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Abstract—In optical networks a group of logically distinct links
can unintentionally share a physical resource (e.g. a cable or
a duct). Such a group, called shared risk link group (SRLG),
introduces a situation where a single failure of common resource
can cause multiple failures. Failure of common resource usually
occurs due to physical force (e.g. digging or earthquake) and
causes failures of multiple links. Specifically, such a failure can
cause both working and spare wavelength path of a logical connection between two edge nodes to fail at the same time, leaving
them disconnected until a repair is done. The usual approach to
solving this problem consists of introducing more spare capacity
to the network and also using a routing algorithm that takes
SRLGs into account when computing paths. Such a routing
algorithm avoids creating working and spare path pairs that
have links contained in the same SRLG, to minimize the negative
impact of SRLG failure on logical connection availability. In this
paper the impact of physical length of the SRLGs on network
availability is evaluated using Monte Carlo simulation. New
simulation model for availability evaluation is implemented by
discrete-event network simulator ns-3. Implementation approach
is discussed, and an overview of model features is provided. For
simple cases, Monte Carlo simulation results obtained by using
the model are compared to analytical results. The availability
results for the general case are obtained using Monte Carlo
simulation and discussed.
Index Terms—optical networks, failure modeling, Monte Carlo
simulation, network simulation, network simulator, ns-3, availability, shared risk link groups

I. I NTRODUCTION
The rapid growth of the Internet traffic, supported by
rapid increase of capacity of optical transport networks makes
network resilience a requirement that has to be taken care of in
the process of designing the network. The failure of a network
element (e.g. a fiber in a cable or a cross-connect at a node)
can cause a failure of many lightpaths, leading to data and
revenue losses.
In case of a failure of a component of a path used by
logical connection in the network, an alternative path (called
spare path) has to be used until the component of working
path is repaired. Schemes dealing with such challenges can be
classified by time of operation, on protection and restoration,

by routing type, on link-based and path-based schemes, and by
criteria of spare resource sharing, on dedicated and shared. In
comparison with protection based schemes, restoration based
schemes generally need longer recovery time, but give better
performance in case of multiple time-overlapping failures
of network components [1]. Path-based schemes offer better
performance compared to link-based at higher runtime cost.
Two path-based protection schemes are used: shared path
protection (SPP) and dedicated path protection (DPP). Both
approaches provide a link-disjoint spare path for each working
path in the network. DPP scheme is simpler than shared
protection and offer better performance in case of multiple
failures, but also require more spare bandwidth than SPP
scheme. Better performance of DPP scheme is a result of
dedicated spare path resources for each working path, which
is not the case with SPP scheme.
Shared risk link group (SRLG) [2] is a group of links in a
network that share a physical location. This can be a cable,
a duct or an exit at a node. (Example of the last case is
shown in Figure 1.) All links contained in the SRLG have
a probability of being damaged in case of physical damage
to one link in the part contained in the SRLG. Such physical
damage introduces a situation where a multiple logical failures
in the network occur due to a single physical failure, and
is therefore in general more damaging than two uncorrelated
time-overlapping single failures.
AT&T’s experience indicates that a link may belong to over
100 SRLGs, each corresponding to a separate fiber group. In
addition, in a large network it is very hard to maintain accurate
SRLG information [3]. Common approach is to avoid SRLGs
in the path routing stage, namely by making working and spare
paths SRLG-disjoint. If the network has enough capacity, this
leads to complete restorability in case of failure [4]. However,
such a restorability increases costs and also is not always a
necessity, as there is a possibility of dropping best-effort traffic
in case of failure. Furthermore, common approaches rarely
take SRLG weights (lengths and capacities) into account when
doing route computation.
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Figure 1. SRLG example with two cables sharing a common exit at a node.

In this paper we evaluate the effect of physical lengths of
SRLGs on network availability. Since the failure dependency
induced by SRLGs makes analytical computation of availability hard except in trivial cases, we use Monte Carlo simulation
utilizing a new model implemented by network simulator ns-3
[5] to obtain results.
We expect that physically longer SRLGs will have higher
failure probability, and more negatively impact logical connection and network availability. Since SRLG elimination is
in general costly, it is useful to know the impact of partial
elimination (shortening the physical length of SRLG). While
the exact results are hard to obtain analytically due to the
model complexity, it is possible to model an optical network
containing SRLGs and use Monte Carlo simulation to get
approximate results.
The paper is organized as follows: in Section II we cover
related work, in Section III we present our model, in Section
IV we compare the results obtained by simulation to results
using analytical methods, in specific cases, and then present
results obtained by simulation for general case. Finally, in
Section V we conclude and suggest some directions and plans
for future work.
II. R ELATED WORK
While the protection and restoration of wavelength paths
in case of dependent component failures in optical networks
has been studied by researchers for a long time, very few
works are concerned with estimating the probability range and
effects of such failures. One of the earliest papers explaining
why dependent failures should be considered is [6], arguing
with the assumption that all failures are independent. Lam
and Li [7] study the dependence between link failures in
communication network and propose an event-based reliability
model. In the proposed model dependent failures are the
effect of independent events. Single failures of components
occur with certain probabilities and cause failures of other
components sharing the common equipment.
SRLG introduces dependence between link failures [8], [4],
[2], since it is a set of links that share a common physical
resource, such as conduit, cable or duct. Usual assumption is
that correlation between failures is deterministic, implying that
failure of one link in a SRLG always causes failure of all other
links contained in it. In reality, this is not necessarily the case,
so probabilistic models in which the links contained in the
SRLG are damaged with a certain probability in case of failure

have been studied in [9], [10]. Lapčević et.al. [9] studied the
impact of dependency between failures (including SRLGs) on
network availability, and concluded that it is significant.
Various approaches to path provisioning, and more specifically routing and wavelength assignment (RWA) in optical
networks containing SRLGs have been studied [11], [12], [13],
[14] with the common goal of avoiding the failure of working
and spare path at the same time. RWA problem can be expressed as an integer linear program. Since it is in general NPhard, heuristics are often used [15], [16]. Lee and Mondiano
[10] developed more general probabilistic SRLG framework
for studying correlated failures, and formulated a problem
of finding paths with minimum failure correlation as a noninteger linear program. An approach utilizing colored graphs
(graphs containing colored vetrices or edges) for modeling
shared risk resource groups, an unifying concept for both
SRLGs and shared risk node groups has been proposed in
[17], [18], [19]. Multicast routing utilizing path protection in
presence of SRLGs has also been studied [20].
Somewhat related to our work are the papers studying
geographically correlated failures [21], [22], which do not
address SRLGs specifically, but focus on a broader set of
link failures due to accidents and attacks affecting regions. A
comprehensive network reliability framework is proposed in
[23] and its implementation in network simulator is described
in [24]. The framework includes SRLGs as a special case, but
does not consider their effects specifically.
III. O PTICAL NETWORK AVAILABILITY ANALYSIS
In our previous work [25], we analyzed existing simulation
models for optical transport network and found that none
of the existing implementations fit the requirements, so we
developed our own model basing on the infrastructure provided
by network simulator ns-3 [5]. Taking into account the feature
functionality of ns-3 network simulator at the time, we had
to identify the specific areas where it was to be extended to
support simulating optical WDM network. We considered the
differences between the networks that have existing models in
ns-3, which operate almost entirely in the electronic domain,
and the optical WDM networks, which operate in both the
optical and electronic domain. We opted for model based
on components since it is easier to develop, test, verify and
validate, and also because the implementation of feature functionality can happen iteratively, first implementing a feature
and then testing the implementation. In addition, code reusability inherent in object-oriented design reduces the time
needed to develop a similar model.
Components of ns-3 are modules, which consist of one or
more classes which together make one or more models of
real world communication devices, communication channels,
network protocols etc. Abstract base classes used implemented
by every model of a physical network in ns-3 are NetDevice
and Channel. NetDevice describes a network interface
card at a network node; Channel interconnects two or
more network cards and contains delays, losses etc. Models
of complex networks (e.g. WiFi, WiMAX, LTE) frequently

separate PHY layer of the network card from its MAC layer
to allow combining various MAC devices and PHY devices
and facilitate code reuse.
Our optical network model implementation consists of models for common optical transport network components: edge
network devices (class WdmEdgeNetDevice), core network
devices (classes WdmOxcNetDevice, WdmMuxNetDevice
and WdmDemuxNetDevice), physical interfaces (classes
WdmInputPhy and WdmOutputPhy) and channels (class
WdmUnidirectionalChannel). Detailed description of
these classes can be found in [25].
We opted for centralized control paradigm instead of distributed, due to the centralized nature of a network simulation.
The model uses DPP scheme, and uses Dijkstra shortest path
algorithm to find both working path and spare path when
creating logical connections.
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A. Model description
In addition to models for optical network components, our
implementation also supports analysis of availability. For the
present requirements of our research, we implemented models
for additional physical objects and software entities.
WdmNetworkCable is a class modeling a physical cable
containing one or more fibers. It has a physical length,
measured in meters or kilometers, and it contains information
about positions of zero or more unrepaired cable cuts. We
assume that cable cut affects all the fibers in the cable.
SharedRiskLinkGroup is a class modeling a group
containing parts of two or more cables that share a physical
location. If the part of the cable that gets hit by a failure is
contained in the SRLG, other cables in the same group will
also fail at a certain probability. Our model allow configuration
of this probability, ranging from 0 to 1. In case it is 0, the
cables failures will occur independently, while in case it is 1,
each failure affecting SRLG will cause failures of all cables
contained in it.
WdmWavelengthPath is a class modeling a wavelength
path passing through one or more network devices, physical
interfaces and fibers. In case any of these becomes faulty,
WdmWavelengthPath instance is notified about it and it
changes its state from working to failed. Upon repair of a
previously failed network device, physical interface or fiber, it
is also notified and changes its state back to working.
WdmLogicalConnection is a class modeling a logical
connection that has working and spare wavelength path. In
case of failure of working path, spare path is activated, and
connection remains in working state. In case of failure of both
paths, connection changes its state to failed. Upon repair of at
least one path, logical connection switches to it and changes
its state back to working.
WdmLogicalConnectionManager is a class that manages logical connections present in the network, establishing
and tearing down connections on demand.
WdmConnectionAvailabilityTracker is a class
that tracks uptime and downtime of logical connections in the
network. It is used for getting simulation results.
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Figure 2. Test network topology containing 25 nodes and 50 spans [12].

IV. A NALYTICAL COMPUTATION OF NETWORK
AVAILABILITY AND COMPARISON TO SIMULATION RESULTS
Network availability A is a probability that a repairable
system will be in operating state at a random moment in time.
Network operators frequently aim for "five nines" (99.999%)
availability, which translates to less than 5.26 minutes of
network outage per year.
For the evaluation we use the network with 25 nodes and
50 links that can be seen in Figure 2. The link length is taken
to be Euclidean distance between nodes, resulting in mean
distance of 129.40 km with standard deviation of 47.63 km.
The total length of cables in the network is 6470.38 km.
A. Comparison of simulation and analytical results
Logical connection is considered to be in working state if at
least one of working or spare path is in working state, and in
failed state otherwise. Path is considered to be in working state
if all the links it contains are in working state, or equivalently,
none of the links contained in the path are in failed state.
Cables are considered to have failure rate of 114 FIT per
kilometer, which translate to mean time to failure (MTTF)
of approximately 1000 years per kilometer, which equals
8 760 000 hours [26]. We take mean time to repair (MTTR)
to be 6 hours. Finally, we take the nodes to be ideal (have
availability equal 1).
We did not specifically consider optical amplifier failures.
However, one could simply include optical amplifiers in computation by considering the cable lengths to be larger. Namely,
as optical amplifier is considered to have 2850 FIT [27], it has
the same failure rate as 25 km of cable. As we assume one
amplifier per 100 km of cable, a cable 150 km long has one
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Figure 3. Part of the test network used by working and spare paths between
nodes 1 and 4 (case without SRLGs).

Figure 4. Part of the test network used by working and spare paths between
nodes 1 and 4 (case with SRLGs).

optical amplifier and will have the same failure rate as the
cable that has 175 km.
To compare analytical availability results to results obtained
by using Monte Carlo simulation, we evaluate the availability
of the following two logical connections:
• logical connection between nodes 1 and 4, having working path going over nodes 2 and 3, and spare path going
over nodes 21, 25, and 5 (shown in Figure 3);
• logical connection between nodes 8 and 18, having working path going over nodes 10 and 15, and spare path going
over nodes 7, 6, 24 and 20.
We denote availability of logical connection between nodes
i and j by Aconn
i− j , availability of working (spare) path between
spar
nodes i and j by Awork
i− j (Ai− j ), and availability of physical
link between nodes i and j by Ai− j .
Using the analytical approach we obtain availabilities for
logical connections as follows.

logical connection between nodes 1 and 4 passes through
SRLG that contains parts of links 1 − 2 and 1 − 21 and
through SRLG that contains parts of links 3 − 4 and 5 − 4
(shown in Figure 4),
• logical connection between nodes 8 and 18 passes through
SRLG that contains parts of links 8 − 10 and 8 − 7, and
through SRLG that contains parts of links 15 − 18 and
20 − 18.
we denote the availability of SRLG at node i, and
By Asrlg
i
by A∗i− j we denote the availability of the part of the cable
between nodes i and j that is not contained in the SRLG.
•

Aconn
1−4

spar
spar
work
= Awork
1−4 + A1−4 − A1−4 · A1−4 =
∗
∗
∗
= Asrlg
1 · (A1−2 · A2−3 · A3−4 + A1−21 · A21−25 ·

·

A25−5 · A∗5−4 − A∗1−2 · A2−3 · A∗3−4 · A∗1−21 ·

·

A21−25 · A25−5 · A∗5−4 ) · Asrlg
4 =

= 0.999993065984851
Aconn
1−4

spar
spar
work
= Awork
1−4 + A1−4 − A1−4 · A1−4 =

= A1−2 · A2−3 · A3−4 + A1−21 · A21−25 · A25−5 · A5−4 −
− A1−2 · A2−3 · A3−4 · A1−21 · A21−25 · A25−5 · A5−4
= 0.999999911055623

Aconn
8−18

spar
spar
work
= Awork
8−18 + A8−18 − A8−18 · A8−18 =

= A8−10 · A10−15 · A15−18 + A8−7 · A7−6 · A6−24 ·
·

A24−20 · A20−18 − A8−10 · A10−15 · A15−18 · A8−7 ·

·

A7−6 · A6−24 · A24−20 · A20−18 =

= 0.999999902632511
We now consider the case in which working and spare paths
contain coincident SRLGs. Due to complexity of analytical
computation for arbitrary failure dependency between cables
contained in SRLG, we study the specific case with failure
dependency equal to 1. For analytical approach, such failure
dependency implies that one computes availability of an SRLG
as it was a single cable. Furthermore, the SRLG is in series
availability structure with the rest of the cables in the path.
We take two coincident SRLGs to be present at links
incident to source and termination node of logical connection,
each 5 km long. Specifically,

Aconn
8−18

spar
spar
work
= Awork
8−18 + A8−18 − A8−18 · A8−18 =
∗
∗
∗
= Asrlg
8 · (A8−10 · A10−15 · A15−18 + A8−7 · A7−6 ·

·

A6−24 · A24−20 · A∗20−18 − A∗8−10 · A10−15 ·

·

A∗15−18 · A∗8−7 · A7−6 · A6−24 · A24−20 ·

·

A∗20−18 ) · Asrlg
18 =

= 0.999993057590914
By doing 1000 runs1 of Monte Carlo simulation having 109
hours of simulated time per run, we get the the availabilites
shown in Table I. We set the requirement for both standard
deviation and absolute difference between analytical result
and simulation result mean to be lower than 10−5 , which is
the threshold for "five nines" availability. Since the standard
deviation is in order of magnitude of 10−8 in case without
SRLGs and 10−7 in case with SRLGs, we consider the
number of runs was sufficient. Comparing simulation mean
and analytical results results in absolute difference below
1 For doing multiple runs of a single simulation scenario, our model uses
high-level interface provided by ns-3 (description can be found in [28]).
For the purpose of pseudorandom number generation, ns-3 provides builtin MRG32k3a [29] generator. MRG32k3a provides 1.8 · 1019 independent
sequences of random numbers, each containing 2.3 · 1015 subsequences. Each
subsequence has period 7.6 · 1022 .

Table I
D IFFERENCE BETWEEN SIMULATION AND ANALYTICAL RESULTS .
Logical
connection
between nodes

Nodes 1 and 4
(no SRLGs)
Nodes 8 and 18
(no SRLGs)
Nodes 1 and 4
(with SRLGs)
Nodes 8 and 18
(with SRLGs)

Simulation
availability
result

Standard
deviation of
availability

0.999 999 910 399

1.916 × 10−8

Absolute
difference
between
simulation
and analytical
result
6.56 × 10−10

0.999 999 903 363

1.988 × 10−8

7.30 × 10−10

0.999 993 075 031

2.1123 × 10−7

9.047 × 10−9

0.999 993 060 931

2.0268 × 10−7

3.340 × 10−9

10−5 by five orders of magnitude (four in case with SRLGs).
Therefore we consider our model used in simulation validated,
and have reasonable confidence it is suitable for general use.
B. Simulation results for network unavailability
For the case study, we evaluate the scenario where all
pairs of nodes have bidirectional logical connections. As the
test network has 25 nodes, 300 bidirectional connections are
established. The working and spare paths for each logical
connection are made to be both link and SRLG-disjoint if
possible, and link-disjoint otherwise.
We used the following two measures of network availability:
• s,t-availability, defined as the minimum of all logical
connection availabilities,
• g-availability, defined as the probability that all logical
connections in the network are in working state at a
random time.
Unavailability U is a complement of availability defined as
U = 1 − A.
Since availability values are often very close to 1, it is
easier to do comparisons of simulation results based on the
order of magnitude difference in unavailability. Therefore, to
ease the evaluation of the effect of various simulation scenario
settings on network availability, we additionally define s,tunavailability and g-unavailability as complements of s,tavailability and g-availability (respectively).
We simulate the scenarios with 20, 40, 60 and 80 SRLGs
present in the network, each containing two cables. For each of
these numbers of SRLGs in the network we simulate scenarios
with SRLG mean lengths of 1.0 km, 2.0 km, 3.0 km, 4.0 km
and 5.0 km. For each combination we do 1200 runs of Monte
Carlo simulation having 109 hours of simulated time per run.
Based on real data presented in [30], [9], we set failure
dependency between cables contained in the same SRLG to
be 0.7. The consequence of this failure dependency is that, on
average, 70% of the time a failure of a part of cable contained
in SRLG will affect both cables, and the rest of the time will
affect only one. Also, we assume that upon repair, both cables
will be repaired in the common part.

Table II
L INE COEFFICIENTS OBTAINED USING LEAST SQUARES METHOD .
Simulation
case
20 SRLG s,tunavailability
20 SRLG gunavailability
40 SRLG s,tunavailability
40 SRLG gunavailability
60 SRLG s,tunavailability
60 SRLG gunavailability
80 SRLG s,tunavailability
80 SRLG gunavailability

Line slope

Line y-intercept

5.403 × 10−7

1.268 × 10−7

Sum
of
residuals
9.891 × 10−16

9.203 × 10−7

5.117 × 10−6

4.03 × 10−15

1.56 × 10−6

4.06 × 10−8

1.314 × 10−15

4.428 × 10−6

4.973 × 10−6

4.063 × 10−14

2.315 × 10−6

−8.769 × 10−9

3.231 × 10−15

1.006 × 10−5

4.832 × 10−6

1.147 × 10−13

3.025 × 10−6

−7.743 × 10−8

1.01 × 10−14

1.691 × 10−5

4.772 × 10−6

1.641 × 10−13

We evaluate the availability of the network in terms of both
s,t-unavailability and g-unavailability. The unavailabilities obtained by Monte Carlo simulation are shown in Figure 5, along
with "Five nines" availability threshold line.
Simulation results show that linear increase in mean SRLG
length causes linear increase both in s,t-unavailability and gunavailability for all numbers of SRLGs evaluated. We used
the least squares method for obtaining line coefficients that
fit simulation results. The coefficients obtained are shown in
Table II. This results in sum of residuals is in each case below
y values by seven or more orders of magnitude, so we consider
the line to fit our results well.
All this gives us a reasonable confidence to consider our
hypothesis to be true, given the conditions we stated.
It’s also worth noting that standard deviation also increases
with increase in number and mean length of SRLGs. Such
an increase in standard deviation can be explained by larger
variety of scenarios that can happen. Namely, in case with
more and longer SRLGs, the probability that failure of a cable
in the network will hit an SRLG also increases, but still does
not equal 1 so SRLG will not be by every failure.
V. C ONCLUSIONS AND DIRECTIONS FOR FUTURE WORK
We expected that physically longer SRLGs will more negatively impact logical connection and network availability. To
evaluate this, we developed a new model of optical network
components and implemented it in network simulator ns-3.
We validated our model in specific cases by comparing Monte
Carlo simulation results for availability analysis to analytical
results. Results fulfilled our expectations.
In more complex cases other factors impacting network
availability could be studied. Physical factors such as geographical location, altitude and urbanization level of the area
can be taken into account as well as network characteristics
such as routing and wavelength assignment algorithm and
traffic demand patterns.
Since elimination of all SRLGs is costly, partial elimination
in terms of shortening physical length and reducing the number

1.0e-04

20 SRLG s,t-unavailability mean and standard deviation
20 SRLG g-unavailability mean and standard deviation
40 SRLG s,t-unavailability mean and standard deviation
40 SRLG g-unavailability mean and standard deviation
60 SRLG s,t-unavailability mean and standard deviation
60 SRLG g-unavailability mean and standard deviation
80 SRLG s,t-unavailability mean and standard deviation
80 SRLG g-unavailability mean and standard deviation
"Five nines" availability threshold

Network unavailability
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Mean SRLG length (km)
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Figure 5. Monte Carlo simulation results for network unavailability for varying number of SRLGs and varying mean of SRLG physical length.

of SRLGs can be a viable alternative. While the exact network
availability results are hard to obtain analytically, it is possible
to use Monte Carlo simulation to get approximate results and
evaluate different possible improvements.
Finally, in sprit of free open source software, we plan to
write detailed documentation describing the features our model
and submit our code for review and inclusion as a part of ns-3
source code distribution.
ACKNOWLEDGMENT
The authors would like to thank to Tommaso Pecorrela of
Università degli Studi di Firenze for help with ns-3 topology
reader module and to Mathieu Lacage of alcmeon (formerly
INRIA) for help with understanding the design and extending
the ns-3 network simulator core.
R EFERENCES
[1] W. D. Grover, Mesh-based survivable networks: options and strategies
for optical, MPLS, SONET, and ATM Networking. Prentice Hall, 2004.
[2] P. Sebos, J. Yates, A. Greenberg, and D. Rubeinstein, “Effectiveness of
shared risk link group auto-discovery in optical networks,” in Optical
Fiber Communication Conference and Exhibit, 2002. OFC 2002. IEEE,
2002, pp. 493–495.

[3] IETF. (2005, 5) RFC 4054: Impairments and other constraints on optical
layer routing. [Online]. Available: http://www.ietf.org/rfc/rfc4054.txt
[4] J. Doucette, W. D. Grover et al., “Capacity design studies of spanrestorable mesh transport networks with shared-risk link group (srlg)
effects,” SPIE Opticomm. Citeseer, 2002.
[5] T. R. Henderson, M. Lacage, G. F. Riley, C. Dowell, and J. Kopena,
“Network simulations with the ns-3 simulator,” SIGCOMM demonstration, 2008.
[6] J. Spragins, “Dependent failures in data communication systems,” Communications, IEEE Transactions on, vol. 25, no. 12, pp. 1494–1499,
1977.
[7] Y. Lam and V. Li, “Reliability modeling and analysis of communication
networks with dependent failures,” Communications, IEEE Transactions
on, vol. 34, no. 1, pp. 82–84, 1986.
[8] H. Burns, C.-W. Chao, P. Dollard, R. Mallon, H. Eslambolchi, and
P. Wolfmeyer, “Fastar operations in the real at&t transport network,” in
Global Telecommunications Conference, 1993, including a Communications Theory Mini-Conference. Technical Program Conference Record,
IEEE in Houston. GLOBECOM’93., IEEE. IEEE, 1993, pp. 229–233.
[9] O. Lapcevic, M. Lackovic, and B. Mikac, “Impact of dependent failures
on the availability of the optical network,” in Communication Systems,
Networks and Digital Signal Processing, 2008. CNSDSP 2008. 6th
International Symposium on. IEEE, 2008, pp. 423–427.
[10] H.-W. Lee, E. Modiano, and K. Lee, “Diverse routing in networks with
probabilistic failures,” Networking, IEEE/ACM Transactions on, vol. 18,
no. 6, pp. 1895–1907, 2010.
[11] J. Strand, A. L. Chiu, and R. Tkach, “Issues for routing in the optical
layer,” Communications Magazine, IEEE, vol. 39, no. 2, pp. 81–87,

2001.
[12] J. Doucette and W. D. Grover, “Shared-risk logical span groups in spanrestorable optical networks: Analysis and capacity planning model,”
Photonic Network Communications, vol. 9, no. 1, pp. 35–53, 2005.
[13] M. T. Frederick, P. Datta, and A. K. Somani, “Evaluating dual-failure
restorability in mesh-restorable wdm optical networks,” in Computer
Communications and Networks, 2004. ICCCN 2004. Proceedings. 13th
International Conference on. IEEE, 2004, pp. 309–314.
[14] L. Shen, X. Yang, and B. Ramamurthy, “Shared risk link group (srlg)diverse path provisioning under hybrid service level agreements in
wavelength-routed optical mesh networks,” IEEE/ACM Transactions on
Networking (TON), vol. 13, no. 4, pp. 918–931, 2005.
[15] Q. Zhang, J. Sun, G. Xiao, and E. Tsang, “Evolutionary algorithms
refining a heuristic: A hybrid method for shared-path protections in wdm
networks under srlg constraints,” Systems, Man, and Cybernetics, Part
B: Cybernetics, IEEE Transactions on, vol. 37, no. 1, pp. 51–61, 2007.
[16] S. Ramasubramanian and A. Chandak, “Dual-link failure resiliency
through backup link mutual exclusion,” Networking, IEEE/ACM Transactions on, vol. 16, no. 1, pp. 157–169, 2008.
[17] D. Coudert, S. Pérennes, H. Rivano, and M.-E. Voge, “Shared risk
resource groups and survivability in multilayer networks,” in Transparent
Optical Networks, 2006 International Conference on, vol. 3. IEEE,
2006, pp. 235–238.
[18] D. Coudert, P. Datta, S. Pérennes, H. Rivano, and M.-E. Voge, “Shared
risk resource group complexity and approximability issues,” Parallel
Processing Letters, vol. 17, no. 02, pp. 169–184, 2007.
[19] S. Yuan, S. Varma, and J. P. Jue, “Minimum-color path problems
for reliability in mesh networks,” in INFOCOM 2005. 24th Annual
Joint Conference of the IEEE Computer and Communications Societies.
Proceedings IEEE, vol. 4. IEEE, 2005, pp. 2658–2669.
[20] M. Cha, W. A. Chaovalitwongse, Z. Ge, J. Yates, and S. Moon, “Path
protection routing with srlg constraints to support iptv in wdm mesh
networks,” in INFOCOM 2006. 25th IEEE International Conference on
Computer Communications. Proceedings. IEEE, 2006, pp. 1–5.
[21] P. Agarwal, A. Efrat, S. Ganjugunte, D. Hay, S. Sankararaman, and

[22]

[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]

G. Zussman, “The resilience of wdm networks to probabilistic geographical failures,” in INFOCOM, 2011 Proceedings IEEE. IEEE, 2011, pp.
1521–1529.
M. Rahnamay-Naeini, J. Pezoa, G. Azar, N. Ghani, and M. Hayat,
“Modeling stochastic correlated failures and their effects on network
reliability,” in Computer Communications and Networks (ICCCN), 2011
Proceedings of 20th International Conference on. IEEE, 2011, pp. 1–6.
J. Sterbenz, D. Hutchison, E. Çetinkaya, A. Jabbar, J. Rohrer,
M. Schöller, and P. Smith, “Resilience and survivability in communication networks: Strategies, principles, and survey of disciplines,”
Computer Networks, vol. 54, no. 8, pp. 1245–1265, 2010.
E. K. Çetinkaya, D. Broyles, A. Dandekar, S. Srinivasan, and J. P.
Sterbenz, “Modelling communication network challenges for future
internet resilience, survivability, and disruption tolerance: A simulationbased approach,” Telecommunication Systems, pp. 1–16, 2011.
V. Miletic, B. Mikac, and M. Dzanko, “Modelling optical network components: A network simulator-based approach,” in Telecommunications
(BIHTEL), 2012 IX International Symposium on. IEEE, 2012, pp. 1–6.
D. A. Schupke, A. Autenrieth, and T. Fischer, “Survivability of multiple
fiber duct failures,” in Third International Workshop on the Design of
Reliable Communication Networks (DRCN), Budapest, Hungary, 2001.
J. Saxena and A. Goel, “Reliability and maintainability of passive optical
component,” International Journal of Computer Trends and Technology,
vol. 21, no. 1, 2011.
ns 3 Project, ns-3 Manual, version 3.16. [Online]. Available:
http://www.nsnam.org/docs/release/3.16/manual/singlehtml/index.html
P. L’ecuyer, R. Simard, E. J. Chen, and W. D. Kelton, “An object-oriented
random-number package with many long streams and substreams,”
Operations Research, vol. 50, no. 6, pp. 1073–1075, 2002.
L. Wosinska, D. Colle, P. Demeester, K. Katrinis, M. Lackovic,
O. Lapcevic, I. Lievens, G. Markidis, B. Mikac, M. Pickavet et al.,
“Network resilience in future optical networks,” Towards Digital Optical
Networks, pp. 253–284, 2009.

