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Abstract—A fundamental problem in survivable routing in
WDM optical networks is the computation of a pair of link-
disjoint (or node-disjoint) lightpaths for a given pair of source
and destination nodes. However, this problem is NP-hard in
general mesh networks. As a result, heuristic algorithms and ILP
formulations have been proposed. In this paper, we advocateto
use 2-connected subgraphs of minimum isolated failure immune
networks as the underlying topology for WDM optical networks.
We present a polynomial time algorithm for computing a pair of
link-disjoint lightpaths in such networks. Extension to the node-
disjoint case is straightforward. Numerical results are presented
to demonstrate the scalability and effectiveness of our algorithm.

1. INTRODUCTION

A. Overview of Related Work

Optical networks implemented using wavelength division
multiplexing techniques, called wavelength-routed networks,
are considered promising candidates for the backbone high-
speed wide area network [32? ? ? , 33]. Among other things,
wavelength routing allows logical/virtual topologies to be built
on top of physical topologies to reflect the traffic intensities
between the various nodes as well as to provide reliable services
by allowing for reconfiguration in the event of failures. Our
focus is on survivable routing in all optical WDM networks
where there is no wavelength converters. In such networks,
data is transmitted along alightpath, which is a path in the
network with a chosen wavelength available on every link of the
path [6]. Since optical links carry a very high volume of data,
survivability is a very important issue. To establish a survivable
connection between two nodesu andv, it is desirable to find
a pair of link-disjoint (or node-disjoint) lightpaths connecting
these two nodes. In this setting, one of the lightpaths is used
as the working path, while the other is used as a backup. In
the event of a single link (or node) failure, the connection can
be quickly switched to the backup lightpath. If the network is
not 2-edge connected, it is not always possible to find a pair of
link-disjoint paths connecting a given pair of nodes. Therefore
we are interested in networks whose underlying topology is 2-
edge connected or 2-vertex connected (also called 2-connected).
While survivability is an important issue, quality of service
(QoS) is also often required. In the following we present a
broad overview of the different issues in survivability andQoS
provisioning in optical networks.
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B. Disjoint Lightpath Routing

In a WDM optical network, each fiber link can carry a num-
ber of wavelengthsΛ = {�1, �2, . . . , �W }. A WDM network
is commonly modeled by an undirected graphG = (V,E,Λ),
whereV is the set ofvertices, denotingnodesin the network;
E is the set ofedges, denotinglinks (or optical fibers) in the
network;Λ = {�1, �2, . . . , �W } is the set ofwavelengthsand
Λ(e) ⊆ Λ is the set of wavelengths available on linke. The
terms vertices and nodes are used interchangeably, as well as
edges and links. In this model, each undirected link[u, v] in
the network represents a bidirectional link connectingu andv.
Whenever a link is used by a connection, it is occupied in both
directions.

In WDM networks, data packets are transmitted alonglight-
paths [6? ]. A lightpath P (s, t, �) between nodess ∈ V and
t ∈ V on wavelength� ∈ Λ is ans–t path�(s, t) in G which
uses wavelength� on every link of path�(s, t). We assume
that the nodes do not have wavelength converters (the use of
wavelength converters is considered expensive in current WDM
networks) and as a consequence, each lightpath must maintain
the same wavelength throughout the entire path. This is known
as thewavelength continuity constraint.

Cuts in fibers are considered to be one of the most common
failures in optical networks, while failures of routers arealso
possible. Since each link has many wavelengths, several light-
paths may pass through the same link. Therefore the failure
of a particular linke may affect many existing connections–
all the connections whose lightpaths use linke. To tolerate
a single link (node, respectively) failure in the network, the
path protection scheme of fault management establishes an
active lightpathand a link-disjoint (node-disjoint, respectively)
backup lightpath, so that in the event of a link failure (node
failure, respectively) on the active lightpath, data can bequickly
re-routed through the backup lightpath. In the dedicated path
protection scheme, an alternate path is maintained in a stand-by
mode for every source-destination path used for data transmis-
sion. These paths are referred to as thesecondaryor backup
path and theprimary or activepath, respectively.

Figure 1 shows a WDM network (with8 nodes and10 links)
and 2 existing connections. The active and the backup paths
between the nodesa andd area-b-d on wavelength�1 anda-
f -d on wavelength�2, respectively. The active and the backup
paths between the nodesf andℎ aref -g-ℎ on wavelength�2

andf -d-ℎ on wavelength�1, respectively. Clearly, in order to
tolerate any single link (node, respectively) failure, thebackup
path should not be sharing any fiber link (node, respectively)
with its corresponding active path. Thus the backup path should
be link-disjoint (node-disjoint, respectively) with the active
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Fig. 1. Active and backup lightpaths in a WDM network are link-disjoint.

In order to compute a pair of link-disjoint active-backup
lightpaths, the current literature uses what is known as the
shortest active path first(APF) heuristic [11, 22], which first
computes a shortest lightpath as a candidate for the active
path, then finds the shortest lightpath that is link-disjoint
from the candidate path. Computational studies show that the
APF heuristic is quite effective in practice [11], but thereis
no performance guarantee for the APF heuristic. When the
APF heuristic fails to find a pair of disjoint lightpaths, we
would not know whether or not such a pair exists. Therefore
researchers proposed integer linear programming (ILP) formu-
lations [5, 25, 35? , 36]. Although the ILP formulation of the
problem can be used to find optimal solutions, solving an ILP
may take exponential time in the worst case.

In [3], Andersenet al. proved that the problem of computing
a pair of disjoint (either link-disjoint or node-disjoint)lightpaths
in a WDM network is NP-hard, asserting a commonly held be-
lief in the WDM networking research community [4, 11]. They
also designed an enhanced version of the commonly used active
path first heuristic and presented simulation results showing
that their new heuristic finds optimal solutions in99.8% of the
cases tested, while using only a fraction of the time required
by the integer linear programming based algorithm. Yuan and
Jue [46] independently proved the hardness of the disjoint
lightpath routing problem almost at the same time. Hardness
of a related problem [4] was proved by Hu [20]. Other related
works can be found in [2, 10, 13, 16, 17, 23, 26, 27, 31, 34?
? , 35].

C. Disjoint Paths in Networks

To make our review of literature as complete as possible we
present below a review of works that relate to the problem of
finding link/node disjoint paths in a network. Here the paths
are not required to be lightpaths.

Given a pair of vertices, finding edge/vertex-disjoint paths
(not lightpaths) between these vertices is a fundamental prob-
lem of great value in several applications such as fault tolerant
routing in communication networks, network survivabilityand
VLSI design. A more recent application is in the design of
survivable logical topology mapping in IP over WDM Optical
networks [1],[2]. In view of its importance, this problem has
been studied extensively in the literature. Ford and Fulkerson
proposed a polynomial-time algorithm for computing two paths
with minimum total cost based on minimum-cost network flow

model [3]. Suurballe and Tarjan presented algorithms that are
more efficient [4], [5]. Xiao etal [6] ,[7] studied the problem
of finding two or more disjoint paths that minimize total
cost and also satisfy constraints on total delay of these paths.
They provided approximation algorithms using integer linear
programming formulations and Lagrangian relaxation. If ina
given situation disjoint paths do not exist, then one may be
interested in paths that satisfy certain constraints on thenumber
of overlapping paths/nodes Recently, Wanget al. [8] provided
algorithmic frameworks that can be used to solve a number of
different variants of this problem.

Given 2k vertices s1,..., sk , t1,..., tk ,the problem of con-
structing k disjoint paths pi from si to ti (1 i k) is considerably
more complicated than the case when only one pair of vertices
is involved. Both, the edge- and the vertex-disjoint version of
the problem, are NP-hard in the case of directed graphs. For a
good review of current literature on this may be found in [9].
Reference [9] studied this problem extensively for the caseof k
=2. In particular, they showed that theO(mn)-time algorithm
of Shiloach [10] can be modified to solve the 2-vertex-disjoint
paths problem in onlyO(n +m(m,n)) time, where m is the
number of edges in G, n is the number of directed graphs
and denotes the inverse of the Ackermann function. They
also improved the running time for the 2-edge-disjoint paths
problem on undirected graphs as well as the running times for
the 2-vertex- and the 2-edge-disjoint paths problem on dags.

Some of the other works related to the disjoint paths problem
may be found in [11]-[16].
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Throughout the paper, we will use the terms vertex (as well
as edge and graph, respectively) and node (as well as link and
network, respectively) interchangeably. We will concentrate on
undirected networks. Therefore a link connecting nodesu and
v is denoted by either[u, v] or [v, u].

2. MINIMUM ISOLATED FAILURE IMMUNE NETWORKS

In order to provide network survivability, a price to pay is
redundancy in network elements. Here a network element can
be either a link or a node. Complete graphs offer the most
survivability, but have the highest redundancy–there is a link
connecting every pair of nodes. Trees have no redundancy
(among connected networks), but offer no survivability–both
node failures and link failures are catastrophic for a tree
network. A ring network can survive single node failure or
single link failure, but two link failures will leave the network
disconnected. Many methods have been proposed to design
networks which are immune to certain types of node and link
failures; most of them try to overcome failures by having a
network with large connectivity [18]. In this section, we take a
close view of the class of networks known as minimum isolated
failure immune networks [12, 42].

A. 2-Tree Networks

We start with the definition of 2-tree networks. We use[u, v]
to denote a link connecting nodesu andv. Since we deal with
undirected networks,[u, v] and[v, u] both denote the same link.
We use△xyz to denote the triangle with nodesx, y, z and links
[x, y], [x, z] and[y, z]. The nodes in a triangle are not ordered.
Therefore△xyz, △yxz, etc., all mean the same triangle.

Definition 2.1 (2-Tree Networks): A 2-treecan be defined
recursively as follows, and all 2-trees may be obtained in this

way. A triangle is a 2-tree. Further, given a 2-tree and a link
[x, y] of the 2-tree, we can add a new nodez adjacent to both
x andy; the result is a 2-tree. □

Example 1: Fig.2(a) shows a 2-tree network. Initially, the
triangle△ABC is a 2-tree with node set{A,B,C} and link set
{[A,B], [A,C], [B,C]}. Next, we add a new nodeD adjacent
to both A and C ([A,C] is a link in the current 2-tree),
leading to the 2-tree with node set{A,B,C,D} and link set
{[A,B], [A,C], [B,C], [A,D], [C,D]}. To describe the above
process, we saynodeD expands out of link[A,C]. We can
continue this process toexpandthe 2-tree constructed so far to
obtain the 2-tree shown in Fig.2(a).

One way to obtain the 2-tree shown in Fig.2(a) from the
2-tree on node set{A,B,C,D} is to execute the following
sequence of expansion operations. (1) Expand nodeF out of
link [B,C]; (2) expand nodeH out of link [C,F ]; (3) expand
nodeI out of link [B,F ]; (4) expand nodeJ out of link [B, I];
(5) expand nodeK out of link [I, J ]; (6) expand nodeX out
of link [I, F ]; (7) expand nodeZ out of link [I, F ]. Another
way to obtain the 2-tree shown in Fig.2(a) from the 2-tree on
node set{A,B,C,D} is to execute the following sequence of
operations. (1) Expand nodeF out of link [B,C]; (2) expand
nodeI out of link [B,F ]; (3) expand nodeZ out of link [I, F ];
(4) expand nodeX out of link [I, F ]; (5) expand nodeJ out of
link [B, I]; (6) expand nodeH out of link [C,F ]; (7) expand
nodeK out of link [I, J ]. □
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Fig. 2. (a) A 2-tree on11 nodes. This graph is isolated failure immune (IFI).
(b) A 2-connected partial 2-tree. This graph is not isolatedfailure immune.

One can verify that every ring network is a subgraph of some
2-tree network that spans the same set of nodes. However, a
2-tree network might not have a ring subgraph that spans the
same set of nodes. For example, the 2-tree in Fig.2(a) does
not have a ring subgraph that spans all of its nodes. Fig.2(b)
shows a minimum (defined by the number of links) 2-connected
subgraph of the 2-tree in Fig.2(a).

Our algorithms rely on aseparation propertyof 2-trees [39]:
For every link [x, y], the graph can be partitioned into one or
more components, which pairwise intersect only in[x, y], and
the union of these components is the entire 2-tree. Moreover,
each component so obtained is a 2-tree and the removal ofx and
y from a component does not disconnect the component. When
this partition for link [x, y] contains only a single component,
the link is called aperipheral; otherwise, the link is called a2-
separator. Furthermore, we have the following property ([39]).

Lemma 2.1 ([39]): Let [x, y] be a 2-separator in a 2-tree
T. Let S1 and S2 be two of the components induced by the
2-separator[x, y]. Then

3



1) Let �1 be a path withinS1 that does not use link[x, y],
and�2 be a path withinS2 that does not use link[x, y].
Then�1 and�2 do have any common link, and do not
have any common node other thanx andy.

2) Let a be a node inS1 other thanx and y, and b be a
node inS2 other thanx andy. Then anya–b path inT

must go through eitherx or y. □
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Fig. 3. The 2-tree in Fig.2(a) can be partitioned into 3 components which
pairwise intersect at link[I, F ]: (a) the component that contains nodeA; (b)
the component that contains nodeX; (c) the component that contains nodeZ.

Example 2: We use the 2-tree in Fig.2(a) to illustrate the
above concepts. The links[A,C], [B,C], [B,F ], [B, I], [C,F ],
[F, I] and[I, J ] are 2-separators. All other links are peripherals.

The 2-tree can be partitioned into three components at link
[F, I], shown in Fig.3(a)-(c). The three components pairwise
insert only at link[F, I]. Let �1 be the path(F,C,B, I) and
�2 be the path(F,X, I). Clearly, the two paths do not share any
common link, or any common node other thanF andI. Since
A andZ are in two different components, any path connecting
A to Z must go through either nodeF or nodeI. □

B. Minimum Isolated Failure Immune Networks

Farley [12] studied an important class of networks, which
can survive many simultaneous node and link failures, as long
as they areisolated. Here two node failures are isolated if the
nodes are not adjacent; two link failures are isolated if the
links do not meet at a node; a node failure and a link failure
are isolated if the failed link is not incident to the failed node.

Definition 2.2 (IFI Networks): A network is said to be
isolated failure immune (IFI)if all pairs of functional nodes can
still communicate, as long as the failures are pairwise isolated.
An IFI network is called aminimum IFI network, if it has the
minimum number of links among all IFI networks on the same
number of nodes. □

Example 3: The network in Fig.2(a) is IFI. When nodesD,
H , K, and links [A,C], [B, J ] fail simultaneously (note that
these network elements are pairwise isolated), the functional
nodes are still connected. The simultaneous failures of links
(F,Z) and (I, Z) will leave nodeZ disconnected from the
other nodes. However, the links(F,Z) and (I, Z) are not
isolated, because they are both incident to nodeZ. The simulta-
neous failures of nodesI andF will leave nodeX disconnected
from the other functional nodes. Again, the two failures (nodes
I andF ) are not isolated.

The network in Fig.2(b) is 2-connected, but not IFI. For
example, simultaneous failures of nodesB andC would leave
nodesA andD disconnected from the other functional nodes.
Note that nodesB and C are isolated. Also, simultaneous

failures of link [B, J ] and nodeH (two isolated components)
leaves nodeA disconnected from nodeZ. □

Farley [12] gave a detailed discussion of both the merits and
the usage of IFI networks as survivable networks. In addition,
he showed that IFI networks onn nodes have at least2n− 3
links. He further demonstrated thatevery 2-tree is a minimum
IFI network . Later [42], Wald and Colbourn proved thatevery
minimum IFI network is a 2-tree . They also studied a class of
networks known aspartial 2-trees: subgraphs of 2-trees. They
presented a linear time algorithm to verify whether a given
graph is a partial 2-tree, and when the graph is a partial 2-tree,
to complete it to a 2-tree by adding artificial links. Both trees
and rings are partial 2-trees. The nice structure of minimum
IFI networks (and its subgraphs) have been exploited by many
researchers in diverse applications. Many otherwise intractable
problems can be solved efficiently on such networks [8, 9, 30,
42].

C. Survivable WDM Networks with Minimum IFI Topologies

A fundamental problem in survivable routing in WDM based
all optical networks is the computation of a pair of link-
disjoint (or node-disjoint) lightpaths connecting a source node
with a destination node. Unfortunately, this problem is NP-
hard [3, 20, 46]. Therefore ILP formulations and best-effort
heuristic algorithms have been proposed to tackle this problem.
However, ILP formulations are not scalable, and heuristic
algorithms may fail to find a pair of link-disjoint lightpaths
when one exists. Therefore a challenging fundamental problem
in survivable optical network design is the following:

Is there a class of network topologies that can survive
many failures and that a pair of node-disjoint (as well
as link-disjoint) lightpaths in such networks can be
computed efficiently?

We believe that minimum IFI networks (or its 2-edge connected
or 2-connected subgraphs) are an excellent candidate for the
backbone of survivable optical networks. There are many
reasons leading to our belief. First, the minimum IFI networks
are fault-tolerant in the sense that they are immune to an
arbitrarily number of isolated failures. Second, minimum IFI
networks are sparse–for a network withn nodes, the number
of links is only2n−3. This property enhances scalability. Third,
minimum IFI networks have a nice structure that makes routing
decisions much easier than in arbitrary networks [8, 9, 30, 42].

In this paper, we will show that the problem of computing
a shortest pair of link-disjoint lightpaths ispolynomial time
solvableon minimum IFI networks (or their subgraphs). The
node-disjoint counterpart can be solved in polynomial time
using a similar (and simpler) algorithm. We choose to give
a detailed presentation of the link-disjoint case in this paper.

3. COMPUTING A PAIR OF L INK -DISJOINT L IGHTPATHS IN

A M INIMUM IFI NETWORK

We study link-disjoint lightpath routing in WDM networks
whose underlying topology is a subgraph of a minimum IFI
network. The problem is formally defined in the following.
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Definition 3.1 (LDLP): Let T = (V,E) be a partial 2-tree
with node setV and link setE. Let Λ = {1, 2, . . . ,W} be
the set of wavelengths. For each linke ∈ E, the available
wavelengths on linke is Λ(e), which is a (possibly empty)
subset ofΛ. Let s ∈ V be the source node, andt ∈ V the
destination node. Thelink-disjoint lightpath routing problem
(LDLP ) asks for a shortest pair ofs–t link-disjoint lightpaths
�1 (on wavelength�1 ∈ Λ) and�2 (on wavelength�2 ∈ Λ).
In other words, we want to find a pair ofs–t paths�1 and�2

such that
1) Paths�1 and�2 do not share a common link.
2) Wavelength�1 is available on every link on�1.
3) Wavelength�2 is available on every link on�2.
4) The path pair has the minimum total length (measured

by the number of links) among all path pairs satisfying
the above conditions. □
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Fig. 4. (a) A WDM network (n = 11,W = 2) with a partial 2-tree topology.
Link labels indicate the available wavelengths on each link. Links are also
color/type coded: a red/dashed link has wavelength�1 available; a blue/dash-
dot link has�2 available; a green/solid link has both�1 and�2 available.
(b) The same WDM network with a 2-tree topology. Links[A,C], [B, I], and
[I, J ] are added by the algorithm of Wald and Colbourn to complete the partial
2-tree into a 2-tree. Theseaddedlinks have no wavelength available.

Fig.4(a) shows such a WDM network. For illustration pur-
pose, we setn = 11 andW = 2. There are three kinds of links
in the network: adashed link(in red color) has only wavelength
�1 available, and is indicated by the link label1; a dash-dot
link (in blue color) has only wavelength�2 available, and is
indicated by the link label2; a solid link (in green color) has
both�1 and�2 available, and is indicated by the link label1, 2.

Example 4: Assume thatA is the source andZ is the
destination. The shortestA–Z lightpath on wavelength1 (or
2) is �a = (A,B, F, Z). However, there does not exist another
A–Z lightpath which does not share a common link with�a.
Clearly, �1 = (A,B, J,K, I, Z) on wavelength1 and �2 =
(A,D,C,H, F, Z) on wavelength2 form a pair of link-disjoint
lightpaths. We will see later that our algorithm can find a
shortestpair of link-disjoint lightpaths:�opt

1 = (A,B, F, I, Z)
on wavelength1 and�opt

2 = (A,D,C,H, F, Z) on wavelength
2. This example exposes the weakness of the Shortest Active
Path First heuristic: Computing the shortest active path may
fail to find a pair of disjoint lightpaths when such a pair
exists. This example also demonstrates the advantage of our
algorithm: When a pair of link-disjoint lightpaths exists,
our algorithm guarantees finding a shortest pair. □

To simplify the presentation, we define and study theLDLP
problem with the wavelengths on�1 and�2 predetermined.

Definition 3.2 (LDLP-CW): Let T, Λ, s, andt be the same
as in Definition 3.1. Let�1, �2 ∈ Λ be given. Thelink-disjoint

lightpath routing problem with chosen wavelengths(LDLP-
CW) asks for a shortest pair ofs–t link-disjoint lightpaths�1

on wavelength�1 and�2 on wavelength�2. □

Our main results are the following: The MLDLP-CW
problem can be solved inO(n) time. The MLDLP problem
can be solved inO(nW 2) time, by solving W (W+1)

2 instances
of the MLDLP-CW problem.

For any given WDM network with a partial 2-tree topology,
one can apply the linear time algorithm of Wald and Colbourn
to complete the partial 2-tree to a 2-tree. For example, the
WDM network in Fig.4(a), although its underlying topology
is a partial 2-tree that is not a 2-tree, can be assumed to be
the WDM network in Fig.4(b) which as a 2-tree underlying
topology. Note that any link added in thecompleting process
will have no wavelength available–because the link simply does
not exist in the physical network. However, assuming a 2-tree
topology (rather than a partial 2-tree topology) will greatly
simplify the description of our algorithm. Therefore,without
loss of generality, we will model the WDM optical network
using a 2-treeT = (V,E), whereV is the set ofn nodes, and
E is a set of2n− 3 links.

The development of our algorithm for solvingLDLP is
organized in five subsections. In Section 3-A, we describe the
attributes associated with each link. In Section 3-B, we describe
the contraction operations. We also show theO(1) time updates
of the link attributes. In Section 3-C, we define the concept of
reduced 2-tree, and the computation of a reduced 2-tree. In
Section 3-D, we present ourO(n) time algorithm forLDLP-
CW. Finally, in Section 3-E, we present ourO(nW 2) time
algorithm forLDLP .

A. Link Attributes

Assume that wavelengths�1, �2 ∈ Λ are chosen for the
LDLP-CW problem. For each undirected link[u, v], there are
two ordered node pairs(u, v) and(v, u), one in each direction.
For each ordered pair(u, v), we associate three attributes:
�1(u, v), �2(u, v), and �(u, v). The meaning and value of
these attributes are explained in the following. We will use
G(u, v) to denote the subgraph currently represented by link
(u, v). Before performing any contraction operations,G(u, v)
consists of the nodesu andv, and the link[u, v] ∈ E. When we
perform a contraction operation,G(u, v) will expand to include
the subgraph that has been contracted to it. We will explain this
in Section 3-B. We will usel(�) to denote the length (measured
by the number of links) of a lightpath� when� exists.l(�) is
set to∞ when� is the empty path, denoted by�.

∙ �1(u, v) contains a shortestu–v lightpath p1(u, v) on
wavelength�1 using only links inG(u, v). If there is nou–
v lightpath on�1 in G(u, v), �1(u, v) contains the empty
path, denoted by�.

∙ �2(u, v) contains a shortestu–v lightpath p2(u, v) on
wavelength�2 using only links inG(u, v). If there is nou–
v lightpath on�2 in G(u, v), �2(u, v) contains the empty
path, denoted by�.

∙ �(u, v) is an ordered pair(q1(u, v), q2(u, v)) with shortest
total length, whereq1(u, v) contains anu–v lightpath on
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�1 in G(u, v), and q2(u, v) contains anu–v lightpath
on �2 in G(u, v) such that the two lightpaths are link-
disjoint. The length of�(u, v) is defined as the sum of the
lengths ofq1(u, v) andq2(u, v): l(�(u, v) = l(q1(u, v))+
l(q2(u, v)). If such a pair of link-disjoint lightpaths does
not exist, we denote� by �, and set its length to∞. We
also set bothq1(u, v) andq2(u, v) to �.

Therefore, for each undirected link[u, v] in the graph, we
have defined a total of six attributes:�1(u, v), �2(u, v), �(u, v),
�1(v, u), �2(v, u), �(v, u). In general,�1(u, v) = � if and only
if �1(v, u) = �. When�1(u, v) ∕= �, p1(v, u) contains the links
in p1(u, v) in reverse order. Similarly,�(u, v) = � if and only
�(v, u) = �. When they are both non-empty,q1(v, u) contains
the links inq1(u, v) in reverse order, andq2(v, u) contains the
links in q2(u, v) in reverse order.Given this relationship be-
tween�(u, v) (�1(u, v) and�2(u, v), respectively) and�(v, u)
(�1(v, u) and �2(v, u), respectively), we will only show the
value of one of them in our illustrations.

Example 5: We will use the network in Fig.4(b) to illustrate
the initial link attribute values. We assume�1 = 1 and�2 = 2
for our illustrations. Since for each link[u, v] the current value
of G(u, v) is the link [u, v] itself, there does not exist a pair of
link-disjoint u–v lightpaths inG(u, v). Therefore for each of
the 19 links [u, v] in Fig.4(b), we have�(u, v) = �.

Link [A,C] has no wavelength available. Hence�1(A,C) =
�2(A,C) = �. Same can be said about links[B, I] and [I, J ].

Link [A,B] has both�1 and�2 available. Hencep1(A,B)
consists of the path(A,B), andp2(A,B) consists of the path
(A,B) as well. The attribute values at links[B,F ] and [F,Z]
can be computed similarly.

Link [B,C] has only�1 available. Hencep1(B,C) consists
of the path(B,C), but �2(B,C) = �. The attribute values
at links [B, J ], [C,F ], [F, I], [I, J ], [I,K], and [I, Z] can be
computed similarly.

Link [A,D] has only�2 available. Hence�1(A,D) = � and
p2(A,D) consists of the path(A,D). The attribute values at
links [C,D], [C,H ], [F,H ], [F,X ], and[I,X ] can be computed
similarly. □

B. Contraction Operations

We have seen in Section 2-A that a 2-tree is obtained by
expandinga degree-2 node out of a link in an existing 2-
tree. The reverse operation is thecontraction of a degree-2
nodez to the link [x, y] with which it forms a triangle. The
link attributes are updated according to certain rules whena
contraction operation is performed.

We make use of the following two operators. The first
operator is the concatenation operator∘. If pi(x, z) andpi(z, y)
are two lightpaths on wavelength�i, the concatenation of
pi(x, z) andpi(z, y) is a lightpath fromx to y on wavelength
�i. We usepi(x, z) ∘ pi(z, y) to denote this concatenation, and
the length isl(pi(x, z) ∘ pi(z, y)) = l(pi(x, z)) + l(pi(z, y)).
Clearly, pi(x, z) ∘ pi(z, y) = � if either pi(x, z) = � or
pi(z, y) = �. The second operator is the optimization operator
opt. If pki (x, y) arex–y lightpaths on�i for k = 1, 2, . . . ,K,

thenopt{p1i (x, y), . . . , p
K
i (x, y)} is denotes the shortest among

theseK paths. This notion also applies to pairs of lightpaths.
Lemma 3.1: Suppose thatz is a degree-2 node, and△xyz

is a triangle. Then we can contract nodez as shown in Fig.5.
The attributes associated with[x, y] are updated according to
the following rule.

pnew1 (x, y) = opt{p1(x, y), p1(x, z) ∘ p1(z, y)}. (3.1)

pnew2 (x, y) = opt{p2(x, y), p2(x, z) ∘ p2(z, y)}. (3.2)

(qnew1 (x, y), qnew2 (x, y))

= opt{(q1(x, y), q2(x, y)),

(q1(x, z) ∘ q1(z, y), q2(x, z) ∘ q2(z, y)),

(p1(x, y), p2(x, z) ∘ p2(z, y)),

(p1(x, z) ∘ p1(z, y), p2(x, y))}. (3.3)

p1(x, y) = pnew1 (x, y); p2(x, y) = pnew2 (x, y). (3.4)

q1(x, y) = qnew1 (x, y); q2(x, y) = qnew2 (x, y). (3.5)

PROOF. Fig. 5 illustrates the contraction operation. The shortest
x–y lightpath on�1 in G(x, y) after the contraction is either the
shortestx–y lightpath on�1 in G(x, y) before the contraction,
or the concatenation of the shortestx–z lightpath on�1 in
G(x, z) and the shortestz–y lightpath on �1 in G(z, y).
Therefore we have equation (3.1). Equations (3.2) and (3.3)
are similarly derived. For correct computations, we cannot
overwrite the values ofp1(x, y) andp2(x, y) before all the new
values are computed. Therefore we introduced the notations
pnewi andqnewi ), and the equations (3.4) and (3.5). □

x

y

z
e’ contracting z to [x, y]

x

y

e

Fig. 5. If z is a degree-2 node which makes a triangle with link[x, y], we
can contract nodez to link [x, y]. When we perform this contraction operation,
the subgraphG(x, y) is expanded to include also the union ofG(x, z) and
G(z, y). Therefore the subgraph represented by linke is the union ofG(e′),
G(x, z), andG(z, y). Also, the link attributes ofe is computed from the link
attributes ofe′, (x, z) and (z, y) in O(1) time.

Example 6: In the 2-tree in Fig.4(b), nodeX is a degree-2
node which makes a triangle with link[F, I]. After contracting
nodeX , the attributes at link[F, I] are updated so thatp1(F, I)
remains to be the path(F, I), p2(F, I) is changed from� to
the path(F,X, I), and�(F, I) is changed from� to the path
pair ((F, I), (F,X, I)).

Since nodeK has degree-2, we can contract nodeK onto
link [I, J ]. After this operation, nodeJ becomes degree-2.
Therefore we can contract nodeJ onto link [B, J ] At this time,
G(B, J) represents the subgraph induced by the nodesB, I,
J , andK.

We can continue to contract nodeD and nodeH . After these
contraction operations, we changed the graph in Fig.4(b) tothe
graph in Fig.6(a), whereA andZ are the only degree-2 nodes.□
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(b)
Fig. 6. (a) The reduced 2-tree for Fig.4(b) with respect toA andZ. (b) A
reduced 2-tree with respect tos and t if [s, t] is a link in T.

C. Reduced 2-Tree

The graph in Fig.6(a) has the following property: the only
degree-2 nodes are the source nodeA and the destination node
Z. We call such a graph areduced 2-tree, which is formally
defined in the following.

Definition 3.3 (Reduced 2-Tree):Let T be a 2-tree ands
and t be two nodes inT. We say thatT is a reduced 2-tree
with respect tos and t, if either T is a triangle ors and t are
the only degree-2 nodes inT. □

Lemma 3.2: Let T be a 2-tree, ands and t be two nodes
in T. ThenT has a unique subgraph, which will be denoted
by T(s, t), that is a reduced 2-tree with respect tos and t.
Moreover,T(s, t) can be computed fromT in O(n) time by
repeatedly contracting degree-2 nodes other thans and t. □

Lemma 3.2 can be proved using mathematical induction. We
omit the proof, but point out that the existence and uniqueness
of a reduced 2-tree with respect to two chosen nodes in a 2-tree
network is analogous to the existence and uniqueness of a path
connecting two nodes in a tree network.

Again letT denote the 2-tree in Fig.4(b). The network shown
in Fig.6(a) is the reduced 2-treeT(A,Z). If we contract node
A (the only degree-2 node other than the destination) in this
reduced 2-tree, the result is another reduced 2-tree, whichis
T(C,Z). Now we can contract nodeC, which resultsT(B,Z).
If we contract nodeB in the resulting 2-tree, we get the triangle
△IFZ. Recall that the sequence of nodes being contracted
are A (which makes a triangle with 2-separator[B,C]), C

(which makes a triangle with 2-separator[B,F ]), B (which
makes a triangle with 2-separator[I, F ]). This sequence of 2-
separators between the source node and the destination nodein
a reduced 2-tree is analogous to the sequence of nodes between
the source node and the destination node in a path. Clearly, this
sequence of 2-separators from the source node to the destination
node is unique. We call[B,C] the predecessorof [B,F ], and
call [B,F ] the successorof [B,F ]. A direct consequence of
Lemma 2.1 is the following.

Lemma 3.3: Let [P,Q] be any one of these 2-separators
in T(s, t), and let p1 and p2 be two link-disjoint lightpaths
connectings to t such thatp1 is on wavelength�1 and p2
is on wavelength�2. Then at least one of the following four
statements is true.

1) Both p1 andp2 go through nodeP .
2) p1 goes through nodeP , andp2 goes through nodeQ.
3) p1 goes through nodeQ, andp2 goes through nodeP .
4) Both p1 andp2 go through nodeQ. □

D. A Linear Time Algorithm forLDLP-CW

Let [P,Q] be a 2-separator of the reduced 2-treeT(s, t).
Then it divides the reduced 2-tree into two parts, one containing

the source nodes, the other containing the destination nodet.
We will uses(P,Q) to denote the part that contains the source
node, with the link[P,Q] excluded (as a technical convention).
Assume thats = A and t = Z. For the reduced 2-tree in
Fig.6(a), s(B,F ) consists of the nodesA,B,C, F , and the
links [A,B], [A,C], [B,C], and [C,F ].

Let [P,Q] be a 2-separator ofT(s, t), orQ coincides with the
destination nodet. We associate with[P,Q] the following four
new attributes�1(P,Q) = �4(Q,P ), �2(P,Q) = �3(Q,P ),
�3(P,Q) = �2(Q,P ), and �4(P,Q) = �1(Q,P ). Given the
relationship�i(P,Q) = �5−i(Q,P ), we will concentrate on
�i(P,Q) only.

For a giveni ∈ {1, 2, 3, 4},�i(P,Q) is either empty (denoted
by �i(P,Q) = �) or is non-empty and has the following
meaning.

∙ When nonempty,�1(P,Q) =
(

q
PQ
11 , q

PQ
12

)

, whereqPQ
11 is

ans–P lightpath ins(P,Q) on wavelength�1, qPQ
12 is an

s–P lightpath in s(P,Q) on wavelength�2, and the two
lightpaths are link-disjoint. In addition,l(qPQ

11 ) + l(qPQ
12 )

is minimized among all such lightpath pairs.
∙ When nonempty,�2(P,Q) =

(

q
PQ
21 , q

PQ
22

)

, whereqPQ
21 is

ans–P lightpath ins(P,Q) on wavelength�1, qPQ
22 is an

s–Q lightpath in s(P,Q) on wavelength�2, and the two
lightpaths are link-disjoint. In addition,l(qPQ

21 ) + l(qPQ
22 )

is minimized among all such lightpath pairs.
∙ When nonempty,�3(P,Q) =

(

q
PQ
31 , q

PQ
32

)

, whereqPQ
31 is

ans–Q lightpath ins(P,Q) on wavelength�1, qPQ
32 is an

s–P lightpath in s(P,Q) on wavelength�2, and the two
lightpaths are link-disjoint. In addition,l(qPQ

31 ) + l(qPQ
32 )

is minimized among all such lightpath pairs.
∙ When nonempty,�4(P,Q) =

(

q
PQ
41 , q

PQ
42

)

, whereqPQ
41 is

ans–Q lightpath ins(P,Q) on wavelength�1, qPQ
42 is an

s–Q lightpath in s(P,Q) on wavelength�2, and the two
lightpaths are link-disjoint. In addition,l(qPQ

41 ) + l(qPQ
42 )

is minimized among all such lightpath pairs.
When[P,Q] is the 2-separator that forms a triangle with the

source node, we can compute the values of�i(P,Q) as follows.
Lemma 3.4: Let [x, y] be the 2-separator that forms a tri-

angle with the source nodes in the reduced 2-tree, then the
�i(x, y) can be computed as follows.

�1(x, y) = �(s, x); (3.6)

�2(x, y) = (p1(s, x), p2(s, y)); (3.7)

�3(x, y) = (p1(s, y), p2(s, x)); (3.8)

�4(x, y) = �(s, y), (3.9)

where pi(∙, ∙) and �(∙, ∙) are defined in Section 3-A and
computed according the rules in Section 3-B. □

The proof is straightforward, and is omitted.
Having computed the�i(P,Q) values for 2-separator[P,Q],

we can compute the�i(P,R) values for its succeeding 2-
separator[P,R] (if [P,Q] is the 2-separator which makes a
triangle with the destination node, we can compute the values
�i(P,R)). This is illustrated in Fig.7.
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Fig. 7. The values of�i(P,R) can be computed from the values of�i(P,Q)
in O(1) time. (a) and (b): 2-separator[P,R] is the successor of 2-separator
[P,Q]. (c) and (d): 2-separator[P,Q] makes a triangle with the destination
nodet, which coincides withR.

The rules for computing�i(P,R) from the values of
�i(P,Q) are given in the next four lemmas. Their proofs are
straightforward (illustrated in Figs.8-10, and are omitted.

Lemma 3.5: Let [P,Q] be a 2-separator in the reduced 2-
tree with respect to sources and destinationt. Let [P,R] be
the successor of[P,Q], as shown in Fig.7(a), or[P,R] is a
peripheral withR coincides witht, as shown in Fig.7(c). Then
�1(Q,R) = (qPR

11 , qPR
12 ) is the shortest path pair among the

following four (possibly empty) path pairs:

case-1.1:(qPQ
11 , q

PQ
12 ).

case-1.2:(qPQ
21 , q

PQ
22 ∘ p2(Q,P )).

case-1.3:(qPQ
31 ∘ p1(Q,P ), qPQ

32 ).
case-1.4:(qPQ

41 ∘ q1(Q,P ), qPQ
42 ∘ q2(Q,P )).

�1(P,Q) = � when all of the above four path pairs are�. □

P

Q

R

t

s

(a) caze-1.1

P

Q

R

t

s

(b) case-1.2

P

Q

R

t

s

(c) case-1.3

P

Q

R

t

s

(d) case-1.4
Fig. 8. Computing the attributes�1(P,R). Selecting the best among four
possible cases. (a) Using�1(P,Q); (b) Using�2(P,Q); (c) Using�3(P,Q);
(d) Using�4(P,Q).

Lemma 3.6: Let [P,Q] be a 2-separator in the reduced 2-
tree with respect to sources and destinationt. Let [P,R] be
the successor of[P,Q], as shown in Fig.7(a), or[P,R] is a
peripheral withR coincides witht, as shown in Fig.7(c). Then
�2(Q,R) = (qPR

21 , qPR
22 ) is the shortest path pair among the

following four (possibly empty) path pairs:

case-2.1:(qPQ
11 , q

PQ
12 ∘ p2(P,Q) ∘ p2(Q,R)).

case-2.2:(qPQ
21 , q

PQ
22 ∘ p2(Q,R)).

case-2.3:(qPQ
31 ∘ q1(Q,P ), qPQ

32 ∘ q2(P,Q) ∘ p2(Q,R)).
case-2.4:(qPQ

41 ∘ p1(Q,P ), qPQ
42 ∘ p2(Q,R)).

�2(P,Q) = � when all of the above four path pairs are�. □
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(a) case-2.1
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s

(b) case-2.2
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s

(c) case-2.3
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R

t

s

(d) case-2.4
Fig. 9. Computing the attributes�2(P,R). Selecting the best among four
possible cases. (a) Using�1(P,Q); (b) Using�2(P,Q); (c) Using�3(P,Q);
(d) Using�4(P,Q).

Lemma 3.7: Let [P,Q] be a 2-separator in the reduced 2-
tree with respect to sources and destinationt. Let [P,R] be
the successor of[P,Q], as shown in Fig.7(a), or[P,R] is a
peripheral withR coincides witht, as shown in Fig.7(c). Then

�3(Q,R) = (qPR
31 , qPR

32 ) is the shortest path pair among the
following four (possibly empty) path pairs:
case-3.1:(qPQ

11 ∘ p1(P,Q) ∘ p1(Q,R), qPQ
12 ).

case-3.2:(qPQ
21 ∘ q1(P,Q) ∘ p1(Q,R), qPQ

22 ∘ q2(Q,P )).
case-3.3:(qPQ

31 ∘ p1(Q,R), qPQ
32 ).

case-3.4:(qPQ
41 ∘ p1(Q,R), qPQ

42 ∘ p2(Q,P )).

�3(P,Q) = � when all of the above four path pairs are�. □

P

Q

R

t

s

(a) case-3.1

P

Q

R

t

s

(b) case-3.2

P

Q

R

t

s

(c) case-3.3

P

Q

R

t

s

(d) case-3.4
Fig. 10. Computing the attributes�3(P,R). Selecting the best among four
possible cases. (a) Using�1(P,Q); (b) Using�2(P,Q); (c) Using�3(P,Q);
(d) Using�4(P,Q).

Lemma 3.8: Let [P,Q] be a 2-separator in the reduced 2-
tree with respect to sources and destinationt. Let [P,R] be
the successor of[P,Q], as shown in Fig.7(a), or[P,R] is a
peripheral withR coincides witht, as shown in Fig.7(c). Then
�4(Q,R) = (qPR

41 , qPR
42 ) is the shortest path pair among the

following four (possibly empty) path pairs:
case-4.1:(qPQ

11 ∘q1(P,Q)∘q1(Q,R), qPQ
12 ∘q2(P,Q)∘q2(Q,R)).

case-4.2:(qPQ
21 ∘ p1(P,Q) ∘ q1(Q,R), qPQ

22 ∘ q2(Q,R)).
case-4.3:(qPQ

31 ∘ q1(Q,R), qPQ
32 ∘ p2(P,Q) ∘ q2(Q,R)).

case-4.4:(qPQ
41 ∘ q1(Q,R), qPQ

42 ∘ q2(Q,R)).
�4(P,Q) = � when all of the above four path pairs are�. □

P

Q

R

t

s

(a) case-4.1

P

Q

R

t

s

(b) case-4.2

P

Q

R

t

s

(c) case-4.3

P

Q

R

t

s

(d) case-4.4
Fig. 11. Computing the attributes�4(P,R). Selecting the best among four
possible cases. (a) Using�1(P,Q); (b) Using�2(P,Q); (c) Using�3(P,Q);
(d) Using�4(P,Q).

Now we have most of the building blocks for our algorithm.
Let us use the reduced 2-tree in Fig.6(a) as an example. Using
Lemma 3.4, we can compute the values for�i(B,C) for i =
1, 2, 3, 4. Then we can compute the values for�i(B,F ), then
for �i(I, F ), then for�i(I, Z). The solution toLDLP-CW can
be decided by the following lemma.

Lemma 3.9: Let [P,Q] be a 2-separator in the reduced 2-
tree with respect to sources and destinationt. Assume that the
destination nodet makes a triangle with link[P,Q], as shown
in Fig.7(d). Then a solution toLDLP-CW is the path pair
(�1, �2), which is the shortest path pair among the following
four (possibly empty) path pairs:
case-F.1:(qPt

11 ∘ q1(P, t), q
Pt
12 ∘ q2(P, t)).

case-F.2:(qPt
21 ∘ p1(P, t), q

Pt
22 ).

case-F.3:(qPt
31 , q

Pt
32 ∘ p2(P, t)).

case-F.4:(qPt
41 , q

PQ
42 ).

The instance ofLDLP-CW has no solution when all of the
above four path pairs are�. □

We summarize our design of the algorithm in Algorithm 1.
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Fig. 12. Selecting the best among four possible cases. (a) Using �1(P, t);
(b) Using�2(P, t); (c) Using�3(P, t); (d) Using�4(P, t).

Algorithm 1 : Alg-LDLPCW
Input: A WDM optical networkT with a 2-tree topology.

A source nodes. A destination nodet. Two chosen
wavelengths�1 ∈ Λ and�2 ∈ Λ.

Output: A pair of link-disjoint s–t lightpathsp1 on �1 and
p2 on �2 if such a pair exists.

1: for each link(u, v) in T do
2: Initialize �1(u, v), �2(u, v), �(u, v), �1(v, u),

�2(v, u), �(v, u), according to the rules in Section 3-A.
3: end for
4: while there is a degree-2 nodez other thans and t do
5: Assumez makes a triangle with link[x, y]. Contract

nodez and update�1(x, y), �2(x, y) and�(x, y)
according to the rules in Lemma 3.1.

6: end while
{By now we have computed the the reduced 2-tree.}

7: Let △xys be the triangle in the reduced 2-tree that
containss. Initialize �1(x, y), �2(x, y), �3(x, y), and
�4(x, y) according to Lemma 3.4.

8: while there is a degree-2 nodev other thant do
9: Let [P,Q] be the 2-separator that forms a triangle with

v. Let [P,R] be the successor of[P,Q], or [P,R] be a
peripheral andR coincides witht.

10: Compute�i(P,R) for i = 1, 2, 3, 4 according to
Lemmas 3.5-3.8.

11: Delete nodev.
12: STOP if

�1(P,R) = �2(P,R) = �3(P,R) = �4(P,R) = �.
13: end while
14: Compute the shortest pair of link-disjoint lightpaths

(�1, �2) according to Lemma 3.8. STOP if such a pair
does not exist.

15: Extract the link-disjoint paths�i and�2 using a top-down
method.

Example 7: I need to check the steps in this example.
We use the network in Fig.4(b) to illustrate the algorithm.
By the time the reduced 2-tree in Fig.6(a) is constructed,
we have to following non-empty link attributes (for each
link [u, v], we only list the attribute for one ordered pair):
p1(A,B) = p2(A,B) = (A,B); p2(A,C) = (A,D,C);
p1(B, I) = (B, J,K, I); q1(C,F ) = p1(C,F ) = (C,F );
q2(C,F ) = p2(C,F ) = (C,H, F ); p1(B,F ) = p2(B,F ) =
(B,F ); q1(I, F ) = p1(I, F ) = (I, F ); q2(I, F ) = p2(I, F ) =
(I,X, F ); p1(I, Z) = (I, Z); p1(F,Z) = p2(F,Z) = (F,Z).

The sequence of 2-separators of the reduced 2-tree are
[B,C], [B,F ], and [I, F ].

At [B,C], we find �1(B,C) = �, �2(B,C) =
((A,B), (A,D,C)), �3(B,C) = �, and �4(B,C) =

((A,B,C), (A,D,C)).
At [B,F ], we find �1(B,F ) = �, �2(B,F ) =

((A,B), (A,D,C,H, F )), �3(B,F ) = �, and �4(B,F ) =
((A,B,C, F ), (A,D,C,H, F )).

At [I, F ], we find�1(I, F ) = �, �2(I, F ) = ((A,B, J,K, I),
(A,D,C,H, F )), �3(I, F ) = �, �4(I, F ) = ((A,D,C,H, F ),
(A,B,C, F )).

At [I, Z], we find �1(I, Z) = ((A,B, J,K, I),
(A,D,C,H, F,X, I)), �2(I, Z) = ((A,B, J,K, I),
(A,D,C,H, F, Z)), �3(I, Z) = ((A,B, F, Z),
(A,D,C,H, F,X, I)), �4(I, Z) = �.

Finally, in line 13 of the algorithm, we
compute the shortest pair ofA–Z lightpaths are
((A,B, J,K, I, Z), (A,D,C,H, F, Z)). While in the
illustrations, we have listed out the paths during each
step. In actual implementations, we only need to remember the
length of the path, as well as its composition (the concatenation
of one or two paths which are previously computed). Once we
reached the final answer, the pair of paths can be extracted out
in O(n) time. □

Our analysis through this section leads to the following
theorem.

Theorem 3.1: The worst-case time complexity of Algo-
rithm 1 isO(n). If there exists a pair of link-disjoints–t paths
�1 and�2 such that�1 is available on each link on�1 and that
�2 is available on each link on�2, Algorithm 1 correctly finds
such a pair of paths with minimum total length. Otherwise,
Algorithm 1 stops without outputting any path. □

PROOF. Each contraction operation operation takesO(1) time.
There areO(n) contraction operations. This leads to the time
complexity of the algorithm. The correctness of the algorithm
follows from Lemma 3.1 and Lemmas 3.3-3.8. □

E. Linear Time Algorithm forLDLP

Now we have developed an algorithm for solvingLDLP-
CW, we can use it as a subroutine to design an algorithm for
LDLP . The basic idea is to solveLDLP-CW for all possible
pairs of (�1, �1), and choose the shortest path pair computed
as the solution. The algorithm is listed as Algorithm 2.

Algorithm 2 : Alg-LDLP
Input: A WDM optical networkT with a 2-tree topology.

A source nodes. A destination nodet.
Output: A pair of link-disjoint lightpathsp1 (on �1) andp2

(on �2).
1: for �1 = 1, 2, . . . ,W do
2: for �2 = �1, �1 + 1, . . . ,W do
3: Apply Alg-MLDLPCW to compute a pair of

link-disjoint lightpaths
4: Keep the shortest pair computed so far
5: end for
6: end for

Theorem 3.2: Algorithm 2 correctly solve theLDLP prob-
lem in O(nW 2) time. □
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4. NUMERICAL RESULTS

To demonstrate the effectiveness of our algorithm, we have
implemented our algorithm and tested it randomly generated
partial 2-tree topologies. We show two sets of results here.
First, we compare our optimal algorithm (denoted byLDLP )
with the well-known shortest active path first heuristic (denoted
by SAPF). Then we study the time complexity of our algorithm.

To compareLDLP with SAPF, we use the same network
state information and the same connection request, given bya
source-destination pair. Then we use both algorithms to finda
pair of link-disjoint paths. There are four possible results. (1)
Neither algorithm finds a pair of link-disjoint paths. In this case,
the connection request is rejected. (2)LDLP finds such a pair,
but SAPF fails. In this case, we make the link reservations in
the network according to the paths found byLDLP , and update
the network state information. (3) Both algorithms find a pair of
paths, but the path found byLDLP is shorter. In this case, we
make the link reservations in the network according to the paths
found byLDLP , and update the network state information. (4)
Both algorithms find a pair of paths, and the two pairs are of
equal length. In this case, we make the link reservations in the
network according to the paths found byLDLP , and update
the network state information.

We repeat the above forK iterations, and consider the
number of times each of these four cases happens. This result
is shown in Fig.??.

To study the scalability of our algorithm, we study the time
complexity of our algorithm as a function ofn andW . This
result is shown in Fig.??. We can see that the running time is
proportional ton for any fixedW , and is proportional toW 2

for any fixedn.

5. CONCLUSIONS

In this paper, we have shown that computing a pair of link-
disjoint lightpaths can be done in polynomial time, provided
that the underlying topology is a subgraph of a minimum iso-
lated immune network. Although not presented here, the result
also holds for the node-disjoint case, where the corresponding
is slightly simpler. Given the importance of isolated failure
immune networks and the hardness of the disjoint lightpath
routing problem in geneal mesh networks, we expect our result
to have significant impact on the design of future survivable
networks.
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