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ABSTRACT

This study investigates the problem of fault management in a wavelength-division multiplexing (WDM)-based
optical mesh network in which failures occur due to fiber cuts. In reality, bundles of fibers often get cut at the
same time due to construction or destructive natural events, such as earthquakes. Fibers laid down in the same
duct have a significant probability to fail at the same time. If two fibers reside in the same cable (bundle of
fibers) or the same duct, we say that these two fibers are in the same Shared Risk Group (SRG). When path
protection is employed, we require the primary path and the backup path to be SRG-disjoint, so that the network
is survivable under single-SRG failures. Moreover, if two primary paths go through any common SRG, their
backup paths cannot share wavelengths on common links. This study addresses the routing and wavelength-
assignment problem in a network with path protection under SRG constraints. Off-line algorithms for static
traffic is developed to combat single-SRG failures. The objective is to minimize total number of wavelengths
used on all the links in the network. Both Integer Linear Programs (ILPs) and heuristic algorithms are presented
and their performances are compared through numerical examples.

Keywords: WDM, mesh networks, path protection, shared risk group, duct layer, routing, wavelength-assignment

1. INTRODUCTION

In a wavelength-routed WDM network, Lightpaths® are set up to allow end users to communicate with one
another via all-optical WDM channels which may span multiple fiber links. Once a lightpath is set up, a node or
a link failure may lead to the failure of all the lightpaths that traverse the failed node or link. In order to minimize
the data loss when a link failure occurs, various protection and restoration schemes have been developed.! ™10

In a mesh network, path-protection mechanisms usually lead to better resource utilization compared to link
protection. The problem of dynamic lightpath establishment (DLE) is studied in!! on a WDM optical network
with dedicated-path protection and shared-path protection. In this study, we solve the routing and wavelength-
assignment (RWA) problem in a WDM mesh network under duct-layer constraints with path protection.

In path protection, each connection has two paths: a primary path and a backup path. The two paths must
be fiber-disjoint so that the network is survivable under single-fiber failurest. In practice, fibers are put into
cables, which are buried into ductst under the ground. A fiber cut usually occurs due to a duct cut during
construction or destructive natural events, such as earthquakes, etc. When a duct is cut, normally all of the
fibers in the duct fail at the same time. Hence, a network survivable to a single-fiber failure is not necessarily
survivable in duct-failure scenarios. A desired backup path of a given connection should not share any duct with
the primary path of the same connection.
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* A lightpath can be unidirectional or bidirectional; in this study, all lightpaths are assumed to be unidirectional.

tIn this study, the term “fiber” refers to a bidirectional fiber link, while the term “link” refers to an unidirectional fiber
link. Note that these notations are the same as in” but different from those in.!* A “link” in'! is equivalent to a “fiber”
in this study.

tA “duct” is a bidirectional physical pipe between two end nodes.



We must also consider the duct-layer topology when we decide whether two primary connections can share
certain wavelengths on certain links on their backup paths. If two primary paths go through the same duct,
their backup paths cannot share any common wavelengths on any common links.

To summarize, in order to make a network survivable to single duct failures, we must look at both the
link-layer topology and the duct-layer topology when we compute:

e two duct-disjoint paths between the same source-destination pair, and

e the backup wavelength for a connection if shared-path protection is utilized.

If two fibers reside in the same cable (bundle of fibers) or the same duct, we say that these two fibers are
in the same Shared Risk Group (SRG). Note that a SRG is more general than a duct. A SRG can be defined
as any group of links which are likely to fail at the same time. Random links can be grouped into the same
SRG but cannot always be residing in the same duct because of physical limitations. The routing algorithm
with general SRG constraints are more difficult to solve than with duct-layer constraints.!? However, a duct is
usually the major concern for defining a SRG. In this study, ILP formulations are developed to solve the RWA
problem under duct-layer constraints. The duct-layer constraints in these ILPs can be directly translated to SRG
constraints and the resulting ILPs are still correct. Heuristics are provided for solving the problem only under
duct-layer constraints. Shared-path protection is considered. Although this study considers the type of networks
in which no wavelength conversion is available, i.e., under the wavelength-continuit constraint, the extension to
wavelength-convertible networks is straightforward.

Integer Linear Programming (ILP) is often used to find an optimal solution when static traffic is consid-
ered. Several ILPs for solving the path-protection problems are developed in and.  The programs
assign wavelengths to a given set of connections according to certain protection requirements, so that the total
number of wavelengths on all the links (which we refer to as total number of wavelength-links) is minimized
for a given network. The input to the programs includes a set of fiber-disjoint alternate routes between each
source-destination pair. However, there is no description on how the alternate routes are generated. In fact, the
quality of the alternate routes greatly affects how optimal the solutions of the ILPs are, as well as how fast the
ILPs can be solved. References and consider the RWA problem with shared-link protection in a mesh network
with similar objectives. The revenue optimization problem related to various protection types is examined in.
Heuristics can be applied to the RWA problem with different protection schemes. In,'® the routing problem
and the wavelength-assignment problem are solved separately. Several routing heuristics are developed and a
vertex-coloring approach is used to solve the wavelength-assignment problem for various protection and restora-
tion schemes in.'® None of the work mentioned above has considered SRG constraints when solving the RWA
problem. In this study, we solve both the routing and the wavelength-assignment problems under the SRG or
duct-layer constraints, using both a combined approach and a divide-and-conquer approach.

In Section , we develop an Integer Linear Program (ILP) to solve the RWA problem for shared-path pro-
tection. Because the ILP is too time-and-space-intensive to solve, we employ divide-and-conquer techniques to
solve practical instances of the problem in the following sections. Section attacks the routing problem, in which
both an ILP and a heuristic algorithm are provided. We solve the wavelength-assignment problem with an ILP
as well as a heuristic in Section . Numerical examples are presented in Section and Section concludes the
study.

.CO BIN D ROUTIN AND A N T ASSI N NTI

In this section, we develop ILP formulations of the RWA problem with shared-path protection. The objective is
to minimize the total number of wavelength-links.

An ILP for solving the routing problem with the wavelength-continuity constraint is given in.!

ILP contains similar routing constraints.

The following
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In the following ILP formulations, a link is denoted as an ordered pair 1 2 where ; and , are two end
nodes. However, a duct is also denoted as 1 2 but it is a non-ordered pair. Hence, in our formulations, a
link has a direction while a duct does not. Note that although we use a node pair to represent a duct, actually
a single identifier will suffice. This notation can also be replaced by a single identifier denoting a SRG in the
following ILP.

The following are given as program inputs:

e N: number of nodes in the network (the nodes are numbered from through N).
e E: number of links in the network.

e D: number of ducts in the network.

e W: number of wavelengths available on each link (the wavelengths are numbered from through W, and
the same number of wavelengths are available on all links).

. 1 2 : the set of ducts in the duct-layer topology.

. 1 2 : the set of links in the link-layer topology.

e The duct list that each link goes through. When a link 1 goes through a duct 12,
we denote this relationship as

. : the traffic-demand matrix, where is the number of lightpath requests from node to
node

The ILP will solve for the following variables:

. takes on the value of if wavelength  on link is carrying traffic from source node to
destination otherwise.

. takes on the value of if wavelength on link is used to protect the connection from source
node to destination otherwise.

. is the number of wavelengths on link used for working traffic.

. is the number of wavelengths on link used for backup traffic.

. is the number of primary lightpaths from source node to destination node allocated on wavelength

. takes on the value of if wavelength is utilized by some restoration route that traverses link

otherwise.
. takes on the value of if wavelength is utilized on link by some restoration route from node

to node when duct fails otherwise.
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e e: Minimize the total number of wavelength-links:

( ) ()
e o
Demand between each source-destination pair is satisfied on primary paths:
()
1
Flow-conservation constraints on primary paths:
if
if ()
otherwise
onstraints on the number of rerouted lightpaths between node pair () when duct fails:
()
1 1
()
1 1
()
()
Flow conservation under wavelength-continuity constraint on protection paths:
()
Link cannot protect duct if it goes through duct
()
Two lightpaths protected by the same wavelength  on the same link cannot go through the same duct
)
1
onstraints indicating whether a wavelength  on link is used by some protection path:
)



Wavelength  on link can only be utilized by either a primary path or protection paths:

1

onstraints indicating whether a wavelength  on link is used by some protection path between node

pair ( ):
()
()

A primary path should not have more than one protection path:

Number of primary lightpaths traversing link

Spare capacity required on link

.SO0 IN T ROUTIN ROB

In solving practical problems, ILP is too complex in terms of number of variables and size of the search space.
In order to make the RWA problem for shared-path protection more tractable, we divide the problem into two
subproblems: the routing problem and the wavelength-assignment problem. The routing step searches for two
duct-disjoint paths between each source-destination pair. The wavelength-assignment step assigns a wavelength
to each path, and the backup paths may share wavelengths if they satisfy certain constraints. The same technique
can be applied to dedicated-path protection also. This section addresses the routing problem, and the next section
examines the wavelength-assignment problem. The solution obtained from the following routing approaches can
be applied to both shared-path protection and dedicated-path protection.

d.1
o os

The following are given as program inputs:

e N: number of nodes in the network (the nodes are numbered from through N).

. 1 2 : the set of ducts in the duct-layer topology.
. 1 2 : the set of links in the link-layer topology.
e The duct list that each link goes through. When a link 1 goes through a duct 1 2

we denote this relationship as

. : the traffic-demand matrix, where if a pair of duct-disjoint paths are to be found
between node pair ( )  otherwise.



The program will solve for the following variables:

: number of lightpaths owing from source to destination on link
: number of lightpaths owing from source to destination on duct

o

€ o:

If there is no link between a pair of nodes, then there will not be any traffic ow directly from one node to
another:

()
If there is no demand between a pair of nodes and
()
Flow-conservation constraints:
if
if ()
1 1 otherwise
Any two paths between the same source-destination pair should be duct-disjoint:
()
()
()
ILP can be varied in several ways according to different needs, as follows.
e By substituting the objective with:
()
()

we can search for a load-balancing type of routing, as in.!

We can search for the maximal number of duct-disjoint paths between a certain source-destination pair
() by setting to and leaving all the other demands as . By substituting the number in
Eqn. ( ) with a different number , we can decide whether or not  duct-disjoint paths exist between
node and node . A binary search will give us the maximal value of such that duct-disjoint paths
exist between node and node

By eliminating Eqn. ( ) and setting the demand according to real traffic demand (in terms of number of
lightpath requests), ILP can be used to solve the dedicated-path protection problem. This is because the
objective in dedicated-path protection is actually decided by the routing alone.
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Below, we give a heuristic algorithm for finding two duct-disjoint paths in a network with two layer topologies:
the duct layer and the link layer. Each path is a concatenation of links.

The heuristic uses the algorithm of Suurballe and Tarjan.! The problem statement of Suurballe s algorithm
is:

Given a graph ( ) where is the vertex set and is the edge set, find a pair of edge-disjoint paths
from vertex to vertex such that the total edge cost of the two paths is minimal among all such path pairs.

The algorithm runs in (2 ) time, where is the number of vertices of graph . We can adopt Suurballe s
algorithm for computing duct-disjoint paths. The inputs to the heuristic are a duct-layer topology graph and
a link-layer topology graph the heuristic computes a pair of duct-disjoint paths from node to node . The
heuristic consists of three steps:

. On the duct-layer topology, compute a pair of edge-disjoint paths from vertex to vertex ,using Suurballe s
algorithm.

. Each link is a concatenation of ducts, and each path we have for now is also a concatenation of ducts. If we
look at each duct as a character and both concatenations as strings, we may find that some links appear
as a sub-string in a given path. We can now use any standard string-matching algorithm (such as MP1! )
to replace the sub-string of the paths with the corresponding links, until no such replacement is possible.

. Now check the paths to see if every adjacent pair of vertices are connected by a link in the link-layer
topology. If so, output the two paths and return true otherwise, return false.

Note that the heuristic is not guaranteed to be successful for two reasons:

. There might not exist two duct-disjoint paths between a node pair.

. Even if there does exist a pair of duct-disjoint paths, they might not have the correct mapping to the link
layer, because some ducts or concatenation of ducts do not map to links or concatenation of links.

The sufficient (but not necessary) conditions for the heuristic to be successful are:

. There exists a pair of duct-disjoint paths between a node pair, and
. For each edge ( 1 2) in the duct-layer topology, there is a corresponding edge ( 1 2) in the link-layer
topology.

A N T ASSI N NT A ROAC S

This section discusses wavelength-assignment algorithms for shared-path protection. A good wavelength assign-
ment can improve sharing among backup paths and hence reduce the total number of wavelength-links. We
develop an ILP formulation and a heuristic algorithm for solving this problem.

d.1
o os
e : number of nodes in the network (numbered through ).
. : number of node-pairs, numbered through
e : number of links in the network (numbered through ).
e : number of wavelengths on a link (numbered through ).

e : number of ducts in the network (numbered through ).



e : Set of alternate routes for node-pair .

: Number of alternate routes between each node pair.

e : Set of eligible alternate routes between node-pair after duct fails.

. : Demand for node-pair , in terms of number of lightpath requests.

e The duct list that each link goes through. If a link goes through a duct , we say

We require the ILP to solve for the following variables:

e : Number of spare wavelengths used on link

e : Number of wavelengths used by primary lightpaths on link

. takes on the value of if the route between node-pair is used as primary path and assigned
wavelength otherwise.

. takes on the value of if some protection route traverses link and is assigned wavelength
otherwise.

. takes on the value of if the route between node pair is used for protection path and is assigned
wavelength otherwise.

ee ss e or red roe o

e e: Minimize the total capacity used:

e o:

Number of wavelengths being used on each link is bounded:

Demand between each node pair is satisfied:

1 1

Definition of the number of primary lightpaths traversing link

Definition of the number of wavelengths used for protection paths on link



onstraints indicating whether wavelength  on link is used for some protection paths:

Only one primary or backup lightpath can use wavelength  on link

Definition of the total number of rerouted lightpaths between node-pair when duct fails:

Two primary paths that share the same duct cannot be backed up with the same wavelength on the same
link:

.. A

This section provides a heuristic algorithm (Heuristic IT) for assigning wavelengths to connections with the input
of a pair of duct-disjoint paths between each source-destination pair. The objective is still to minimize the total
number of wavelength-links. In order to minimize the total resource usage, the heuristic tries to minimize the
resources used for primary connections, as well as to maximize the sharing among the backup resources.

Heuristic IT works as follows:

. sort the connections according to the total length of their two paths, in decreasing order,
. remove connection from the head of the connection list,

. use First-Fit to assign a wavelength to s primary path,

. use Last-Fit to assign a wavelength to s backup path, and

. if the connection list is empty, return otherwise, go to Step

Note that the First-Fit and Last-Fit algorithms work differently for a primary or a backup connection.
Reference'! illustrated these procedures in detail.

Note that the first step is needed if fairness is considered, because longer connections are more likely to be
blocked. We will compare the heuristic with ILP in Section
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Three example networks: (a) Network :
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3: a 3-node network. The number on each link represents the weight of the link.

a 0-node network; (b) Network 2: a 6-node network; and (c) Network

solution
wavelengths | demands | constraints | variables | value | time RAM
Network , y min MB
Network , , min MB
Network , , sec MB
esults from I
solution by ILP solution by
demands | constraints | variables | value time RAM Heuristic I
Network sec MB
Network sec MB
Network sec MB
Network sec MB
esults from I 2 and Heuristic 1.
solution by ILP | solution by
wavelengths | demands | constraints | variables | value time RAM | Heuristic II
Network hr MB
Network sec MB
Network sec MB
Network sec MB

esults from I

3 and Heuristic II.




.I TUSTRATI NU RICA A S AND DISCUSSION

In this section, we study numerical examples to illustrate the ILP formulations and heuristics described in the
previous sections. We apply the ILP formulations and heuristics on the three networks shown in Figure

We use PLE to solve the above ILPs. Tables through show the results reported by PLE when
solving each ILP formulation. The PLE solver was run on a MHz Pentium processor with GB RAM
space. PLE stops when it finds the optimal solution. If it cannot find the optimal solution within some time
period or some RAM space, it stops and reports the best solution it has found so far. In the tables, numbers
that are asterisked indicate the best solution reported by PLE , and numbers without asterisk indicate the
optimal solution found.

Table shows the results when solving ILP . We observe that there are too many constraints and variables
even for Network with lightpath demands. So, in practice, when solving the RWA problem with shared-path
protection, we have to use divide-and-conquer techniques to make the problem more tractable.

Table shows the results from ILP as well as the results from Heuristic I. We observe from Table that
the performance of Heuristic I is very close to that of ILP . In practice, we can use Heuristic I to solve the
dedicated-path protection as well as the routing problem when shared-path protection is used. In the rest of the
study, we used Heuristic I to generate the input of alternate routes to ILP .

Tables records the results of PLE when solving ILP , as well as the results obtained by Heuristic II.
ILP has significantly less constraints and variables than ILP and hence can be used to solve problems with
larger number of traffic demands. However, it cannot obtain an optimal solution within limited time in some
cases. However, Heuristic II can obtain a solution which is close to what ILP generates and Heuristic II finds a
solution much faster. Hence, in practice, Heuristic IT can be applied to solve the wavelength-assignment problem
with shared-path protection.

. CONC USION AND UTUR R S ARC

In this study, we have investigated different ILP formulations and heuristics for solving the routing and wavelength
assignment (RWA) problem in a WDM mesh network when duct-layer constraints are considered and shared-path
protection is employed. The following list summarizes the contributions of this study:

e an ILP formulation for combined routing and wavelength assignment with shared-path protection under
duct-layer constraints

e an ILP formulation for routing each demand with duct-disjoint paths
e an ILP formulation for wavelength assignment with shared-path protection under duct-layer constraints

e a routing heuristic which applies Suurballe s algorithm to duct-layer topology and computes duct-disjoint
paths between each source-destination pair and

e 3 heuristic for wavelength-assignment with shared-path protection under duct-layer constraints.

With shared-path protection, the combined RWA formulation (ILP ) is too complex to solve with limited time
and computing resources. A divide-and-conquer method is employed to partition the problem into two parts:
(a) routing and (b) wavelength assignment. The routing problem can easily be solved by ILP or Heuristic I.
The wavelength-assignment problem can be solved by ILP or Heuristic II.

This study is focused on static traffic only. The RWA problem with shared-path protection with dynamic
traffic is of future research interest.
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