharing of physical transmission and switching resources. 

A second context in which separation into logical networks may take place 
is virtual leased networks. Large business customers realizing e.g. LAN in
terconnections may require guaranteed resources. Furthermore, virtual paths 
are special cases of logical networks and peak rate allocation of VP's can be 
seen as a (virtual) separation of resources. 

Resource separation for segregation of ATM layer bearer capabilities, for 
offering different GoS classes, virtual leased networks with guaranteed re
sources and peak rate allocated virtual paths are examples of a new feature 
in the design, dimensioning and management of ATM networks. On top of 
the physical infrastructure a number of logical or virtual subnetworks can 
co-exist, sharing the same physical transmission and switching capacities. 

The complete partitioning of the infrastructure network is an important 
component in network optimization and can be seen as the contrast to com
plete sharing. It is evident that in many circumstances a solution somewhere 
between the two extremes with a minimum guaranteed resource and possibil
ity to use a certain number of extra resources will be applied. However, since 
complete partitioning is an important landmark in the context and since so 
far most work has been done only for isolated links, an investigation of the 
issue on the network level is of importance. 

The problems with full service integration are also realized in [12], and 
an optimization model taking into account transmission, switching and set 
up cost is developed in which different strategies like complete partitioning, 
complete sharing and sharing with trunk reservation can be evaluated. In 
[1] a greedy algorithm for Dynamic Capacity Management is used to design 
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VP networks and the problem of gathering reliable measurement data is also 
considered. Concerning multi-rate models, [13] gives an excellent overview. 

The objective of this paper is to formulate an optimization model of the 
partitioning problem for a network and to present three efficient algorithms 
that solve the problem. The objective function is the total network revenue, 
and together with the physical constraints also grade of service constraints 
are taken into account in the simplest model. 

In Section 2 the B-ISDN network environment in which the model is to 
be applied is described and further motivation for and consequence of the 
partitioning approach is given. Section 3 presents the optimization model, 
while Section 4 describes three algorithms that find solutions. 

2 B-ISDN and Network Partitioning 

In this section the B-ISDN scenario considers a situation that is somewhat 
more developed than it is today. 

2.1 B-ISDN and Overlay Networks 

A fully developed B-ISDN will have a very complex structure with a number 
of overlay networks. Conceptual tools to simplify the description are needed 
and one such conceptual model suitable of describing overlay networks is the 
Stratified Reference Model, [7J. This model adopts the general layering of the 
OSI model, it works with the three lowest layers, but allows for recursion by 
a generalization of the physical layer. 

Adopting the concept of the Stratified Reference Model, the B-ISDN will 
consist of the following strata, see Fig. 1. A transmission stratum based on 
SDH at the bottom, a cross connect stratum based on either SDH or ATM 
on top of that, which acts as an infrastructure for the ATM VP IVC stratum 
with switched connections. Finally, the large set of possible applications uses 
the ATM or cross connect stratum as an infrastructure. 

2.2 Cross Connect and Partitioning 

In this paper the focus will be on the ATM and the cross connect stratum 
in general and on partitioning of the ATM stratum network in particular. 
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Whether the cross connect stratum is realized by SDH or ATM will have 
important implications for the partitioning, see Fig. 2. If the cross connect 
stratum is based on SDH and the ATM network is realizing different QoS 
classes by resource separation, the partitioning can only be done in integer 
portions of the STM modules of the SDH structure, see Fig. 2.a. On the 
other hand, if the cross connect is realized by ATM virtual paths (VP), then 
no integrality restriction exists and the partitioning can be done in any real 
portions, see Fig 2.b. The SDH cross connect solution will therefore give rise 
to a model that is discrete in the ATM link capacities while the ATM cross 
connect solution gives rise to a continuous model. It should be emphasized 
that if the partitioning is made in order to support different QoS classes, 
then either the integer solution should be adopted or the ATM switches will 
have to be designed in a way to support partitioning at the individual input 
and output ports. 

2.3 Relevant QoS Parameters 

Since ATM has similarities with both packet switched and circuit switched 
networks it is not a priori obvious which properties should have the greatest 
impact to an optimization model. However, it is the data transfer phase 
when the similarities with packet switched networks are the largest. At 
the connection setup phase the similarities to circuit switching dominate, 
especially if a preventive connection control concept with small ATM switch 
buffers has been adopted together with the equivalent bandwidth concept. 

In an optimization model that models the call scale phenomenon it is 
natural to take the view that an ATM network can be modeled as a multi
rate circuit switched network in which the most important quality of service 
parameter is the connection blocking probability. This is the basis for the 
model to be considered in the next section. 

3 The Optimization Model 

A fixed infrastructure network with a number of nodes and a number of trunk 
groups connecting the nodes in an arbitrary way is considered. This network 
will model the cross connect stratum in the B-ISDN overlay network. 

On top of this network a number of logically separated ATM networks 
are to be carried. The topology of these virtual or logical ATM networks will, 
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in general, differ from the topology of the underlying network and an ATM 
link may use more than one trunk group. An ATM network can be a virtual 
leased network for a large business customer, it can be the part of an overall 
ATM network realizing a QoS class by resource separation, or it can simply 
be a virtual path. 

The first set of constraints, expressible by linear inequalities in the model, 
comes from the natural fact that the sum of ATM link capacities on a physical 
trunk group cannot exceed the capacity of the trunk group. 

The traffic demand between any two nodes in any of the ATM networks 
is assumed given, and a number of fixed routes in each of the ATM networks 
is also assumed given in advance. In general, there exists a number of routes 
between a given node pair. One objective of the optimization model is to 
distribute the traffic offered to the node pair optimally between the routes 
which can realize the communication. The distribution of the offered traf
fic between the possible routes is termed load sharing and the parameters 
according to which it takes place are called load sharing coefficients. 

A second set of constraints in the model comes from the fact that the 
traffic demand between any pair of nodes should be equal to the sum of 
traffic demands on the routes realizing communication between the origin
destination pair. This means, the sum of load sharing coefficients is one. 

To explain the idea in the simplest case, each virtual ATM network is 
assumed to operate under fixed non-alternate routing. A connection at
tempt is assigned at random to a single route, and if insufficient resources 
are available, the connection request is blocked and disappears from the sys
tem. Since alternate routing complicates the analysis, we restrict ourselves 
to the simplest fixed routing case in this paper. 

The bandwidth demand of any ATM connection is characterized by a sin
gle parameter that can be interpreted either as equivalent bandwidth in case 
of adoption of the sustainable cell rate, or as peak rate of the connection in 
case of peak rate allocation. It is assumed that the one-parameter character
ization of the ATM connections together with an adequate admission control 
algorithm ensures that cell level GoS degradations, like cell loss, cell delay 
and cell delay variation are well under control, and need not be considered at 
this level. Instead, the main GoS parameter in this context is the call scale 
parameter: connection blocking probability. 

For reasons of fairness it is natural to impose a third set of constraints, 
namely the GoS constraint, that the connection blocking probability on each 



406 Part Eight Performance and Optimization of ATM Networks 

route should not exceed a given maximum value. 

The objective function is the total network revenue summed up over all 
virtual ATM networks. It is assumed that each accepted connection will 
generate revenue at a given rate depending on the traffic type and route, 
and the total network revenue can then be seen as a weighted sum of carried 
traffic values. For a complete mathematical formulation see [2]. 

To summarize, the task of the optimization model is to find the parti
tioning of the infrastructure network into virtual subnetworks and to find 
the load sharing coefficients for each ATM node pair which maximizes the 
total network revenue subject to the physical constraints listed above and 
optionally also the GoS constraints. 

4 Solution Approaches 

The objective function to be optimized is inherently difficult to deal with, 
since it requires the knowledge of the carried traffic and thereby route block
ing probabilities that can be computed in an exact way only for very small 
networks. A common feature of the methods to be applied is that they 
make use of the natural and well known reduced load and link independence 
assumptions, see [9], [10], [5]. Based on this approximation the partial deriva
tives of the network revenue can be found in a tractable form suitable for a 
gradient based hill climbing. Since this method has quite high running time, 
therefore, a somewhat simpler method based on a sequence of linear pro
gramming tasks is presented. Finally, a very simple alternative approach is 
suggested. All the three presented solution approaches assume that the ATM 
link capacities can take any real number, thus implying that the underlying 
cross connect structure is based on ATM. 

4.1 Gradient Based Hill Climbing 

Applying an extension of the arguments given in [8], see [2] for details, the 
partial derivatives of the network revenue can be computed. The computa
tion requires that the fixed point equations associated with the reduced load 
approximation are solved, and in addition a set of linear equations has to 
be solved. The size of these equation systems equals to the product of the 
number of links in the network and the number of traffic types. 
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Using these derivatives, the algorithmic solution is reduced for a stan
dard gradient based hill climbing over a convex feasibility domain defined 
by linear inequalities. Here one can use either commercial or freely available 
software, see e.g. [3]. Unfortunately, however, the speed of the algorithm is 
greatly reduced by the large amount of side computations, mentioned in the 
preceding paragraph. 

The algorithm will in general converge towards a local optimum. However, 
by a careful choice of the initial values, the risk of getting stuck in a local 
optimum that falls far from a global optimum can be reduced. 

4.2 Solution by Sequential Linear Programming 

In general, the complexity of computing blocking probabilities is much larger 
in the case where many different bandwidth demands (traffic types) co-exist. 
An efficient way to avoid the increased complexity is to approximate the 
blocking probability of a traffic type requiring d units of capacity by grab
bing d times one unit independently. It is proven that this approximation 
asymptotically leads to the correct blocking probabilities, see [9] and [11]. 

Adopting this approximation and assuming all revenue coefficients are 
the same, independently of traffic types, it is shown in [4] that a slightly 
changed objective function and the same constraints can be accurately ap
proximated by a sequence of linear programming tasks. The accuracy of the 
approximation increases in the regime where capacities are large. 

In the following the total number of virtual links over all virtual networks 
is denoted by J, and the capacity of virtual link j is denoted by Cj. 

The incidence of physical and virtual links is expressed by a K X J zero
one structure matrix S (K is the number of physical links) in which the 
entries are given by 

Sk . = { 1 ,) 0 
if physical link k is used by virtual link j 

otherwise (1) 

Let us denote the blocking probability of logical link j by Bj , and let Air 
be the amount of capacity used by a route T call on link j and Vr the offered 
traffic to route T. 

E(p, C) is Erlang's B-formula, and aj is a logarithmic blocking measure, 
defined by the procedure, related to link j. 
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The algorithm is as follows, see [4] for details. 

Step 1 Set Bj := 0, aj:= 1 for each j. 

Step 2 Solve the linear programming problem 

Maximize L ajCj 

j 

Subject to SC:S: CphY8 and C ~ o. 
(Cphys is the physical capacity vector.) 

Step 3 Compute new values for the blocking probabilities by 

where 61 , •.. , 6J come from Step 2 as a solution of the linear program
ming problem. 

Step 4 Set 
aj:= -log(l-Bj ), j = 1, ... ,J. 

Step 5 If all variables differ from their previous value by less then a given 
error treshold, then STOP, else repeat from Step 2. 

The above iterative procedure has an intuitively appealing interpreta
tion. If a link j at a certain iteration has large blocking probability Bj, 
then the corresponding aj coefficient in the objective function will be large. 
That will inspire the linear programming to increase the value of Cj, since a 
variable with larger objective function coefficient can contribute more to the 
maximum. This conforms with the intuition that a link with high blocking 
probability needs capacity increment. 

Numerical experience shows that the algorithm converges typically within 
a few iterations [4]. 
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4.3 Simplified Partitioning Based on Equivalent Link 
Blocking 

The approach to be presented here assumes that the traffic demand to each 
route is known in advance, implying that no optimization with respect to 
load sharing can take place. Besides having the traffic demand matrix as 
input, we also assume here that for each route r a maximum allowed route 
bloking probability B( r) is given. 

Now some additional notations are introduced. Let R be the set of (fixed) 
routes in the network, taking all logical subnetworks into account. We want 
to design the logical link capacities such that the blocking probability of any 
route r is at most B(r). 

Let L(r) be the set of logical links used by route r and denote by l(r) the 
length of route r, that is, the number of links on the route. 

Now, assuming link independence and using the reduced load approxima
tion, the prescriptions on route blocking can clearly be satisfied if 

1 - Bj ~ (1 - B(r))l//(r) 

holds for each route r and for each logical link j E L( r). The idea here is that 
we distribute the route blocking probability evenly among the links used by 
the route. If R j denotes the set of routes that use link j then we obtain the 
condition 

1 - Bj ~ max (1 - B(r))l//(r) 
rERj 

Now let BJ be the maximum possible value for the blocking probability 
on link j that follows from the above model, based on the idea of evenly 
distributed blocking. From the above considerations we have 

BO = 1 - max (1 - B(r))l//(r) 
J rERj 

Applying the BJ values, we can approximate the link offered traffic as 

/j = L Ajrllr II (1 - BnAir • 

rERj i#j 

Once we know the value of BJ and p7 from the above explicite formulas, 
the capacity Cj of logical link j can now be calculated by inverting numeri
cally Erlang's formula 
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If the sum of the obtained Cj logical capacity values exceed the available 
physical capacity on a physical link, then we normalize them such that they 
satisfy the physical capacity constraints. That is, we multiply all of them by 
a constant, smaller than 1, such that their sum becomes equal to the physical 
capacity, while keeping the ratio of the logical capacities. 

It should be noted that this procedure does not optimize the network 
revenue, it only dimensions the logical links, taking into account the require
ments on route blocking probabilities. Thereby, it considers network revenue 
in an indirect way. 

The computational complexity of this model is very small, since only the 
ATM-link capacities are varied and no linear programming is performed. 

5 Numerical Example 

The algorithms are being tested on various network examples. Due to space 
limitations, we show just very briefly the results of the comparison of two 
algorithms: the sequential linear programming approach, called Fixpoint and 
the equivalent link blocking approach, called ELB. 

The two algorithms were compared on a 6-node physical network that 
carried five different virtual ATM networks, each with four traffic classes. 16 
different traffic scenarios were considered, characterized by two parameters. 
The parameter 0: defines the distribution of traffic among the classes. The 
higher the value of 0:, the more unbalanced is the distribution. The parameter 
(3 defines the homogenity of bandwidth demands: the higher the value of (3, 
the more inhomogeneous are the bandwidth demands. 

The results are shown in Fig. 3. For balanced and homogeneous traf
fic scenarios the two methods show the same performance. For unbalanced 
and/or inhomogeneous traffic demands, however, the more sophisticated Fix
point algorithm performs significantly better, according to the expectations. 

On the other hand, when running time is considered, we find a converse 
relationship, see Fig. 4. Although for very small networks there is no signifi
cant difference in running times, but if the network size gets larger, such as a 
6-node physical network with 5 virtual subnetworks carriyng 4 traffic classes, 
as in the example, then there is already a dramatic difference in running 
times. This shows a clear trade-off between quality and speed: if rougher 
estimates suffice, then ELB is recommended. On the other hand, if more 
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accuracy is needed, then the slower but more accurate Fixpoint algorithm is 
favourable. 

6 Conclusion 

A framework and model, along with efficient solution algorithms, are pre
sented to dimension virtual ATM networks on top of the same physical in
frastructure network, such that the virtual networks share the infrastructure, 
while the total network revenue is optimized. The algorithms are tried on 
various network scenarios and a trade-off between the quality of the result 
and running time is exhibited. The algorithms are being implemented as 
part of an integrated system for ATM network planning, simulation and 
management called PLASMA [6]. 
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