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Abstract-This paper studies the protection problem of pre
configuration cycles (p-cycles) in survivable mesh networks. A
new algorithm called Local-map-based Finding p-Cycles
Algorithm (LFCA) is proposed to find the candidate p-cycles.
The major difference between the previous algorithms of finding
cycles and LFCA is that LFCA can find node-encircling p-cycles
and some special link p-cycles which must contain some fixed
nodes. The performance of LFCA is evaluated by computer
simulations on the real world network topology. ;
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I. INTRODUCTION

WDM (Wavelength Division Multiplexing) technology can
multiplex hundreds of wavelengths onto a single fiber for
concurrent data transmission and the capacity of a WDM
wavelength can easily reach 10Gb/s. So, WDM optical
networks will provide the backbone infrastructure for future
communications. Due to the high-speed nature of optical
networks, any accidental failure such as a fiber-cut will result
in gigantic data loss. Therefore, it is imperative that the
network can survive from the failure and achieve fast optical
recovery.

The concept of Pre-configuration Cycle (p-cycle) is first
proposed by Grover and Stamatelakis in 1998. P-cycle is a
promising approach for protecting working capacities in WDM
networks because of its ability to achieve ring-like recovery
speed while maintaining the capacity efficiency of a mesh
restorable network [1]. A p-cycle is a cyclic pre-connected
closed path of spare capacity which provides protection for any
span whose end nodes are both on the cycle. A node-encircling
p-cycle has to include all adjacent nodes of a central node, so it
can also recover from the central node failures and straddling
flow failures [2]. Thus, it is an important problem to find a set
or c~nd~date p-cycles to protect a given working capacity
distribution. Then, we can configure the p-cycles in the mesh
networks. Node-encircling p-cycles are routed through all
adjacent neighbor nodes of the so-called central node which is
considered as a prospective failure node [3]. Then the node
encircling p-cycles can protect against the failure of the central
node by providing an alternate path among all of the adjacent
neighbor nodes. So, finding the candidate node-encircling p
cycles is the fist step of the node-encircling p-cycles design in
mesh networks.
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Figure 1. Node-encircling p-cycle

There are two basic types of p-cycle, the link p-cycle is able
to protect the working capacity of a link and the node
encircling p-cycle can protect all traversing paths through a
single node. Fig. 1 shows an example of a network with the p
cycles. The p-cycle 1-2-3-6-5-1 is a link p-cycle which can
protect five on-cycle spans (1-2, 2-3, 3-6, 6-5, 5-1) and two
straddling spans (1-3, 2-6). The p-cycle 1-2-3-4-5-1 is a simple
node-encircling p-cycle which is able to protect five on-cycle
spans (1-2, 2-3, 3-4, 4-5, 5-1) and one straddling span (1-3).
This node-encircling p-cycle can also provide protections for
the central node 6 and straddling flow such as 2-6-4, 3-6-5, 4
6-5 and etc.

Figure2. A sample level-4 local-map

The concept oflocal-map is proposed in [4]. In the network,
the central nodes can be designated by the administrator and
each central node keeps a small-sized data table known as the
local-map. The data table stores network information such as
the node connectivity and the cost/distance ofavailable links. A
local-map of the central node is built before fmding the
candidate p-cycles and updated after configuring the p-cycles .
The size or scope of a local-map is measured by the maximum
number of hops or the maximum distance from the central node
to the other nodes. According to the two measure metrics, the
local-map can be denoted as "level local-map" and "max-cost



local-map" respectively throughout this paper. An example of
level-4 local-map with a certain central node is illustrated in
Fig. 2. By studying some existing telecom networks , we found
that a local-map of level 3 or 4 is sufficient to construct the
node-encircling p-cycles.

An ILP-based p-Cycle construction algorithm without
candidate cycle enumeration is proposed in [5]. This algorithm
can only be used when the required number of p-cycles is not
too large. Another approach to generate candidate p-cycles is
proposed in [6]. This approach finds all fundamental cycles and
constructs candidate p-cycles by merging fundamental cycles.
This method still based on ILP formulation with associated
time complexity . In reference [7], a method use Integer Linear
Program (ILP) to fmd the simple node-encircling p-cycles,
which have to use the enumeration of all cycles. The Weighted
DFS-based Cycle Search (WDCS) algorithm based on Depth
First Search (DFS) algorithm is proposed in [8], but the
efficiency of finding cycles is not very good. In this paper, we
propose a novel heuristic algorithm called the Local-map-based
Finding p-Cycles Algorithm (LFCA), which can be used to
find more good candidate simple node-encircling candidate p
cycles of a central node in the mesh networks.

II. CONSTRAINTS AND BASIC OPERAnONS OF
LFCA

A. Notations and Assumptions
We define a network topology G(N, E) for a given optical

mesh network, where N is the set of nodes, and E is the set of
bidirectional edges. INI and lEI denote the node number and the
edge number respectively . A bidirectional edge consists of two
directed edges. We use bidirectional pair (u, v) to represent a
bidirectional edge between u and v and ordered pair [u, v] to
represent a directed edge from u to v. Thus a bidirectional edge
(u, v) consists of two directed edges [u, v] and [v, u].

To measure the efficiency of a p-cycle in protecting
working capacity, define a pre-selection metric called a priori
efficiency (AE) which is shown in Eq.(1)[9]. Given a p-cycle p,
AE(p) is defmed as the number of total working optical paths
which has the potential to be protected divided by the total
hops of the p-cycle p, i.e.,

(I)

where S is the set of spans in the network, hi is the hop of
span i, and Xp,i is the number of restoration paths that p-cycle p
can provide for span i, Xp,i=I if span i is an on-cycle span,
Xp,i=2 if span i is a straddling span, Xp,i=O otherwise. A larger
AE means higher efficiency because the p-cycle with a large
AE can protect more spans.

B. Basic Operations
If the simple node-encircling p-cycles of a central node

exist, we could get one node-encircling candidate p-cycle in a
local-map of this central node by the Local-map-based Depth

First Search (LDFS) algorithm. The key difference between the
LDFS and the DFS is that the order of cycle search is
controlled by assigning weights to the directed edges of the
local-map in the LDFS. So the cycles containing all neighbor
nodes of the central node in the local-map are likely to be
found early in the search.

The redundant span of a p-cycle is defined as: if a span is
removed from the p-cycle, we can find a new p-cycle which
contains all the target nodes and does not involve the nodes
which are not on the original p-cycle. In Fig. 3, the node 4 is
the central node of the node-encircling p-cycle 1-2-3-5-6 and
the target nodes are the neighbor nodes (1,2,3,5). For this p
cycle, the span 1-6 and span 6-5 are the redundant spans. The
reason is that the new cycle 1-2-3-5 is a smaller hops node
encircling p-cycle for central node 4.

Figure 3. Contraction algorithm

The simple node-encircling p-cycles generated by the
LDFS algorithm usually have some redundant on-cycle spans.
In order to get the minimal-hops cycles without the redundant
spans, we perform the contraction algorithm on these simple
node-encircling p-cycles generated by the LDFS. The
contraction algorithm begins with an existing simple node
encircling p-cycle. Each on-cycle path of this p-cycle is
between the two neighbor nodes of the central node. A new
smaller p-cycle is constructed by removing the on-cycle path
and replacing it with the shortest hops path between the two
end nodes of this path. The shortest hops path should be node
disjoint with the remained part of the p-cycle excluding the on
cycle path. After contracting every on-cycle path, we get the
minimal-hops p-cycle which contains all neighbor nodes of the
central node. An example of the contraction algorithm is
illustrated in Fig. 3 using the node-encircling p-cycle 1-6-4-5
3-7-1 with the central node 2 and the target nodes (1,4,3). The
shortest hops path between the target node 4 and the target
node 3 is the path 4-3. So we replace the on-cycle path 4-5-3
with the path 4-3 and get the smaller p-cycle 1-6-4-3-7-1. For
this cycle, the shortest hops path between the target node 4 and
the target node 1 is the path 4-1. Run the contraction algorithm
again and get another smaller p-cycle 1-4-3-7. For no
redundant span on this p-cycle, the p-cycle 1-4-3-7 is the
minimal-hops p-cycle for the central node 2.

In order to get more efficient p-cycles, we can perform the
basic SP-Add operation on the minimal-hops cycle. The basic
idea of Sp-Add operation is that, for an on-cycle span of an
existing cycle, a new cycle is constructed by removing the span
and replacing it with the shortest path between its end nodes
which is node-disjoint from the original cycle. So the on-cycle
span becomes a straddling span of the new cycle being formed.
We propose a Local-Extend operation to generate more node
encircling p-cycle. The weight of a directed edge [u, v] is
denoted as weight[u, v] in the graph. The process of the Local-



Extend operation is as follows: in a local-map, the cost of edge
[u, v] is set as -weight[u, v] before a Local-Extend operation.
Then we run a least-cost rout algorithm in such local-map to
compute a least-cost path between the end nodes of an on-cycle
span. The total weight of the edges on this path will be larger.
This path is different from the path generated by SP-Add. So
we can get a new good candidate p-cycle by replacing the on
cycle span with this more expensive path. It is obviously that
the cycles generated by this algorithm contain all the target
nodes in the original cycle.

III. LOCAL-MAP-BASED FINDING P-CYCLES
ALGORITHM

We prune off those nodes whose nodal degree is less than 2
and all the links adjacent to them in the topological graph,
because no simple p-cycle could cover such nodes. The process
of the LFCA is presented as follow:

Step 1: Record the neighbor nodes and the level-l local
map of a given central node. Regard all the neighbor nodes as
the target nodes.

Step 2: For every node in the local-map with a queue to
record the information of this node, arrange the outgoing arcs
of every node in the ascending order of the arcs' cost and push
the outgoing arcs whose heads are the target nodes into the top
of the corresponding queue. Prune off the given central node
and the links adjacent to it in the local-map. Perform the LDFS
algorithm in the local-map to generate a cycle C containing all
the target nodes.

If such the cycle C can be found and go to Step 3.

Else, this central node does not have any simple node
encircling p-cycle in this local-map.

If the local-map level of this central node can be increased,
increase this local-map level and update this local-map, go to
Step 2.

Else the local-map level of this central node reaches the
upper limit of the local-map level Lmax. This central node does
not have any simple node-encircling p-cycles, give a new
central node and go to Step I.

Step 3: Run Contraction algorithm. Divide the cycle C into
the paths with the target nodes which is set as the dividing
nodes. Each path created by dividing the cycle C is denoted as
the i'th path Pi(i=I,2 ...K). We compute a shortest hops path Pi
between the two end node of the path Pi> P' should be node
disjoint from all the other paths exclude the path Pi, i.e., PjG *
i). Defme the hops difference between the path P' and the path
Pias hops( P' - Pi ) and find the maximal value of hops( pI- Pi)
as hops( P' - Pi)max'

If hops( pi - Pi )max > 0, we replace the path Pi with the
corresponding Pi. Unite all the path PjG=I,2...K) to form a new
cycle. Let this new cycle as a new cycle C and go to Step 3.

Else, hops( pi - Pi )max ~ 0, fmish running the Contraction
algorithm on the cycle C and get the cycle Cmin, go to Step 4.

Step 4: According to algorithms SP-Expand, SP-Grow and
Local-Extend respectively compute the new good candidate

cycles based on the cycle Cmin in the different level local-map.
All cycles generated in this step are the simple node-encircling
p-cycles with the same central node. According to Eq.(1),
compute the AE(P) for each node-encircling p-cycles generated
by step 4.

If there are the other central nodes which need to find the
simple node-encircling p-cycles, pick up one node as a given
central node and go back to Step I.

EIse, record these simple node-encircling p-cycles as the
candidate p-cycles.

It is obvious that the simple node-encircling candidate p
cycles generated by the LFCA are the link p-cycles. So this
algorithm is also suitable for fmding some special link
candidate p-cycles which must contain some fixed nodes.
When consider the data structure of a spanning tree in a
network which has n vertices and n-l edges. The complexity of
a LDFS is 0(2n-l). The complexity of the basic span-operation
and Local-Extend algorithms is 0(lnI2). In the LFCA, if the
cycle Cmin has m vertices(m n) and the upper limit of the local
map level is Lmax,the complexity of LFCA for one central node
is 0«2n-l) + Lmax(m (n_m)2)).

IV. SIMULAnON RESULTS AND ANALYSIS

In the study we optimize the Italian network with 21 nodes
and 36 links (Fig. 4). Throughout the simulation we use two bi
directional fiber-pairs per link and only consider single link
failure on an on-cycle span, a straddling span or straddling flow
in this simulation. We assume all the nodes have wavelength
(optical-electronic-optical) conversion capacities.

1'1

Figure 4. Test topology

In order to finding more candidate p-Cycles, we enhance
the local-map level Lmax as much as possible. So, LFCA is
performed in the test topology to fmd simple node-encircling
candidate p-cycles for every node and the results are shown in
Table I and II. We can see that some nodes do not appear in
Table I and II because there is not any node-encircling p-cycle
when these nodes are seemed as the central nodes. We first
evaluate the minimal-hops p-cycle Cmin containing all the target
nodes generated by WDCS and LFCA for every node of the
topology in Table I. The nodes with the underline in the Table I
denote that these nodes are the target nodes in the cycles. We
can see that the LFCA can get cycle Cmin containing less nodes
than the WDCS when the nodes (4,5,10, 14,20) are seemed as
the central nodes. So the cycle Cmin generated by LFCA is more
suitable for the basic algorithms of the next step. When the
target nodes are not the nodes which must be the neighbors of



TABLE I. COMPARISON OF WDCS AND LFCA FOR THE MINIMAL-COST P-CYCLE CMIN

Algorith Central Central Central Central Central Central Central Central Central Central Central node

m node 2 node 4 node 5 node 8 node 9 node 10 node 11 node 14 node 15 node 16 20

The cycle !-6-1-~- 2-~-7-9- ~-8-9-7- 2-12- 1-10- 2-11-13- 12-15- 11-9-7-10- 11-13-16- 15-17-20- 15-19-18-14-
Corin of 4-!!-! 8-6-1-!!- 2-!-~ 11-13- 13-11- 15-17-20- 13-10-7- 13-16-17- 17-20-19- 19-18-14- 12-11-9-7-
WDCS 2 10-7-~- 12-~-~- 19-18-14- 2-12 20-19-18- 18-14-12- 12-11-13- 10-13-16-17-

2 1 12-8-6-1- 15-12-11 11 15 15
9

The cycle !-6-1-~- 2-~-7-6- ~-7-2-!- 2-12- 1-10- 2-11-13- 12-15- 15-18-19- 11-13-16- 15-17-20- 15-19-18-14-
Corin of 4-!!-! 1-!!-2 ~ 11-13- 13-11- 15-12-8- 13-10-7- 20-17-16- 17-20-19- 19-18-14- 12-11-13-16-
LFCA 10-7-~- 12-~-~- 6-1-2 2-12 13-11-12- 18-14-12- 12-11-13- 17-15

9 7 15 11 15

TABLE II. COMPARISON PERFORMANCE OF ENUMERATIO WDCS AND LFCA

Performance Central Central Central Central Central Central Central Central Central Central Central

of algorithms node 2 node 4 node 5 node 8 node 9 node 10 node 11 node 14 node 15 node 16 node 20

Number of 248 248 868 495 15 240 768 113 113 113 113
candidate cycles
for Enumeration
Number of 36 18 30 11 11 22 48 20 26 28 19
candidate cycles
forWDCS
Number of 64 50 77 12 15 78 71 26 36 35 36
candidate p-
cycles for LFCA
Average AE per 1.741 2.183 2.015 1.874 1.469 2.261 1.841 2.234 1.646 2.047 2.231
candidate p-cycle
ofWDCS
Average AE per 1.839 2.071 2.029 1.877 1.474 2.191 1.88 2.199 1.684 2.066 2.197
candidate p-cycle
ofLFCA

the central node, the cycles generated by LFCA are the simple
link p-cycles. So the LFCA is suitable for fmding both the
node-encircling p-cycles and the link p-cycles. We compare the
performance of Enumeration, WDCS and LFCA in Table II.
When every node of the test network is supposed to be the
central node and we use WDCS, LFCA and enumeration to
compute the corresponding candidate node-encircling p-cycles.
The numbers of candidate node-encircling p-cycles generated
by three algorithms in the test networks are shown in the Table
II. The average AE and hops per candidate cycle generated by
LFCA and WDCS are shown in the latter of the Table II. These
results show that the LFCA can fmd the simple node-encircling
candidate p-cycles for any central node if such a simple node
encircling p-cycle exists in the network. The LFCA can get
more candidate p-cycles with good efficiency than WDCS by
performing the basic operation algorithms without enumerating
all cycles.

V. CONCLUSIONS

In this paper, we proposed a new heuristic fmding p-cycles
algorithm called LFCA to fmd the node-encircling p-cycles in
survivable mesh networks. LFCA can fmd more good
candidate simple p-cycles in the mesh networks without
enumerating all cycles. Compare to previous algorithms, LFCA
can efficiently achieve node failure protection in survivable
mesh networks.
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