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This paper presents dimensioning methods and resource allocation strategies to be used 
in a resource management system for a dynamic transport network operating in a 
volatile multi-service environment. The resource management methodology shows a 
significant improvement over the method currently in use today. In addition, 
relationships between provisioning costs and both network flexibility and demand 
volatility are demonstrated. It is also observed that simple nonadaptive routing 
strategies provide the best long term performance when the demand for circuits 
deviates from forecasted levels. 

1. INTRODUCTION 

In order to motivate the need for a dynamic transport network, it is useful to partition today's 
network into three layers as indicated in Figure 1 [1]. The service layer represents the different 
services, such as voice, data, and private lines, that are offered by the network. These services can 
be mapped onto a logical layer containing intermediate network structures including the public voice 
network, as well as circuit switched and packet switched data networks. The lowest layer is referred 
to as the physical layer, and contains the actual transmission facilities such as digital cross connects, 
fiber systems, and network operating systems. 

In today's network, the process of mapping the services of the top layer onto the logical layer and 
then onto the physical layer is done separately for each service (except for private lines). This 
method aggregates circuit demand within a service, but does not attempt to aggregate all of the 
service demand forecasts into a single demand forecast for the resources of the physical layer. In the 
case of private lines, the logical layer is bypassed completely, and individual circuit requests are 
mapped directly onto the physical network. 

It is expected that future services will be characterized by much higher traffic volatility than is 
observed today and, hence, will lead to unreliable forecasts for circuit requirements. This will be 
dealt with by either shortening the provisioning interval and thus causing an increase in operating 
costs, or by overprovisioning the networks of the logical layer resulting in an increase in the capital 
costs associated with the physical layer. A solution, proposed in [1] and [2], attempts to minimize 
the impact of volatile service demand on the cost of providing transmission facilities for these 
services. This proposal calls for the implementation of a single dynamic logical transport network 
which buffers the physical network from the demand volatility of the service layer (Figure 2). 

The key components of the physical layer that are required to provide this transport network are 
digital cross connect systems (DeS), intelligent access terminals (IAT) , digital transmission 
facilities, and network controllers. A digital cross connect is a device which can connect bit streams 
across any of its ports. A network of cross connects and lA Ts under the control of a network 
controller, and interconnected by digital transmission facilities would provide the backbone on 
which a logical dynamic transport network could be implemented. Throughout the rest of this paper 
this network will simply be refered to as the transport network. This network will have the 
capability to change its logical connectivity in near real time, and consequently adapt to changing 
circuit demand patterns from the services layer. The transport network can then be thought of as a 
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single pool of resources which can assign circuits on demand (i.e. seconds/minutes) to any of the 
services of the service layer. By providing a common pool of resources to be shared by the different 
network services, the physical layer is buffered from the volatility of individual service demands. 
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2. THE TRANSPORT NETWORK MANAGEMENT SYSTEM 

In order to provide a transport · network with the capabilities described above, a resource 
management system will be required. Two key components of this system will be a dimensioning 
process and a resource allocation (circuit routing) process. Before proceeding to investigate possible 
methods of implementation, it is necessary to flrst establish performance objectives/measures 
suitable for the transport network. The measure proposed in this paper is Probability of 
Resource Shortage (PRS), which represents the probability that the total level of circuit 
demand between two end points in the transport network exceeds the available capacity. The 
function of the dimensioner can then be defined as ensuring that enough facilities and spare capacity 
(margin) are installed in the physical network to maintain a specifled level of PRS throughout the 
dimensioning interval (T). The tenn margin represents spare capacity (spare circuits) 
expressed as a percentage of the expected level of circuit demand at the end of the dimensioning 
interval. 

The function of the resource allocation scheme is to ensure that the circuit routing strategies maintain 
perfonnance levels and resource utilization at an acceptable level when circuit demands start to 
deviate from their forecasted levels. 

Methods for dimensioning the transport network are presented in Section 3, and a brief summary of 
the effect of various allocation strategies are presented in Section 4. The results of a case study are 
shown in Section 5. 

3. DIMENSIONING THE TRANSPORT NETWORK 

3.1. Circuit Demand Model 

In today's network, future circuit demand is estimated using detenninistic forecasts for the circuit 
requirements of each of the services of the service layer. However, circuit demand in future 
networks is likely to be characterized by a relatively high overall growth rate, high levels of chum 
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(expressed as the percentage of circuits currently in use that are expected to be disconnected and 
then reconnected during a given time interval), batch orders, and long holding times. Therefore, in 
order to incorporate the uncertainty in future circuit requirements, and to exploit the savings 
associated with demand aggregation, a statistical model for the level of end-to-end circuit demand is 
required. 

A birth-death process, frrst proposed by Nucho [3], has been adopted in this case study to model 
the circuit demand process on an end-to-end basis. The process state represents the level of circuit 
demand, and births and deaths correspond to requests for circuit connections and disconnections 
respectively. In this particular process, both the birth and death rates are proportional to the current 
level 'of demand, making the model well suited for describing a nonstationary process in which 
growth and churn are fundamental parameters of interest. 

It should be noted that the methodology presented in the following section is general and that any 
statistical model can be used to represent the circuit demand. In fact, other demand models are being 
considered, but are not presented here. 

3.2. Dimensioning Techniques 

The techniques and case study that follow, assume that all circuit requests are for DS-O rate circuits 
(64 Kb/s), and that the smallest provision able unit of capacity in the physical network is a DS-l rate 
channel (24 DS-O rate channels or 1.54 Mb/s). Individual DS-O rate circuits on two different DS-l 
rate links can be connected if there is a 1/0 digital cross connect at the junction of the links. If there 
is no cross connect at the junction, then a connection can only be made by connecting all 24 
channels in the two links together. This can lead to a significant waste of capacity. 

The following information is required before beginning the dimensioning process: 

• the topology of the transport network; 
• routing tables for all end-to-end pairs in the transport network; 
• probability distributions for the circuit demand between every two points in the network; 
• dimensioning interval (T); and 
• an end-to-end performance objective (PRS). 

The flrst step in the process is to assign each link (ij) in the network its own performance objective 
denoted PRSi,j. If we defme nij as the number of links in the longest end-to-end route passing 
over link (i,j) and assume independence between the links, then, assuming the worst case, we can 
assign PRSij = PRS/ni,j. 

The second step is to map the end-to-end probability distributions for circuit demand onto the links 
of the network in accordance with the routes provided in the routing tables. On each link, the 
aggregation of circuit demand from different end-to-end pairs can be done in terms of either DS-O or 
DS-l demand. The actual level of aggregation that can be performed is dependent on the connection 
equipment at both ends of the link. If there is a cross connect at both ends, then the aggregation is 
done in terms of DS-O demand. Otherwise, the lack of a cross connect makes it impossible for users 
from different sources to share the DS-O channels on a DS-l circuit. In this case aggregation must 
be done in terms of the DS-l demand. The process of demand aggregation is stated formally in the 
following paragraphs. 

Definitions 

(i,j) = 
{ij} = 
PijO(n,t) = 

Pi,jl(n,t) = 

link between node i and j 
a node pair not necessarily connected by a single link 
the probability distribution for the circuit demand, n, at time t 
between nodes i and j expressed in DS-Os 
the probability distribution for the circuit demand, n, at time t 
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between nodes i and j expressed in DS-1 s 
the probability distribution for the aggregated circuit demand, n, at time t on 
link (ij) expressed in DS-Os 
the probability distribution for the circuit aggregated demand, n, at time t on 
link (ij) expressed in DS-1s 
the set of end-to-end pairs {s,t} which have link (ij) on their route I,J 

N·· I,J = the number of DS-1 facilities required by link (ij) 
n 
IT = n-fold convolution operator 

For links (ij) having cross connects at both ends, the total aggregated circuit demand in DS-Os can 
be expressed as the n-fold convolution of the demand distributions for all of the end-to-end pairs 
that have link (ij) on their designated route through the transport network: 

XijO(n,n = IT ps,tO(n,T). 
Aij 

For links (i,j) without cross connects at both ends, the circuit demand for DS-1s can be expressed 
as: 

Xi,j1(n,n = IT ps,t1(n,T). 
Aij 

If the routing strategy does not allow for alternate routing on any of the links in the network, then 
the number of DS-1 facilities required by each link (ij) in the network can be calculated as: 

240 
Nij = min {n = 0,1,2,3 .. 1 L Xi,jO(k,T) ~ (1 - PRSij)} 

k=O 

n 
Nij = min {n = 0,1,2,3 . .1 L Xij1(k,T) ~ (1 - PRSij)} 

k=O 

and the dimensioning process is finished. 

for links with cross 
connects at both ends 

for links without cross 
connects at both end 

However, further capacity savings and flexibility can be obtained by incorporating alternate routing 
into the routing strategy. In this case a third step is required in the dimensioning process to solve the 
optimization problems associated with the different alternate routing configurations. Techniques for 
two common configurations are shown below. 

3.2.1. Single Alternate Route 

With the configuration of Figure 3, circuit requests between node a and b can be can be supplied on 
either the direct route (a,b) or on the alternate route (a,c),(c,b). 

Define: 

* = convolution 
Cij = total cost of installing a DS-1 on (ij) 

a(n,t) = Xa,bO(n,t) * Xa,cO(n,t) 
6(n,t) = Xa,bO(n,t) * Xc,bO(n,t) 
q = min (pRSa,c,PRSa,bI'2) 
s = min (PRSc b,PRSa 1/2) 

, 240' 

X = min {n = 0,1,2 ... 1 L a(k,T) ~ (1 - q)} 
k=O 
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24n 
Y = min {n = 0,1,2 ... I L B(k,1) ~ (1 - s)} 

k=O 
24n 

Z = min {n = 0,1,2 ... I L Xa cO(k,T) ;?! (1 - PRSa,c)} 
k=O ' 

24n 
W = min {n = 0,1,2 ... I L Xc bO(k,1) ~ (1 - PRSc b)} 

k=O ' , 

H the.direct link (a,b) did not exist and circuit requests between A and B were provisioned along the 
links (a,c) and (c,b), then a(n,t) and ~(n,t) would represent the demand distributions for links (a,c) 
and ( c, b) that would have been determined in the second step of the dimensioning process. 
Similarily, the variables q and s represent the link performance objectives that would have been 
assigned to links (a,c) and (c,b) during the first phase of the dimensioning process for the 
configuration of Figure 3 had the link (a,b) not existed. 

Our objective is to find the number of DS-1 facilities required in each link so that the individual link 
PRS objectives are satisfied and that the overall cost is minimized. If we make the assumptions that 
the link costs are directly proportional to the number of circuits in the link, and that circuit requests 
which are provisioned on the alternate route are re-routed on the direct route once capacity becomes 
available, then the problem can be stated and solved in terms of the following integer programming 
problem: 

minimize 

COST = Ca~ab + CacNac + Cc~cb 

s.t. Nab+Nac 
Nab+Ncb~Y 
Nac ~Z 
Ncb ~W 
Nab,Nac,Ncb ~ ° . 
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FIGURE 4 

Figure 4 shows the typical form of the minimum cost function in terms of the number of circuits 
placed on the direct route. These results are similar to those encountered when dimensioning 
alternate routing configurations with traditional traffic engineering techniques. 

3.2.2. Mutual Overflow 

With the configuration shown in Figure 5, circuit requests between any two nodes can be supplied 
on either the direct route between the two nodes or on an alternate route passing through the third 
node. As in the previous case, our objective is to find the least expensive capacity allocation scheme 
which satisfies the PRS requirements on all of the links. 
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If we re-defme 

q = min (PRSac,PRSabt'2,PRScbt'2) 
s = min (PRScb,PRSad2,PRSabt'2) 
X,Y = same as above using new values 

ofq and s 

and introduce 

r = min (pRSab,PRSad2,PRSctJ2) 

1'<n, t) = Xac O(n,t) * Xcb O(n,t) 
240 

Z = min {n = 0,1,2 ... I L 1'<k,T) ~ (1 -r)} 
k=O 
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FIGURE 5 

then, using the same assumptions made in 3.2.1, this problem can be stated and solved in terms of 
the following integer programing problem: 

minimize COST = CabNab + CacNac + CcbNcb 

s.t. Nab + Nac ~ X 
Nab+Ncb~Y 
Nac+Ncb~Z 
Nab,Nac,Ncb ~ 0 . 

Other alternate routing configurations such as multiple alternate routes and shared alternate routes 
can be solved in a similar way but are not presented here. 

4. RESOURCE ALLOCATION STRATEGIES 

Once the transport network has been planned and dimensioned, the underlying physical network 
will remain basically unchanged for the whole dimensioning interval. However, since circuit 
demand is a random process, a resource allocation strategy is requred to cope with circuit demands 
which deviate significantly from their forecasted levels. The objective of such a strategy will be to 
attempt to maintain resource utilization and performance measures at an acceptable level. 

The resource allocation strategy will provide facilities to circuit requests along the prescribed routes 
used in the dimensioning process. However, when no capacity is available a decision must be made 
as to whether the request should be denied or whether the system should try to fmd unused capacity 
elsewhere in the network. In today's network, the resource allocation strategy is based on a policy 
of exhaustively searching for capacity. 

Many different routing strategies were examined, aI1d simulation results indicate that it is best to 
reject circuit requests at the onset of congestion. Searching for unused capacity leads to long and 
inefficient routes which, due to the long holding times of circuit requests, have lasting 
consequences. 

5. CASE STUDY 

In order to assess the value of a logical dynamic transport network and the effectiveness of the 
associated resource management system, a comprehensive. test bed including circuit demand 
models, a dimensioner, and network simulator has been developed. The test network used in this 
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study is based on a typical metropolitan network of about 40 nodes and 54,000 circuits as shown 
in Figure 6. 

As mentioned earlier, one of the key characteristics of the dynamic transport network is its ability to 
change its logical connectivity in near real time in order to cope with fluctuations in circuit demand. 
In order to quantify the effect of this capability, the dimensioner was used to determine the margin 
required in our test network as a function of the network flexibility. This was accomplished by 
varying the number of cross connects in the network. The results shown in Figure 7 indicate that 
increasing the network flexibility to the point at which all DS-l circuits are terminated on at least one 
cross connect causes a significant reduction in the spare capacity required to cope with the volatility 
in the circuit demand. 

FIGURE 6 Test Network 
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FIGURE 7 Margin Vs Flexibility 

It was also stated at the beginning of this paper that providing a common pool of resources to be 
shared by the different network services would buffer the physical layer from the volatility of the 
individual service demands. This claim is supported by the results of Figure 8. Increasing the churn 
associated with the circuit demand from 20 to 50 percent caused a negligible increase in the spare 
capacity required by the test network to meet the performance objective. This, of course, is due to 
the fact that the individually volatile circuit demands have been aggregated into a single demand 
distribution in the dimensioning process. 

To demonstrate the effectiveness of the proposed resource management methodology, it is useful to 
compare the resulting network performance with that obtained using the current methodology. The 
comparison was carried out on the test network with 7 of the nodes containing digital cross 
connects. Results of this comparison are shown in Figure 9 and are discussed in the following 
paragraphs. 

In today's transport network, the dimensioning process ignores the statistical nature of circuit 
demand and does not exploit the switching capabilities of the digital cross connect. Demand is 
expressed as a deterministic forecast based upon growth predictions, and the digital cross connect is 
used only as a facility for filling unused channels on DS-l circuits. Furthermore, the resource 
allocation strategies are based on a policy of exhaustively searching for capacity. When this 
methodology was applied to the test network, it was found that dimensioning to two year forecasts 
required a margin of 22 percent. This spare capacity is the result of-the modularity constraints 
imposed by the capacity of the DS-l circuits, and the location of this spare capacity throughout the 
network is beyond the control of the dimensioning process. Simulation results indicate a PRS of 20 
percent at the end of the two year interval, which is consistent with performance levels observed in 
today's network. Furthermore, the policy of capacity chasing leads to a sudden and large decrease 
in network performance. 
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In contrast, when the proposed resource management strategies are used, based on a performance 
objective of 1 percent PRS after two years, it was found that a margin of 26 percent was required. 
Simulation results show that this small increase in margin allows us to meet the design objective, 
and provides a significant improvement in performance. In fact, economic studies have shown that 
the savings in operational cost associated with improved performance more than compensates for 
the cost of the additional capacity. Furthermore, the policy of using fixed routing, and not searching 
for capacity in the case of congestion, leads to a graceful degredation in perfonnance over time. 

6. CONCLUSIONS 

In this paper, dimensioning techniques and resource allocation strategies have been proposed in the 
context of a dynamic transport network of the future. These techniques offer a significant 
improvement in network perfonnance when compared with conventional techniques in use today. 
These techniques have also been used to quantify the relationship between network flexibility and 
the spare capacity required to design the network, and to demonstrate the ability of the transport 
network to buffer the physical network from the demand volatility of the services layer. 

Work is currently being carried out to extend the dimensioning methodology to include techniques 
for nodes requiring multiple cross connects. In addition, different circuit demand models and 
forecasting techniques are being investigated, as are utilization thresholds for indicating when 
additional capacity will be required by the network. 

The ideas presented in this paper are being incorporated in BNR's workstation-based network 
planning tool (Networx) [4],[5]. A demonstration of this tool is planned for ITC-12. 
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