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Abstract
The simulated model uses “failure equivalence groups,” with 
finite/infinite sources of failure events and finite/infinite pools of 
repair personnel, to facilitate the modeling of bidirectional link 
failures, multiple in-series link cuts, optical amplifier failures along 
links, node failures, and more general geographically distributed 
failure scenarios. A fast simulation technique based on importance 
sampling is developed for the analysis of path service availability 
in mesh networks with dynamic path restoration. The method 
combines the simulation of the path rerouting algorithm with a 
“Dynamic Path Failure Importance Sampling” (DPFS) scheme to 
estimate path availabilities efficiently. In DPFS, the failure rates of 
network elements are biased at increased rates until path failures 
are observed under rerouting. The analysis of a large mesh network 
example demonstrates the practicality of the technique.
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I. Introduction
The concept of  a  mesh network architecture is  being adopted 
increasingly in the field in the development and deployment of new 
networks or in the replacement, migration, or evolution of existing 
networks. In a generic mesh network, a set of nodes is interconnected 
with links following an arbitrary topology. The routes of end-to-
end “paths” (i.e., end-to-end physical or virtual circuits) over the 
links can be arbitrary. The routes of backup or protection paths 
can also be arbitrary and even be generated dynamically. This 
generality is in contrast to traditional network architectures that are 
typically more rigid in form with fault tolerance provided using, for 
example, rings, extra dedicated protection links, or preestablished 
protection connections. Advantages of mesh networking include 
the enabling of more general routing schemes, more flexible traffic 
engineering, simplification of network operations and manage- 
ment functions, more cost-effective use of redundant network 
capacity, the enabling of more general self-configuration and 
self-healing mechanisms, and potentially higher levels of ser- 
vice availability. The mesh networking concept is also general in 
scope, so it can be applied physically in different physical parts of 
networks as well as logically in different logical layers.
For example, it can be applied physically in optical backbone 
networks,medium haul networks, access networks, fixed/mobile 
wireless networks, or cognitive radio networks. It can be applied 
logically in peer-to-peer networks, overlay networks, or dynamic 
virtual-circuit networks that use MPLS.
As the mesh networking concept is deployed increasingly in the 
field, it is necessary for design, engineering, and service pro- 
visioning to be able to quantify the service availability that will 
be realized in such networks. Such quantification is all the more 
important as enterprises, organizations, systems, devices, and 
individuals are all becoming increasingly dependent on the con- 
tinuous operation of networks for computer communications. 
Furthermore, network service providers must now provide many 
of their customers with essentially guaranteed service as specified 
in Service Level Agreements (SLA) in terms of measures such 

as service availability. Although network availability analysis is 
a well-established discipline, the analysis of mesh networks is 
a challenging problem in general since the inherent generality 
of a mesh network complicates substantially the structure of the 
availability modeling problem.
A number of recent works have been involved with deter- mining 
the availability of paths in mesh networks. For example, in, 
Markov chain analysis and discrete-event simulation is used 
to analyze a mesh network with dedicated-resource or shared-
resource bandwidth protection schemes. In,a calculation method 
using the concept of “restoration-aware connection availability” 
is developed to analyze mesh networks with dedicated or shared 
backup capacity. In, a heuristic technique is developed for 
computing end-to-end circuit avail- ability for optimal routing 
and wavelength assignment. Other related works may be found 
surveyed in Little work, if any, appears to have been concerned 
with mesh networks having general dynamic path restoration.
In this paper, we consider the general problem of analyzing path 
availability in mesh networks with dynamic path restora- tion, 
where failover paths are determined dynamically, “on the fly,” 
by an algorithm in real-time based on the current state of the 
network. In this general problem, the size of the state-space and the 
structural complexity of the system generally precludes the use of 
analytical modeling techniques.As el- ement repairs are made and 
the initial routes become available again for use, the rerouted paths 
may revert to their respective original routes. The model also uses 
the concept of a “failure equivalence group” (FEG), consisting of 
failure event sources and pools of repair personnel, to account for 
multiple in-series link cuts, optical amplifier failures along each 
link, as well as bidirectional link failures, node failures, or more 
general geo- graphically distributed failure scenarios. The FEG is 
a general- ization of the concept of the Shared Risk Link Group 
(SRLG) used in optical and GMPLS networking
The mesh network simulation technique developed here com- 
bines the simulation of any specific dynamic path restoration 
algorithm with a dynamic importance sampling (DIS) [17] vari- 
ance reduction technique tailored specifically to the mesh net- 
work problem at hand. The DIS method developed here is called 
Dynamic Path-Failure Importance Sampling (DPFS). In DPFS, 
the failure rates of network elements are biased at increased rates 
until path failures are observed to occur under the given rerouting 
algorithm. This enables the efficient simulation of path availability 
by reducing substantially the simulation run-length needed to 
meet a desired confidence interval requirement. The application 
of DIS to mesh networks with dynamic path restoration appears 
to be a novel application of the importance sampling technique.
The simulation method, however, provides confidence intervals 
on availability estimates as opposed to exact or approximate an- 
alytical results.

II. Mesh Network Model
The generic mesh network model considered here is formulated 
in terms of nodes, links, circuits, and paths. As shown figuratively 
in fig. 1, a unidirectional circuit runs over one or
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Fig. 1: Model Structure in Terms of Nodes, Links, Circuits, and 
Paths

more unidirectional links. A unidirectional path runs over one 
or more unidirectional circuits. The network is composed of 
unidirectional point-to-point links. A link can correspond to, 
for example, an optical fiber or a wireless radio channel. The 
bandwidth of link is   bits/s. A link may be in an operational or 
a failed state due to, e.g., a fiber cut, a failed optical amplifier, 
or a failed radio. A failed link has no available bandwidth. The 
instantaneous available bandwidth of link at time    is denoted 
by  . The initial condition is        . A bidirectional link is modeled 
using a pair of unidirectional links.
A circuit is defined to be a generic unidirectional connection 
between two nodes over a set of interconnected links. In an op- 
tical mesh network, a circuit can correspond to a wavelength or 
“lightpath” between a pair of nodes. The end-to-end wavelength 
may run over (be switched through) one or more connected links. 
The end-to-end wavelength may also be composed of dif- ferent 
concatenated wavelengths if there is static wavelength conversion 
at switching nodes. In a virtual-circuit mesh net- work, such as a 
MPLS mesh network, a circuit can correspond to a static virtual-
circuit between a pair of nodes. The total number of circuits is . 
The total bandwidth in circuit    is   bits/s. A circuit   consumes 
the bandwidth   in each of the links that it uses. The circuit routing 
matrix is defined to be                                 , where if circuit
uses link   , and 0 otherwise. The circuit routing matrix   is
assumed to be static in time. A link may be used by more than one 
circuit. The bandwidth of a circuit must necessarily be less than or 
equal to the bandwidth of any of the links that the circuit uses, i.e
.,                                                    . The sum of the bandwidths of 
the circuits that use link    must necessarily be less than or equal 
to the link bandwidth  , i.e.,
         for        

If  a  circuit  uses  a  link  that  is  in  a  failed  state,  then  the 
circuit is  considered to  be in  a  failed state with no avail- 
able   bandwidth.   The   instantaneous   available   bandwidth 
of  circuit      at  time      is  denoted  by                      ,  wher
e                                                               . The initial condition is                                             
. A bidirectional circuit is modeled using a pair of unidirectional 
circuits. The two directions of  a  bidirectional circuit need not 
follow the same route over the links of the network.
A path is defined to be a generic unidirectional end-to-end 
connection between two nodes over a set of interconnected generic 
circuits. For example, in an optical mesh network, a path can 
correspond to an end-to-end circuit-switched connection over a 
set of wavelengths or lightpaths. In a virtual-circuit mesh network, 
such as a MPLS mesh network, a path can correspond to an end-
to-end virtual-circuit [or label switched path (LSP)] over a set of 
wavelengths, lightpaths, or static virtual-circuits The total number 
of paths is    . The required bandwidth of path is   bits/s. A path 
consumes the bandwidth   in each of the circuits that it uses. A 
circuit may be used by more than one path. The routing of a path 

in terms of working circuits may change in time as circuit failures 
occur due to link failures and  paths are rerouted. If a working 
route for a path cannot be found with the assumed dynamic path 
restoration method, then the path is no longer operational. Let             
if path
is operational at time  , and 0 otherwise. It is assumed that all
paths are operational initially, i.e.,             for            . The state  
of the path routing at time    is given by the path routing matrix                                          
, where            if path    uses circuit    at time  , and 0 otherwise. 
The routing of all the paths is necessarily always subject to the 
available bandwidth of each circuit, i.e.,
The initial path matrix   is assumed to be provided. The initial 
routes for the paths can be determined by an algorithm of the 
least-cost path type (e.g., shortest paths, minimum-hop paths), load 
balancing type, or other type. A bidirectional path is modeled using 
a pair of unidirectional paths. The two directions of a bidirectional 
path need not follow the same route through the circuits or links 
of the network.

III. Dynamic Path Restoration
The failure of a particular link results in the failure of all cir- cuits 
that use the link. The failure of a circuit can lead to the pos- sible 
failure of a path. When a path experiences a circuit failure, the 
dynamic mesh network will attempt to reroute the affected path 
over circuits that are operational. It may be one that finds the next 
shortest route in terms of working circuits, subject to the prevailing 
circuit band- width constraints.The restoration method could also 
reroute some or all paths in the network (“network repacking”) to 
maximize some objective function. The method could also reroute 
paths in re- sponse to the completion of link repairs.
The   dynamics   of   the   path   restoration   algorithm   are 
defined  generally  as  follows.  Let  the  state  of  the  band- 
width  of  the  circuits  at  time      be  defined by  the  vector                                                                 
.  As already defined, the path routing matrix at time   is given by  
. Now, suppose that at time      there is a link failure or repair event 
that causes the new state of the circuits to become                    .
The general function     of the path restoration algorithm is then 
to determine a new path routing matrix based on
, subject to the circuit bandwidth state, i.e.,
. If a path is affected by a failure event and the path cannot 
be rerouted, then is set to 0, and the path routing matrix entries     
for path become irrelevant.It is also to be noted that, in the above 
defined path restora- tion dynamics, we do not account for the 
time that paths may not be operational while the path restoration 
algorithm is finding new path routes to use. Today’s optical mesh 
networks can have restora- tion times of the order of seconds or 
less [20]. The average re- pair time of cable cuts is, in practice, 
typically of the order of several hours.

IV. Failure and Repair Modeling With FEG
We now define the modeling of failures and repairs in the net 
The FEG construct also enables one to model the possibility 
in practice of having multiple simultaneous cuts in series in a 
particular unidirectional or bidirectional link. That is, due to the 
fact of it being physically distributed, a second or third cut, or 
even more cuts, may occur in a particular link before a first cut 
and any other subsequent cuts are repaired. This can be modeled 
by using a FEG with an infinite source of failure events. The 
assumed population of the repair personnel may be finite, as is 
of course always the case in reality, or infinite for the sake of 
modeling simplicity.
The construct also enables the modeling of the failure and repair 
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of optical amplifiers (e.g., EDFA) that are typically spaced along 
fibers to boost optical signal levels. The population of the repair 
personnel in this case is finite, at most equal to the number of 
amplifiers. To si- multaneously model cuts and amplifier failures 
and repairs on a link, we can associate the link with two different 
FEG, one to model the cuts and the other to model the amplifier 
failures. In this way, we can realistically model links with cuts 
and ampli- fier failures.
Node failures and their repair can also be modeled with FEG by 
simply associating a group with all the unidirectional links adjacent 
to a particular node.Such additional general failure modeling can 
correspond to geographically distributed physical failure events 
such as ice storms, windstorms, or floods. In the case of such 
physical failure events, the FEG source population and repair 
pool population may both be set to a size of 1. The preventative 
maintenance of network elements can also be modeled using 
FEG.
The failure and repair modeling with FEG is now developed 
more mathematically. The number of groups is  . The failure 
and repair processes of the groups are assumed to be indepen- 
dent and Markovian. The assumption of independent groups is 
quite reasonable in the present mesh network modeling con- text 
since the links or amplifiers in a particular group will typically be 
separated geographically from those in other groups and separate 
repair personnel are typically located in different geographical 
areas. The failure arrival process of a group may correspond to 
either an infinite or a finite source, as shown in The form of   for 
other related Markovian queues may also be determined.
Case 1) is the simplest in which a group simply experiences a 
single failure event that is then repaired. Case 2) models multiple 
cuts on a link with a single repair person. Case 3) models multiple 
cuts on a link with no limit on the number of repair personnel. 
Case 4) models   optical amplifiers on a link with          repair 
personnel.

V.  Simulation of Path Availability
The service measure of central interest here is the path availability  
,               , defined to be the average proportion of time that path   
is operational in steady state. Let     be the random variable of 
the recurrence time of the state           . This state is a regenerative 
state of the model since it has been as- sumed in Section III that 
the path restoration is such that all paths return to their initial 
routes          when all links become operational. The average time          
that path    is operational during the recurrence time     is where   
denotes expectation and, as defined in Section II,            if path   
is operational at time  , and 0 otherwise. The path availability    
is given by                                 (see, e.g., [24]).  Conveniently, 
an explicit expression for          can be obtained here since    is 
known. This avoids the need to estimate . The mean sojourn 
time    in state            is
, where                if group is an infinite source, or if group is 
a finite source. We may write  . Hence,          and

Since is known from (1), the remaining unknown here is now        
, which is to be estimated with simulation.
The method of estimating the average operational time in a 
recurrence time     is to use regenerative simulation with state as 
the regenerative state.it is shown that we can estimate steady-state 
measures of a CTMC by simulating the corre- sponding DTMC. 
The deterministic holding times in the states of the DTMC are 

set to the corresponding mean state holding times in the CTMC. 
Simulating the DTMC is also guaranteed to  reduce  the  variance  
in  estimating steady-state measures

Fig. 3: Possible Transitions and Rates out of State fl in the 
CTMC

[17]. The possible state transitions and associated transition 
rates in the CTMC out of a state are shown in Fig. 3. The 
DTMC transition probability         from state to state of the 
circuits becomes                        and that of the paths become , 
where                                 ,                         . Let if path   is 
operational at time epoch    in the DTMC under                   and  
, and 0 otherwise.
We may now relate in the CTMC to that in the DTMC.
Since     is a steady-state measure, we know from [17] that   can 
be estimated from the DTMC. Hence, we may write

, corresponding to a group failure event arrival, where
               ,   is a unit vector pointing in the direction   ,
           , and  , is, therefore, given by

 

where              is the transition rate in the CTMC for a group 
failure event arrival, given that the current state is   , and   
is the mean holding time in state of the CTMC. The DTMC 
transition probability     from state to  , corresponding to a 
group failure event repair, where
    , is, therefore, given by

 

where             is the transition rate in the CTMC for a group 
failure event repair, given that the current state is   . The mean 
holding time     in state    of the CTMC is given by

VII. Dynamic Path-Failure Sampling
The DIS simulation method developed here for estimating path 
availabilities in mesh networks with dynamic path restora- tion 
is called dynamic path-failure importance sampling (DPFS). In 
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DPFS, the goal is to bias the system state trajectory specifically 
toward path failures that the restoration algorithm is unable to 
restore. This is achieved by setting the failure rates   in the FEG 
at an increased level until path failures are observed to occur 
(or state               is reached). Once a path failure is realized, the 
group failure rates are set back to their original values. Note that 
if we simply biased failure rates until a group failure occurred, 
then this would not be effective in general since, under dynamic 
path restoration, the failure of a group does not always necessarily 
lead to the failure of paths.
In DPFS, we define the group failure bias to be a constant
,            , such that the failure rate   is increased to  
for           . We also define a target failure rate ratio   ,  
 . The target is the desired ratio of the sum of the biased group 
failure rates and the sum of the group repair rates . 
If the
 
More explicitly, for example, in the case of a group,   if , 
and 0 otherwise, and
if , and 0 otherwise. In a group,
and              if , and
0 otherwise. In a                  type of group,                     
and . In a group,
and . Now, let be the discrete random variable of the 
recurrence
time for state            in the DTMC, i.e., the number of DTMC 
state transitions in a tour from state    and back to state   . Let   be 
the random variable of the DTMC state at time epoch  , where             
,           , and                  . Let
be the state of the circuit bandwidths at time epoch     in the
DTMC, and let     be the state of the path routing at time epoch   
in the DTMC. The state of the circuits and paths do not change 
during the holding time in a state. When there is a tran- sition out 
of a state due to a group failure event or a repair, the target is   , 
then the group failure bias   is given by

where                                                . Hence, if we simulate 
the DTMC using Markov Monte Carlo simulation starting at 
state    until it returns to state   , then an estimate of   is given b
y                                , where    is the realized number of steps in 
the tour in the DTMC.

VI. Simulation with Importance Sampling
The direct simulation of the DTMC to estimate   with Markov 
Monte Carlo may be very time-consuming, or even im- practical, 
since the failure rates of the groups will, in practice, usually be 
much smaller than the repair rates. To reduce the sim- ulation 
time needed, i.e., the number of independent regenerations, we 
can use importance sampling [17, 25]. In importance sampling, 
the state transition probabilities                    ,       , in the DTMC 
are modified to the values                 so that group failure events 
are more likely to arrive. We may write

 

The term   is known as the likelihood ratio. Hence, if we simulate 
the DTMC starting at state    until it returns to state   , then an 
estimate of   is given by                             , where   is the realized 
number of steps in the tour in the modi- fied DTMC.
The manner in which the DTMC transition probabilities can be 
modified to   is very general [17]. The modifications may be  
static or dynamic, i.e., “on the fly” as a function of state or time. 
A dynamic method is known as dynamic importance sampling 
(DIS) [17]. In the following, we develop a DIS method tailored 
specifically to the problem of simulating mesh networks with 
dynamic path restoration.

 
The value of   is set by the user. A reasonable value to use can be 
determined with some trial simulation runs. The DPFS method is 
then to simulate the DTMC with the biased failure rates starting 
from state until a path failure is observed (or state is 
reached). Once a path failure is observed, the bias   is set to 1.0 (i.e., 
turned off). The system then returns to state  after all 
group repairs have been made. This re- generative simulation 
process is repeated independently, always starting again from 
state  , until a required number of in- dependent 
regenerations have been completed.
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in a tour depends on the actual DTMC state transitions that are 
realized in the tour.

VIII. Mesh Network Examples
We present two mesh network examples. The first is a small test 
network to validate the theory and demonstrate the effi- ciency 
of DPFS. The second is a larger network example to il- lustrate 
the practical application of DPFS to a modeling problem of a size 
that can typically be encountered in practice. In both examples, 
we assume that the initial paths are the shortest paths and that the 
dynamic path restoration algorithm reroutes a path by determining 
the next shortest operational route using Dijk- stra’s algorithm 
[26], subject to the prevailing circuit bandwidth constraints. As 
in Section III, we assume that all paths return to the initial paths   
once all links become operational, i.e., when the group process 
returns to the regenerative state           . Before a path   is rerouted, 
the bandwidth    is released in each of the working cir- cuits  along 
the current route of the path. Working paths that have no circuit 
failures in their current route are not rerouted. Also,  working 
paths are not rerouted in response to link re- pairs, at least until 
all links become operational. These assump- tions reflect what 
may typically, though not necessarily, be done in practice to avoid 
potential unnecessary operational errors in

Fig. 4: Small Mesh Network Example

rerouting paths that are currently working. We also assume in 
the examples that paths, which could not be rerouted due to pre- 
vailing bandwidth constraints, are not rerouted later in response 
to other subsequent link failures or repairs, at least until all links 
become operational. Note that other path rerouting assumptions 
may, of course, be adopted to model other cases.
A.  Small Network Example
The small network consists of a pair of unidirectional links (           
) from node A to node B, two circuits (            ), and one path 
(          ), as shown in Fig. 4. The initial path uses the first circuit, 
i.e.,         . It is assumed that the links fail independently, i.e., each 
link belongs to a separate FEG ( 
), and that there is at most one failure in a link (e.g., each link
could be a radio channel). If the second link is the first to fail 
and the first link then fails, then the path is no longer operational 
until both links have been repaired. With DPFS, the obtained 99% 
confidence interval for the path un- availability is (1.434     , 1.319     
). With the failure biasing  turned off, the obtained 99% confidence 
interval is (2.921      , 0). For the sake of comparison, the exact path 
unavailability  obtained with analysis (see the Appendix) is
1.349  . Hence, in this case, the confidence interval width is reduced 
by a factor of about 25 with DPFS. If, in the case where failure 
biasing is turned off, we extend the simulation to complete at least 
10 million state transitions, then the 99% confidence interval is 
(1.438  , 1.338  ). This is approximately what it was with DPFS 
with only 10 000 state transitions. Hence, in this example, DPFS 

reduces the simula- tion run-length by a factor of about 1000. This 
demonstrates how DPFS can reduce substantially the simulation 
run-length needed to meet a given confidence interval width. B.  
Large Network Example
For a large example, we adopt the 18-node IP backbone net- work 
topology presented in [27] and shown in Fig. 5. In this

Fig. 5: Large Mesh Network Example

network example, there are 33 (bidirectional) links between the 
nodes. Each bidirectional link is modeled with a pair of unidi- 
rectional links. A unidirectional circuit is associated with each 
unidirectional link. Each circuit is assumed to have a total band- 
width of 192 units. A unidirectional path is associated with each 
unidirectional circuit. In addition, there is a pair of unidirec- tional 
paths assumed between nodes 1 and 5, nodes 1 and 13, nodes 6 
and 15, and nodes 13 and 16. Each path is assumed to have a 
required bandwidth of 48 units. Hence, in the network, there are 66 
unidirectional links, 66 circuits, and 74 paths. To model link cuts, 
To model optical ampli- fier failures on the links, we associate an 
additional FEG of the type with each pair of unidirectional links.
Hence, in the network, we have a total of 66 FEG. We assume 
that if an amplifier fails, then both directions of the bidirectional 
link are no longer operational. This models what happens typ- 
ically, though not necessarily, in practice, where a link is ef- 
fectively taken out of service by an upper layer protocol when 
either direction fails. The mesh network model developed here, 
however, is sufficiently general that it can also accommodate the 
case where an amplifier failure only affects one direction. The link 
cut and amplifier mean repair times are assumed to be 4 h. The 
amplifier spacings are assumed to be 100 km. The link cut rates 
are assumed to be one cut per year per 800 km (as in [21]). The 
amplifier mean time to failure is assumed to be five years. The 
distances between the nodes are assumed to be the approx- imate 
geographic distances between the nodes (cities) shown in.
Simulating the large network with DPFS for 10  million state 
transitions, we obtain the path unavailabilities shown in Fig. 6. The 
relative 99% confidence interval widths (width/un- availability 
estimate) for the path unavailability estimates with DPFS are 
shown in Fig. 7. The total simulation wall clock run- time on a 
conventional laptop computer was 4234 s. As can be seen from 
Fig. 7, with DPFS we obtain reasonable confidence interval widths 
on all of the path unavailabilities even though
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Fig. 6:  Path Unavailability Estimates with DPFS

Fig. 7. Relative 99% Confidence Interval Widths with DPFS

Fig. 8: Relative 99% Confidence Interval Widths with DPFS 
Failure Rate Biasing Turned off

some of them are very small of the order of . The largest relative 
width is 1.88.
Simulating the DTMC for 10 million state transitions with the 
DPFS failure rate biasing turned off, we obtain the relative 99% 
confidence interval widths shown in Fig. 8. The largest relative

Appendix
The path availability in the small network example of Section 
VIII can be derived analytically. Consider the continuous-time 
Markov chain corresponding to the group process, as  shown in  
Fig. 9.  The states (0,0), (0,1), (1,0), and (1,1), are labeled 1,  2, 

3,  and 4, respectively. Let
be the transition probability from state to i n  t h e 
corre- sponding embedded DTMC. We have   ,
, , ,
,                                ,                                , and                                     . 
Let      be the mean holding time in state  . We have                   ,                            
, 
width is 0.625, but the 30 zero values plotted in Fig. 8 correspond 
to paths for which no path failure time was ever observed in 
the entire simulation run. Hence, without DPFS, we are unable 
to obtain any estimate for 30 of the path unavailabilities. This 
demonstrates the effectiveness of the DPFS method in estimating 
the unavailability of highly available paths in mesh networks with 
dynamic path restoration.

IX. Concluding Remarks
The DPFS simulation technique developed here is a practical 
and effective method for estimating service availability in mesh 
networks with dynamic path restoration. It enables one to obtain 
useful confidence interval widths on path service availabilities 
in reasonable simulation run times. The developed failure and 
repair modeling with FEG is sufficiently general so that it can be 
used to faithfully represent many of the types of failure and repair 
mechanisms that appear in practice. The assumed path restoration 
algorithm is sufficiently general to accommodate al- most any 
algorithm, at least ones that return paths to their initial paths once 
all element repairs have been made.
There are several directions in which the present work can be 
extended. The formulation of the simulation could be recast in 
terms of independent replications to accommodate restoration 
algorithms that do not necessarily return paths to their initial paths. 
The DPFS method could be modified to turn the failure biasing 
off only in response to specific path failures. This could be useful 
when only a specific path, or a subset of paths, is of interest. The 
DPFS method could also be modified to turn the failure biasing 
off in response to particular path failures, where the particular 
path is chosen by cycling through all the paths in the network. 
Such a “stratified DPFS” sampling scheme could be beneficial 
in cases where the path availabilities are highly im- balanced. 
The formulation of the simulation could also be sim- plified in 
the degenerate case where the path restoration method is simply 
one that uses dedicated or shared failover paths that have been 
predetermined “offline.” The failure and repair mod- eling in 
Section IV could also be extended to accommodate dependencies 
between the FEG queues to model, for example, shared pools of 
repair personnel. However, with such general- izations, an explicit 
expression for          may not be available and         would have to 
be computed or at least estimated and                                 . Now, 
define state 1 to be the regenerative state. We now determine 
analytically the downtime in a recurrence time. There are six state 
trajectory cases to be considered.
Case 1) The trajectory is 1 to 3 to 1 and the downtime is 0. Case 
2) The trajectory is 1 to 2 to 1 and the downtime is 0.

.
Fig. 9: Continuous-Time Markov Chain of Group Process in the 
Small Network Example
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Case 3) The trajectory is 1 to 3 to 4, followed by   tours from
4 to 3 to 4 and      tours from 4 to 2 to 4 (with the combination of 
tours done in any order) and then, finally, going from 4 to 3 to 1. 
The downtime is                                                    .
Case 4) The trajectory is 1 to 3 to 4, followed by   tours from
4 to 3 to 4 and      tours from 4 to 2 to 4 (with the combination of 
tours done in any order) and then, finally, going from 4 to 2 to 1. 
The downtime is                                       .
Case 5) The trajectory is 1 to 2 to 4, followed by   tours from
4 to 3 to 4 and      tours from 4 to 2 to 4 (with the combination of 
tours done in any order) and then, finally, going from 4 to 3 to 1. 
The downtime is the same as in Case 3.
Case 6) The trajectory is 1 to 2 to 4, followed by   tours from
4 to 3 to 4 and      tours from 4 to 2 to 4 (with the combination of 
tours done in any order) and then, finally, going from 4 to 2 to 1. 
The downtime is the same as in Case 4.

Taking into account these cases, the mean downtime i n  t h e 
recurrence time is given by The probability of state 1 is                           
, where and . Hence, the path availability   in
the small example network is given by
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