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Abstract 

This paper addresses the problem of allocating protection Virtual Path (VP) routes in an 

ATM network to enable rapid restoration from span or node failures. It is shown how the 

minimisation of one resource, spare capacity, comes at the expense of another, the number 

of redundant Virtual Path Identifiers (VPis ). Furthermore, because spare capacity reduc

tion is achieved by allowing longer backup path routes in terms of the number of links 

used, performance issues related to delay and reliability become increasingly important. 

After formulating appropriate design and performance metrics pertaining to a protection 

VP network design, it is illustrated how they are traded off in a design space where spare 

capacity minimisation is performed. 
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1 Introduction 

Broadband transport networks based on Asynchronous Transfer Mode Virtual Paths 

(ATM VPs) are expected to support both public and private service connections com

prising a variety of traffic classes (Aoyama et al, 1993). It has been suggested that the 

construction of backbone architectures to enable the wide area support of such traffic, will 

involve the phasing in of Virtual Path crossconnect nodes to replace synchronous path 

crossconnecting equipment, thus reducing the costs of crossconnect nodes and easing net

work management tasks like routing and capacity reconfiguration (Miki, 1993). Another 

attraction of the ATM VP-based architecture is the potential simplicity and speed with 

which restoration may be executed (Kawamura et al, 1994). Trunk network restoration 

has been deemed of paramount importance in light of a series of crippling network disas

ters in recent years (McDonald, 1994). The threat of sizeable revenue losses to operators 

and service providers, coupled with subscriber dissatisfaction as a result of cable break 

or node failure, spurred the development of operational centralised restoration systems 

in the U.S. (Chao et al, 1994) and Japan (Yamagishi et al, 1995). Ongoing research 

into distributed control mechanisms has aimed at achieving rapid restoration, typically of 

the order of 1 or 2 seconds, with techniques proposed for Synchronous Digital Hierarchy 

(SDH) networks and ATM networks alike (Wu, 1992). 

A promising approach to VP restoration in a meshed ATM backbone network which 

combines features of simplicity, resource efficiency and rapid response times, is that of 

assigning a disjoint protection (or backup) VP to a working VP route (Kawamura et 

al, 1994, Veitch et al, 1995(b )). A centralised controller is responsible for the choice of 

protection route, and the relevant information is subsequently downloaded to the appro

priate crossconnects and path terminators. In the event of failure, the VP network can 

autonomously recover by simple Operations, Administration and Maintenance (OAM) 

protocols to enable switching from working to protection paths (Veitch et al, 1995(a)). 
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These matters are out with the scope of this paper; rather, the concern here is the design of 

protection Virtual Path networks. The design of protection paths which share network ca

pacity between different possible failures has been examined in the context of synchronous 

crossconnect network structures (Coan et al, 1991, Lubacz and Tomaszewski, 1994). Since 

these methods apply to paths which are switched according to timeslot allocation within 

a hierarchical framing arrangement, the principal overhead is spare transmission capacity. 

The minimisation of this resource is therefore fundamental to survivability planning for 

SDH architectures. An ATM Virtual Path is a logical entity allowing link-by-link cell 

switching according to a Virtual Path Identifier (VPI) in the cell header. In establishing 

protection VPs in a network, spare transmission capacity may be shared between possible 

failures, as in the SDH case. However, VPis associated with protection routes must also 

be reserved, meaning two distinct resources have to be managed in a survivable ATM 

network. 

The design of protection routes subject to spare capacity minimisation will invariably 

yield paths which do not use the minimum possible number of spans, also called non 

shortest hop paths. This use of longer paths spreads or balances the demand for spare 

capacity around diverse locations in the mesh topology. This mode of protection design 

could have serious implications in an ATM network. The more links used in a protection 

path, the greater the VPI redundancy, meaning the spare capacity resource is traded off 

against the quantity of reserved VPis. Another consideration is that of user-perceived 

quality of service following restoration by switching to a protection VP. A call admission 

policy which admits Virtual Channels (VCs) to a system of VPs, will involve negotiation 

of traffic parameters which specify a tolerable level of delay and cell loss (Gupta et al, 

1992). The VC will be accepted/rejected given the delay characteristics of VPs in the 

proposed route. Part of this delay will be fixed due to the number of hops used in each VP 

of the VC route. Hence, although a VP may be restored by switching to a backup route, 

the quality of service provided to certain VCs multiplexed on the VP may be degraded 



540 Session Seven Network Reliability 

due to violation of delay bounds negotiated at call set-up. A further implication of long 

protection paths is that of inferior reliability. The more hops employed in a backup route, 

the greater the probability that if a double span failure occurs, it will affect both working 

and protection routes, thus isolating the associated end-to-end connections. Hence, there 

are performance issues as well as design concerns related to protection VP network design. 

The remainder of the paper layout is now presented. In section 2, metrics are formu

lated to enumerate the various tradeoffs in a given network topology comprising a layout 

of working and protection VPs. Section 3 will describe a heuristic design procedure which 

aims to minimise the cost of a single resource, spare capacity, and the impact that this 

has on other metrics will be demonstrated for a 20 node mesh network model. Section 

4 will discuss the ramifications of the analysis in the context of Virtual Path protection 

network design, thus concluding the paper. 

2 Design and performance metrics 

The physical network is described as a graph G(V, E), whereby Vis the set of m vertices 

representative of ATM nodes, and E is the set of n edges representing inter-nodal spans. 

A single vertex is denoted v (v E V) whilst a single edge is symbolised as e (e E E). The 

working capacity of an edge e is denoted W., whilst the spare capacity is S •. The logical 

network is described by the set of k paths, P, whereby a single path 1r ( 1r E P) is the 

collection of edges traversed. The capacity of a path 1r is Cw. The set of protection routes 

is defined as P, with a protection path pertaining to a working path 1r, denoted 71-. It is 

assumed that the resource provisioning pertains to spans between ATM VP crossconnects, 

each of which comprises a single bidirectional fibre link. 

Spare Capacity Ratio {SCR) 

We define the SCR as the ratio of the aggregate spare capacity in the network, to the 
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aggregate working capacity. The working capacity of an edge is found by summing the 

capacities of constituent paths: 

W.= E c •. 
trEP,eEtr 

(1) 

Hence, the total working capacity is found by summing (1) over the set of network edges. 

Depending on the edge which has failed in the network, the required spare capacity on the 

remaining edges varies. This is because a different set of working paths will be affected by 

each possible failure, hence a different reconfiguration is performed in each case. Letting 

S! symbolise the spare capacity required on edge e due to failure of edge ef> we have: 

s' = • Cw . (2) 
wEP,etEw,e:E-i 

Now, the provisioning of spare capacity on each edge must account for the edge failure 

which will yield the greatest demand for rerouted traffic, giving: 

S. = ma:c{S!, s:, ... , ,S:}. (3) 

It should be stressed that no attempt is made at capacity modularisation so as to conform 

to specific transmission systems. The value of SCR is subsequently found by dividing the 

total spare capacity by the total working capacity: 

(4) 

Mean VPI Redundancy (MVR) 

As already stated, when protection routes are designed, Virtual Path Identifiers (VPis) 

must be reserved for the appropriate links. The total number of idle VPis is a function of 

the number of edges used in each protection route. Letting L( 11-) be the length (number 
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of edges used) of a specific protection path, w, the total number of idle VPis, denoted Nv, 

is found from: 

NV= L L(i). (5) 
wEi> 

Now, given the total number of VPis, the MVR may be found by dividing Nv by n (the 

number of edges) giving the mean VPI redundancy per edge; this quantity can then be 

normalised to the maximum number of VPis per link ( 4096), yielding: 

MVR= Nvfn. 
4096 

Path Elongation Factor {PEF} 

(6) 

This is simply the ratio of the mean length of a VP rerouted during failure restoration to 

the mean working path length: 

" · L(i) PEF = L..f<EP . 

L.-eP L(1r) 
(7) 

Mean Switch-pair Availability (MSA} 

We assume that each switch pair is connected by a VP, with a span disjoint protection 

VP. The availability of any switch pair is defined here as the proportion of time that a 

direct connection (i.e. a VP) exists between the end nodes, hence is dependent on the 

availabilities of both the working and protection VP. Assuming span failures only, the 

availability of a path 1r is the probability that at any moment, the L( 7r) constituent spans 

are simultaneously up. If p denotes the probability that a span is down therefore, and the 

value is uniform for each span, the availability of a path 7r is written: 

(8) 
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If the unavailability of path 7r, written U( 1r ), is found from 1 - A( 1r ), and given that an 

origin-destination pair has a working path 7r, and protection path i, the availability of an 

o-d pair may be expressed in terms of joint unavailability as: 

A(o,d: 1r,i) = 1- U(1r).U(i). (9) 

Whereby U(i) = 1- A(i) and A(i) is found by substituting L(i) for L(1r) in equation 

(8). Now, averaging the k switch pair availabilities, we obtain the MSA metric: 

(10) 

3 Effects of spare capacity minimisation 

The aim of this section is to study the effects of spare capacity minimisation (indicated 

by the SCR metric) on the MVR, PEF and MSA metrics. Since the design problem is NP 

complete (Lubacz and Tomaszewski, 1994), heuristic procedures or stochastic techniques 

like simulated annealing may be applied to networks of reasonable size. We have developed 

a simple heuristic based on iterative edge weighting which produces a suboptimal solution. 

A shortest span disjoint path algorithm is applied to each working path in sequence, 

however weights of edges are adjusted to reflect the current load of protection paths 

which would become active along with the current path being considered. This design 

heuristic produces some protection routes which are non shortest hop paths, thus in 

terms of spare capacity, the layout is balanced. On the other hand, if shortest hop paths 

were found by maintaining unity edge weights, the protection network design could be 

deemed unbalanced where spare capacity is concerned. To view the gradual progression 

from an unbalanced to a balanced network design which minimises spare capacity, the 

design and performance metrics at each point in the design space may be plotted. We 

do this by considering the unbalanced design to be the most constrained in terms of a 
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parameter called hop count, symbolised H. As we tend towards a balanced design with 

longer protection paths, the value of His increased, so relaxing the design constraint. We 

can incorporate this into our design procedure by comparing the length of a protection 

path, L(i), found by the heuristic, with H. If L(i) ~ H, then the path is replaced with 

the shortest hop path, if not already of that type. By repeating the design procedure 

for different values of H, we effectively traverse the design space from an unbalanced to 

a balanced solution. The effect that this has on the SCR metric for a 20 node mesh 

network, with 190 VPs and a protection path per working route, can be seen in Figure 1. 

The choice of a mesh network reflects the nature of actual trunk network topologies. 
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Figure 1: SCR for increasing relaxation of hop count constraint. 

Also plotted is the end result of a Simulated Annealing (SA) program which operates 

on the same network configuration to minimise the required spare capacity. The result 

obtained with SA is assumed to be very close to the optimum. The beginning of the solid 

line, where H is low, represents the shortest hop disjoint protection path design which 

yields the highest value of SCR. As H increases, the SCR is reduced, and eventually 

the result is that yielded by the heuristic design procedure; since H is so high, no path 

lengths exceed H, so the choice of protection route is never overridden with a shortest 

hop backup. The heuristic design produces a suboptimal result in terms of SCR, yet 
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improves the unbalanced design by 17%. Figures 2 and 3 show the corresponding results 

for the MVR and PEF metrics. As shown, the optimal result where spare capacity is 

concerned, is the least favourable result where VPI redundancy and path elongation are 

of importance, since these values increase as the hop count constraint is relaxed. 
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Figure 2: MVR for increasing relaxation of hop count constraint. 
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Figure 3: PEF for increasing relaxation of hop count constraint. 

As previously discussed, path elongation following restoration may alter the quality of 

service provided to some subscribers, and indeed the negotiated levels may be breached 

due to the extra delay incurred by the added hops in the VC route. Obviously, the 



546 Session Seven Network Reliability 

PEF metric does not explicitly signify what the extra delay is, or which subscribers 

may be affected the most. Rather, it indicates the expected level of path elongation 

following restoration, hence certain fixed delay parameters can be employed to determine 

a minimum expected degradation under these conditions. 

The mean switch-pair availability (MSA) metric plotted for each protection network 

design is shown in Figure 4. As shown, three separate values of p, the probability that at 

any moment in time a span is down, are used. 
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Figure 4: MSA for increasing relaxation of hop count constraint. 

For a very low span failure probability like 0.01, the impact of removing the shortest 

hop path constraint is negligible due to the very small probability that two spans, one 

in the working path, and one in the protection path, are simultaneously down. As the 

value of p increases meanwhile, the impact that the protection network design has on 

average availability becomes notable. For p = 0.05, the shortest hop path design yields a 

mean switch pair availability of 0.973502, whilst that for the balanced design is 0.970664. 

Although seemingly small, this translates to an extra 24 hours of availability in a year for 

the switch pairs protected by shortest hop disjoint paths. For the relatively high value 

of p = 0.1, this difference becomes approximately 3 days in the year, and between the 

shortest hop design and the SA result there is approximately 6 days difference. 
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4 Discussion and concluding remarks 

This paper has discussed the importance of network restoration techniques to improve 

survivability in the context of broadband transport networks based on Virtual Paths. 

The method of assigning disjoint protection VPs in advance of span or node failure was 

advocated, and various design and performance metrics influenced by the protection net

work layout were formulated. By virtue of a heuristic design procedure which aims to 

minimise spare capacity, it was shown how the reduction in this resource came at the 

expense of another, the level of VPI redundancy. Furthermore, the protection network 

designs, albeit balanced in terms of spare capacity requirements, exhibited longer paths 

than would be produced by a shortest hop disjoint path algorithm. This implies that 

during post-restoration conditions, extra delays may be incurred by rerouted connections, 

with the possibility of traffic contract violations where path elongation is excessive. An

other adverse effect of longer-than-necessary protection paths is the inferior reliability of 

such routes, since more network elements are traversed. The design of protection VP 

layouts for ATM networks is thus complicated by conflicting design and performance re

quirements. This could be partially alleviated by splitting VP traffic into two categories. 

The first would comprise traffic which is either delay sensitive, requires ultra-high relia

bility, or both. Such VPs could invariably be protected by a shortest hop disjoint path, so 

that the effects of extra delay are minimised and the availability maximised. The second 

category could constitute all other traffic which is neither delay sensitive, nor requires 

special levels of reliability. The protection paths for such traffic need not be constrained 

to be shortest hop routes. To conclude, it is important that operators, service providers, 

and subscribers of broadband communications systems reach agreement on, firstly, the 

extent to which service restoration is provided, and secondly, the quality of service pro

vided during post-failure/pre-repair conditions. This paper highlighted the intrinsic link 

between these matters where pre-design of a protection network is concerned. 
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