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Abstract— The proposed automatic fault recovery framework 

enhances any network with planar graph and provides safeguards 

to overcome failure of any link. It is assumed that all optical 

switches are interconnected by bidirectional node fiber links. Using 

heuristic planarity algorithm, the non-planar network is converted 

into planar network G. The links in G can be partitioned into a set 

of P-cycles and each outer edge node belongs to exactly two closed 

cycles and the common node of G has exactly three closed P-cycles. 

In the planar network, the clockwise direction is assigned to 

determine working of sub network and anti-clockwise direction is 

assigned for protection of sub network. With this, adding six 

pendant edges into the planar network is possible to generate an 

infinite family of blocks. The order of blocks which has been 

arrived is 60, 360, 1860, etc. 

Keywords— Survivability; P-cycle; Protection; Restoration; 

Snark; Hamiltonian path  

Nomenclature 

G Graph 

V Vertex 

E Edge 

X Subgraph 

K Number of edges in a subgraph 

R Degree of the node 

le 

 
Edges 

F Number of faces in a graph 

N Number of Nodes 

L Number of Edges 

 

I.  INTRODUCTION 

With the Internet becoming ubiquitous, today’s 

optical networks carry enormous loads of traffic (voice, video, 

data, different real time application services including remote 

monitoring and control, remote surgery, etc.) which doubles 

almost every year. And internet is built on the foundation of 

reliable optical long haul networks [16][17]. 

Survivability (meaning the ability to provide services even 

during failures) is an essential property required from optical 

networks which carry massive amounts of data. Basically, 

failures can be (a) component failure and (b) fiber cuts. 

Survivability approaches are classified as (i) Protection 

Mechanism and (ii) protection schemes, both are measured by 

two main parameters: (1) speed of restoration and (2) capacity 

efficiency. Protection can be achieved by several methods in 

survivability network. One such protection scheme is P-cycles. 

The concept of P-cycle (Pre-configured cycles), first 

mentioned by Grover and Stamatelakis [14][15], are described 

as 'preconfigured cycles in mesh networks'. Ring protection 

mechanisms offer much faster recovery compared to mesh 

restoration mechanism. P-cycles basically pre-connect closed 

structures of the network’s spare capacity, and use it to 

provide alternative path to the working paths, which are in the 

form of P-cycle light paths in all optical networks. The P-cycle 

has two types of links: on-cycle span and straddling (chords) 

spans [2].  

P-cycles, considered among the most promising techniques 

for shared span protection, protects all straddling (chords) 

spans and on-cycle spans, thus combining the speed advantage 

of ring networks with efficiency advantage of mesh networks. 

The latter is achieved by the P-cycle giving shared protection 

to all the on-cycle spans and the straddling spans. P-cycles are 

created by pre-connecting the spare capacity of the network. 

Hence, P-cycles fulfill both requirements: efficiency as well as 

restoration speed. Though single failures in a network are 
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overcome completely, some fine-tuning is still needed for 

better effectiveness. 

 Though Ring-based networks offer very fast recovery, 

mesh-based networks are more efficient and flexible. P-cycles 

offer mesh-like efficiency and flexibility and ring-like speed. 

P-cycles basically pre-connect closed structures of the 

network’s spare capacity and create a closed ring-like 

structure. This provides straddling (chords links) of the closed 

structure and shared protection to all on-cycle links. With the 

network’s spare capacity pre-connected, two switching actions 

(as in rings) at the end nodes of the failed link are adequate to 

switch the traffic on the back-up path in the event of link 

failure [7][14]. 
  The remainder of this paper is organized as: Section 

II covers the network's framework, definitions, propositions, 
and conjectures. Section III defines a planar network and 
describes how it is developed. Section IV describes the step-
wise procedure for the decomposition of the network. Section 
V discusses extension of the network. Section VI deals with 
fault restoration. Section VII presents the conclusion.  

II. NETWORK FRAMEWORK 

Networks are modeled by digraphs, the switching 

nodes are represented by vertices and the transmission fibers 

are represented by edges. The network has bi-directional 

protection fiber in edge node and the remaining nodes have 

exactly one protection fiber. This work provides a new 

methodology for forming higher grade network (where grade 

indicates degree of the node). Here a set of directed cycles is 

created which may be used at the time of link failure. All the 

cycles contain equal number of nodes. The framework uses 

the following special orientation based on fiber based recovery 

[9].  

 

Proposition 1. A graph with a higher grade has a 

shorter recovery length [4]. 

 

Proposition 2. Let G = (V, E) be an arbitrary finite 

graph. If sub graph G’ = (V, E / X) is connected for all X 

contains E where |X| < K, then G is a planar graph. 

 

Conjecture 1. Connectivity to finite directed graph 

has minimum number of disjoint path. 

 

Conjecture 2. Let G be a bridgeless finite directed 

graph. If the edges in G can be partitioned into a set of cycles 

of some edges l1, l2, l3, …, lk, each outer edge belongs to exactly 

two cycles and the common node of G has exactly 3 cycles. 

 

Conjecture 3. Let G have finite number of closed 

cycles, i.e. a walk starts and ends at the same node. Each cycle 

has exactly one repetition vertex and two edges.  

 

Definition 1. A graph G is regular if every vertex has 

the same degree. G is said to be regular of degree r (or r-

regular) if deg (V) = r for all vertices V in G. Complete graphs 

of order n are regular of degree n − 1, and empty graphs are 

regular of degree 0. 

 

Initially, the non-planar network is taken for our work. The 

non-planar network is the smallest bridgeless network which 

has no Hamiltonian cycle. A Hamiltonian path (or traceable 

path) is a path in an undirected or directed graph that visits 

each vertex exactly once. Consider, the network describes 10 

nodes and 15 links. The nodes are named 1, 2, 3, .., 10 and 

links are named l1, l2, l3,…, l15 as shown in Fig 1.  

 

Fig 1. Non Planar Network 

III. PLANAR NETWORK 

A planar network is the smallest network which can 
be drawn in the plane without any intersecting links [8]. Any 
connected planar network with n vertices (say n = 10) and m 
edges (say e = 12) has (f – 1) faces. We consider only f-1 faces, 
because the actual path is equal to outer face value. This 
network is designed by using special orientations mentioned in 
Section II. The network in Fig 1 is converted into a planar 
network, and then 3-regular networks are formed for extending 
the network. Fig 2 shows the higher grade planar network that 
are describing briefly in the section. Considering node 10 as a 
common node in Fig 1, the following steps are followed to 
form the planar network.  

1. Find all the crossing edges.  

2. If a crossing edge is connected into a common 
node, then the edge is retained, else return to 
step 3. 

3. The crossing edges are deleted from the graph. 
Repeat step 2 until all the crossing edges are 
visited. 

The following discussion describes the generation of the 
planar graph and the rationale for selecting 3-grade (degree) 
network. This planar graph is used to reduce the restoration 
path with higher priority nodes as well as lower priority nodes. 
In Fig 2, the edge node is covered by at least 2 faces. A link 
failure in the working fiber along the corresponding edge can 
be improved by rerouting through the spare link of appropriate 
faces. The common node connects 3 nodes directly, is 
surrounded by 9 nodes and has 3 neighboring nodes (3, 6 and 
9), while each face has minimal number of nodes. 
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Fig 2. Generated Planar Network 

For example, in the network in Fig 3(a) if the link (1, 2) fails 
with working traffic from 2 to 1, the face reroutes the failure 
via the restoration path {2, 3, 10, 9, 1} where the actual path is 
{2, 3, 4, 5, 6, 7, 8, 9, 1}.  

We assume the degree of the common node is 4 in network 
3(b). The different restoration lengths are arrived. If the link (1, 
2) fails with working traffic from 2 to 1, the face reroute the 
failure via the restoration path {2, 10, 9, 1} and actual path {2, 
3, 4, 5, 6, 7, 8, 9, 1}. If the link (4, 5) fails with working traffic 
5 to 4, the face reroute the failure via the restoration path {5, 6, 
7, 10, 4} and actual path {5, 6, 7, 8, 9, 1, 2, 3, 4}. Table I 
compares the average restoration path length in the two graphs 
of Fig 3(a) and 3(b).  

  

 
 

Fig 3(a). Recovery in Planar 
Network with degree 3 

Fig 3(b). Recovery in Planar 
Network with degree 4 

 

In general, when the degree of the common node is high, the 
restoration path of the network is low. From Fig 3(a) and 3(b), 
the average restoration path length of network with degree 4 is 
shorter than network with degree 3.  

TABLE I. COMPARISON OF AVERAGE RESTORATION PATH 

LENGTH – DEGREE 3 VS. DEGREE 4 NETWORKS 

 Network 

with 

degree 3 

Network 

with 

degree 4 

Block Length 10 10 

Degree 3 4 

Average Segment 

Length 
3 2.5 

Average Restoration 

path Length 
4 3.5 

However, lengths of some restoration paths in the network 
with degree 4 are equal to that of a network with degree 3. 

However, a network of degree 3 has same length in the entire 
restoration path. Finally, a network of degree 3 is considered 
for our discussion. The number of faces in a given network is 
calculated by using proposition 3. 

Proposition 3. The connected network with nodes N(N >= 
10) and link (L >= 12) has f = L – N + 2 faces, where f denotes 
the number of faces in a converted planar network [3].  

The number of faces f includes f – 1 inner blocks and one 
outer face. Fig 3 is considered to have 3 inner faces named as 
f1, f2, f3and 1 outer face as shown in Fig 4. Finally, the non-
planar network with 15 links is reduced to a planar network 
with 12 links.  

 

Fig4. Planar network with faces f1, f2 and f3 

IV. DECOMPOSITION OF THE NETWORK 

The network is subdivided into subgroups of equal 

size. Decomposition of the network improves the efficient 

utilization of the spare capacity [5]. To generate working sub 

network and protection sub network, the primal decomposition 

of the network is performed (using the simple algorithm given 

below). 

 

Step1. Initialize f = 3 and 2-dimensional array as cycle. 

Step2. Start from the common node.  

Step3. Move in clockwise direction from common node,   

             Select the nearest neighbor node and store into       

             array cycle until two neighboring nodes are         

             arrived.  

Step4. If the current visiting node has two nearest   

              neighboring node and check the nearest       

              neighboring node is common node, store the          

              common node at the end of the cycle. 

Step5. Decrease by 1 and go to step 2 until all the nodes  

             are visited. 

 

The protection sub network is formed by assigning anti 

clockwise direction in the above algorithm (instead of 

clockwise direction). The 3 cycles are found and there are no 

unused edges available in the network. The cycles are Cycle 1 

= {10, 9, 1, 2, 3, 10}, Cycle 2 = {10, 3, 4, 5, 6, 10} and Cycle 

3 = {10, 6, 7, 8, 9, 10}. These cycles are said to be protection 

cycles such that the edge link in the network will be present in 

2 cycles and remaining links will be present in another 

(different) cycle. In addition, the link failure results in 
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different cycle at the edge node. The different syndromes are 

shown in Table II. 

 
TABLE II.DIFFERENT SYNDROMES FOR PLANAR NETWORK 

 

 

 

 

 

 

 

 

 

Two cycles will be generated if the link 3, 10 undergoes 

failure. These cycles are not unique and have totally different 

paths, but the size of the cycles is identical. The proof is given 

Proof of conjecture 2: The nodes are represented in the 

planar network G = {1, 2, 3…, 10} and the sub network f = 

{f0, f1, f2}. The node 3 belongs to f0, f1, node 6 belongs to f1, 

f2 and node 9 belongs to f2, f0. The remaining nodes occur 

exactly once each. 

 

 
 

Fig5.(a) Working Subnetwork (b) Protection Subnetwork  

 

The protection cycles' size is also vital for failure recovery. 

When the size of the cycle is small, the restoration path and 

time are small. In our method, the size of the cycles is made 

small and each cycle is formed uniformly (all cycles have 

same number of nodes). If the cycle size is large, the 

restoration path is also large. The working and protection sub 

networks are shown in the Fig 5a and 5b. These types of 

networks are implemented by fiber based recovery [6], [11].    

A set of protected links are preselected in the link based 

protection mechanism. The working path is switched to 

protected path for improving recovery speed and the resources 

are allocated efficiently whenever a failure occurs. As a result, 

the higher order decomposed network is fast; size of the cycle 

is small and supports single and multiple failures. If link 

failure occurs, it uses a maximum of 3 protection cycles using 

bidirectional connection in a network. Hence, f – 1 denotes the 

maximum number of link failure recoveries possible [3], [12]. 

V. EXTENSION OF THE NETWORK 

This proposed work is used to increase the network 

size. By adding six pendant edges to the planar network, it is 

converted into a 3-regular planar network as shown in Fig 6 

using Definition 1. This 3-regular planar network is hexagonal 

and connects five 3-regular planar networks as shown in Fig 7. 

Initially, form the smallest family of network of order 60 that 

contains six 3-regular planar networks. At the end of the first 

iteration, 300 nodes will be added to the network (because we 

can add only 5 copies of planar network in the initial 

network). From the second iteration onwards, we can add 25 

copies of the initial network, each having 60 nodes. Hence 

from the third iteration onwards, 1500 nodes will be added 

into the network.  

 

Fig  6. Planar graph with six pendant edges 

After the n
th

 iteration, number of nodes in the network is 

given by recurrence relation, Yn = Yn-1 + 1500, n > 1, where 

Y0 = 60 and Y1 = 300 by applying the above procedure, the 

nodes in the network increase to 60, 360, 1860 and so on. 

 

Fig7. Family of the network with 60 nodes 

The generalized Szekeres snark (a connected,  

bridgeless cubic graph with chromatic index 4) of order 50 

contains 5 copies of Petersen block. An infinite family of 

snarks is obtained by adding another group of 4 Petersen 

blocks to the existing graph. Individual snarks from this 

family have orders 50, 90, 130 [13], [10]. This method can 

create a large number of networks. 

Links 
Cycle 
1 

Cycle 
2 

Cycle 
3 

(1,2) √   

(2,3) √   

(3,10) √ √  

(3,4)  √  

(4,5)  √  

(5,6)  √  

(6,10)  √ √ 

(6,7)   √ 

(7,8)   √ 

(8,9)   √ 

(9,10) √  √ 

(9,1) √   
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VI. FAULT RESTORATION 

A 2×2 protection switch, with a pair of unidirectional 

working fibers and a pair of unidirectional protection fibers, 

i.e. the switch contains working fiber input and output port 

and protection fiber input and output port. The working input 

port is connected to working output port and protection input 

port is connected to protection output port. This arrangement 

is known as fiber based recovery, is used to perform the 

Automatic Protection Switch (APS) function, and is activated 

either automatically or manually as per the failure and also 

used to modify the setting of each switch. The various states 

of APS functions are: 

 Clear 

 Automatic Switch to Protection (ASP) 

 Lockout of protection (LP) 

 Automatic switch to working (ASW) 

 Manual switch to working (MSW) 

 Manual switch to protection (MSP) 

 Initially, the switch is in enabled state. If a fiber is cut, the 

loss of signal is raised automatically or manually and sends 

APS messages between network nodes. The ASP protocol is 

activated in the switch and automatically switches from 

working to protection fiber. After completing the process, 

Automatic Switch to Working (ASW) protocol is activated by 

the switch, and the switch returns to its original (Enabled) 

state. The 5 node planar network has the bi-directional 

connection from source to destination. The working fibers are 

denoted by solid lines and the protection fibers by broken 

lines. The protection cycles are formed by the algorithm and 

stored in the switch. When a link failure occurs, the switch 

changes over from ‘working’ to ‘protection’.  

From Figure 8, consider the portion of planar network, 

where node 1 is transmitting the data to node 3. When a link 

failure occurs between node 2 and 3, the working fiber input 

port of node 2 is switched to protection fiber output port of the 

same node. Having no optical signal on the protection fiber 

(for a time greater than the pre-set timer) indicates that (a) the 

failure was restored or (b) the protection fiber has failed. In 

both cases, the protection switch reverts to the default state.  

 

 

 

 
 

 
Fig 8 Planar Network a) Before Failure b) After Failure 

VII. CONCLUSION 

The proposed recovery scheme uses optical networks 
to produce an efficient fault recovery framework. The ring-
like framework consists of 4 stages: Network framework, 
forming of planar network (like Star), decomposition of the 
network and extension of the network. The non-planar 
network consists of 10 nodes with 15 edges. On simplification, 
the non-planar network is converted into planar connected 
network using heuristic planarity algorithm. The planar 
connected network is decomposed into 3 faces. Each face, 
having a designated common node with minimal number of 
neighboring nodes, forms a complete cycle using another 
heuristic algorithm. When there is link failure, pre-planned 
local P-cycle (within the corresponding block) restores the 
traffic flow. The proposed recovery framework is based on the 
use of local P-cycle (for recovery purpose) and on topology 
decomposition approach. According to the common edge 
node, each face is defined by clockwise direction for 
constructing working sub-network and anti-clockwise 
direction for protection sub-network. These sub-networks 
efficiently recover both single and multiple link failure. 
Finally, the recurrence relation for extending the network is 
derived and gives number of nodes in the network as a series 
60, 360, 1860 and so on. The network is in hexagonal shape. 
This link protection scheme provides a recovery service, limits 
the size of restoration path, breaks the network into smaller 
sub-networks, generates infinite family of blocks and also 
supports multiple fault restoration. The method not only 
eliminates the redundancy involved in star-block algorithm[4] 
but also proves to be better than GLBR and P-cycle methods.  

 

REFERENCES 

[1] Abdelhamid E. Eshoul and Hussein T. Mouftah, Survivability 
Approaches Using P-cycles in WDM Mesh Networks Under Static 
Traffic, IEEE/ACM transaction on networking, vol. 17, no. 2, April 
2009 

[2] D. A. Schupke, C. G. Gruber, A. Autenrieth, Optimal Configuration of 
P-cycles in WDM Networks, in Proc. IEEE ICC, 2002, pp. 2761– 2765. 

(a) 

(b) 

International Journal of Pure and Applied Mathematics Special Issue

337



[3] Georgios Ellinas, Aklilu G. Hailemariam, Thomas E. Stern, Protection 
Cycles in Mesh WDM Networks, IEEE Journal on Selected Areas in 
Communications, Vol.18, No.10, pp. 1924-1937, October 2000.  

[4] Jung-Shian Li, Ching-Fang Yang, and Jian-Hong Chen, Star-Block 
Design in Two-Level Survivable Optical Networks, IEEE/ACM 
Transaction on Networking, Vol. 19, No. 2, April 2011 

[5]  M. Medard, S. G. Finn and R. A. Barry, WDM loop-back recovery in 
mesh networks, in Proc. IEEE INFOCOM, 1999, pp. 752–759. 

[6] M. Médard, R. A. Barry, S. G. Finn, W. He, and S. Lumetta, 
Generalized loop-back recovery in Optical Mesh Networks, IEEE/ACM 
Trans. Netw., vol. 10, no. 1, pp. 153–164, Feb. 2002 

[7] Rachna Asthana, Member, IEEE, Y. N. Singh, Senior Member, IEEE, 
and Wayne D. Grover, Fellow, IEEE, P-cycles: An Overview IEEE 
Communications Surveys & Tutorials, Vol. 12, No. 1, First Quarter 
2010. 

[8] A. Lempel, S. Even and I. Cederbaum An algorithm for planarity testing 
of graphs in Proc, Theory of Graphs-Int. Symp, Rome, Italy, pp. 215-
232, July 1966. 

[9] R. C. Read Theory of graphs, New York: Academic 1969. 

[10] G. Ellinas, A. Hailemariam and T. E. Stern, Creation Of A Family Of 
Cycles Corresponding To The Orient Able Cycle Double Cover, Tech. 
Rep. CU/CTR/ TR 474-97-08, Center Telecommun. Res. Columbia 
Univ. 1997. 

[11] P. A. Catlin, Double Cycle Covers And The Petersen Graph, J. Graph 
Theory, vol. 13, no. 4, pp. 465-483, 1989. 

[12] F. Jaeger, Cycles in Graph, Amsterdam, The Netherlands:   Elsevier 
Science, 1985. 

[13] U. Celmins, On conjectures relating to snarks, Ph.D. dissertation, Univ. 
Waterloo, 1987.  

[14] W. D. Grover and D. Stamatelakis, Cycle-Oriented Distributed Pre-
Configuration: Ring-Like Speed With Mesh-Like Capacity For Self-
Planning Network Restoration, in Proc. IEEE Int. Conf. 
Communications (ICC’1998), Atlanta, GA, Jun. 1998, Vol. 1, pp. 537-
543. 

[15] W. D. Grover and D. Stamatelakis, Cycle-Oriented Distributed Pre-
Configuration: Ring-Like Speed With Mesh-Like Capacity For Self-
Planning Network Restoration, in Proc. IEEE Int. Conf. 
Communications (ICC’1998), Atlanta, GA, Jun. 1998, Vol. 1, pp. 537-
543. 

[16] Yuanyuan Yang &Jianchao wang 2005, ‘A New Design For Wide-Sense 
Nonblocking Multicast Switching Networks’, IEEE Transactions on 
communication, vol.53, no.3. 

[17] Yuanyuan Yang, & Jianchao Wang 2004, ‘A Fault-Tolerant 
Rearrangeable Permutation Network’, IEEE transactions on computers, 
vol 53, no.4. 

[18] Yufeng Xin, George N. Rouskas, &Harry G. Perros 2003, ‘On the 
Physical and Logical Topology Design ofLarge-Scale Optical 
Networks’, Journal of Lightwave Technology, vol. 21, no. 4. 

[19] Zhenrong Zhang, Wen-De Zhong, & Biswanath Mukherjee 2004,‘A 
Heuristic Method For Design Of Survivable WDM Networks With P-
cycles’, IEEE Communications letters, vol.8, no.7. 

[20] Zhou, C & Yang, Y, ‘Wide sense nonblocking multicast in a class of 
regular optical WDM networks’, IEEE trans on commun. vol. 50, no.1, 
with bidirectional links,” in proc. GLOBECOM, pp.152-156.  

[21] Zhu, Y, Rouskas, GN & Perros, HG 2000, ‘A path decomposition 
algorithm for computing blocking probabilities in wavelength routing 
networks’, IEEE/ACM Transactions on Networking, vol.8, no.6, pp.747-
762. 

International Journal of Pure and Applied Mathematics Special Issue

338



339



340


