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Abstract. The design of survivable all-optical mesh networks based on
bidirectional wavelength division multiplexing (WDM) self-healing rings
(SHRs) to supply complete protection against any single link failure requires an efficient solution. This paper proposes a shared protection algorithm called shared protection by concatenated rings (SPCR) using selfhealing capability and a pre-configuration mechanism. Our algorithm
protects and recovers any single link failure with very little capacity,
faster detection, and recovery time on failures in mesh networks. The
comprehensive computer simulation shows that the protection cost is reduced up to about three times and the protection delay is improved up
to about five times comparing to short leap shared protection (SLSP)
scheme which is known to be effective.

1

Introduction

Explosive growth of hosts, users and services connected to the Internet requires
very high speed network technology such as optical networks. This trend is accelerated by ever increasing data traffic. Recently it has already exceeded voice
traffic. In this context research on optical networks based on wavelength division
multiplexing (WDM) technology is drawing much interest for future high speed
network infrastructure. In such high speed network environment, protection of
user service becomes increasingly important since even very short interruption
of service due to link or node failure will cause huge data loss and incur tremendous restoration cost. Thus fast and efficient protection and restoration is one
of the most important issues to be addressed.
Protection and restoration schemes can be categorized into P-Cycle[1, 2],
SLSP[3, 4] and schemes using other type of cycles, e.g., Eulerian tour and Hamilton cycle[5–7]. Cycles are pre-configured in P-Cycle so that it can provide fast
protection. If the length of a protection cycle is long, the protection delay may be
increased. SLSP is a scalable end-to-end service-guaranteeing shared protection
scheme, which accommodates the characteristics of both path-based protection
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and link-based protection. The main idea is to divide the working path into
several overlapping segments (domains), each of which is assigned a protection
domain ID (PDID). The formation of the protection path of each protection
domain starts in the first node of each protection domain. If the diameter of a
protection domain is d, we denote the protection method as SLSPd (we investigate SLSP3, SLSP4, SLSP5, and SLSP6 in this work).
In this paper, we propose a shared protection algorithm, shared protection by
concatenated rings (SPCR), which utilized the concept of self-healing ring (SHR)
in ring networks, and P-Cycle in mesh networks. We compare performance of
SPCR and SLSP via simulations. Protection costs, protection delay and failure
detection time are evaluated and our proposed SPCR is shown to demonstrate
better performance.

2

The Proposed Protection Scheme

In contrast to dedicated protection such as 1+1[8], shared protection that allows
several working paths to make use of the same protection resources can yield
better capacity efficiency. For shared protection the speed of recovering service
availability after the occurrence of failure may be relatively slower than in dedicated protection, and thus shared protection resources must be configured to
speed up before the optical traffic flow can be switched to them. We employ
a basic concept of pre-configuration method for a failed edge along with the
shared protection to have reasonable protection performance in terms of time
in a practical networking environment. Here the pre-configuration means predetermined concatenated rings as shown in Fig. 1 depending on the dimension
of the mesh network topology. Each ring covers four nodes and adjacent two
rings share exactly one node.
Another protection mechanism we consider in this work is the SHR. The motivation behind a ring-based backup configuration in mesh networks is that only
rings can contribute to find alternative paths in a graph which represents a network topology. In addition, carefully designed rings can provide high sharability
of backup paths and spare capacity along with the inherently simple and fast
recovery operation for fault tolerant networks. This paper is focused to propose
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Fig. 1. Concatenated rings on mesh(6, 6) for path protections.

a new and efficient shared protection algorithm in a full mesh topology. The pro-

posed scheme called SPCR is based on the SHR and the pre-configured protection path algorithm. Characteristics of the SPCR is as follows. The concatenated
rings are basically SHRs in a full mesh topology and uncovered boundary edges
that are not included in any SHR exist in the mesh boundary. A protection path
for any uncovered boundary edge is determined by the pre-arrangement. If a
failure occurs on a SHR, then the failed edge is protected by a path consisted of
remaining edges in the SHR. A failure in a uncovered boundary edge is recovered
by three nearest rings, especially an edge from each ring makes a protection path
with length 3.
For consistency, we employ the similar definitions and notation for mesh
networks in computer architecture[9]. A two-dimensional mesh, mesh(N, M ),
is an N ×M square grid of N ·M nodes where N and M represent the length
and width of the mesh, respectively. Each node in a mesh is represented by a
coordinate (x, y) (0≤x≤N -1, 0≤y≤M -1), and each edge e(a,b),(c,d) corresponds
to a direct communication link that traffic flows from a node (a, b) to an adjacent node (c, d) ∈ {(a + 1, b), (a, b − 1), (a − 1, b), (a, b + 1)}. Let a ringk =
{(a, b), (c, d), (e, f ), (g, h)} be a ring of 4 nodes that is composed of 4 edges
e(a,b),(c,d) , e(c,d),(e,f ) , e(e,f ),(g,h) , and e(g,h),(a,b) . A node in upper-left corner of
a ring denotes a representative of the ring. Let ef ail be an edge which has a
detected failure and RN(ef ail ) be a ring number of a failed edge. Let D be a set
of demands.
Algorithm DESIGN of CR(N,M)
y=0; k=0;
The ring number in each edge is initialized to -1;
While ( y < M - 1) do
x=0;
If ((y + 1) mod 2 = 0) then x = x + 1;
While ( x < N - 1) do
ring k = {(x, y), (x + 1, y), (x + 1, y + 1), (x, y + 1)};
The ring number for each edge in ring k become k;
k = k + 1; x = x +2;
y = y + 1;

Fig. 2. Pseudo code for Design of CR(N, M ).

The inputs to our algorithm include the length(N ) and width(M ) of a full mesh
topology for the physical networks, a demand set D, and a failure detected edge
ef ail if it exists. The output of the algorithm is an edge protection, and thus
a link protection in contrast to a path protection. Fig. 2 shows how to make
a layout of concatenated rings for a given mesh dimension. It starts from the
upper-left corner node of the mesh as a representative at the ring0 and finds the
next representative (x, y) for the next ring. It is repeated from the left to the
right and then from the top to the bottom of the mesh as you see in Fig. 1. The
algorithm Design of CR(N, M ) operates as follows. Variables x and y are used
for coordinates of the mesh and k is for a ring number. The ring number for
each edge in the mesh is initialized to -1. A ringk is a ring of 4 nodes which has
4 edges with the ring number k.

Table 1. The representative (x, y) of ringk based on N and k. (k0 = k mod (N − 1))
N (= even)
N (= odd)
k0 < b N2 c
z = 2k0 + 2N b Nk−1 c
z = 2k0 + 2N b Nk−1 c
k0 ≥ b N2 c z = 2k0 + 1 + 2N b Nk−1 c z = 2k0 + 2 + 2N b Nk−1 c
x = z mod N and y = b Nz c

The algorithm Protection for Failure(N, M, ef ail ) basically protects a failed edge
in the following manner. Let us assume that k stores the ring number RN(ef ail ).
Then we can find the representative of the ringk based on N and k. Refer to
Table 1. If k is positive, the algorithm protects the failed edge ef ail by the ringk .
Otherwise, ef ail is protected by a pre-configured protection path as you see in
the circle dotted line at Fig. 1. This algorithm discussed is summarized in Fig. 3.
Table 1 shows a method to calculate the representative (x, y) of ringk based on
N and k. After identifying the representative in ringk which contains the failed
edge, the original link is protected by the default protection path.
Algorithm PROTECTION for FAILURE (N, M, efail)
k = RN(efail);
If (k != -1) then the efail is protected by ringk in mesh(N, M)
Else uncovered boundary edge efail is protected by a pre-configured path for theefail

Fig. 3. Pseudo code for Protection for Failure(N, M, ef ail ).

Fig. 4 shows the main algorithm. Step 1 generates SHRs for mesh(N, M ) as in
Fig. 1 by Design of CR(N, M ), and step 2 routes paths for all demands by any
RWA algorithm. If a failure edge is detected in step 3, it is protected by the
algorithm PROTECTION for FAILURE(N, M, ef ail ) in step 4 (refer to Fig. 3).
1
2
3
4

Algorithm SPCR ( N, M, D)
DESIGN of CR(N, M);
Run any RWA algorithm for all demands in D;
If (a failure detected in an edge efail) then
PROTECTION for FAILURE(N, M, efail);
Fig. 4. Pseudo code for SPCR(N, M, D).

3

Simulation Results

We now describe some numerical results of the proposed SPCR with which we
compare the performance of the SLSP. We evaluate two schemes in terms of the
protection costs required to reroute a given set of lightpaths, protection delay,
and the time for failure detection. The details of our experiments are as follows.
Our experimental topology is mesh(N, M ) what is formed of bidirectional edges.
An edge used in any lightpath costs 1 unit, and thus five lightpaths for five
different demands passing an edge cost 5 units. The experiment is performed
with five protection methods (SLSP3, SLSP4, SLSP5, SLSP6, and SPCR) on

four topologies (6×6, 6×7, 7×7, and 8×8). In this simulation, we try 500 times
for each method and topology, and measure its performance on mesh(N, M )
with a set of 150 to 1000 random demands. The customized simulation is done
at Pentium IV-1.7GHz PC with windows XP which is equipped with 256MB
RAM. We now show bar graphs for each performance measure.

%

$ 
#

"  !


 

ò ñ í
ò ð í
ò ï í
ò î í
ò í í
ñ í
ð í
ï í
î í

íí

&(

')&
'+
&(
*
-+
,.
,
0)
/(
/

íí
íí
íí
íí
íí
íí
íí
íí
í

 ô ó
ó
 õö

 ô ó
ó
 õ ï

 ô ó
ó
 õ ÷
 ô ó
ó
 õ ð
 õ øù
ó
õ ú û ü ý þ ü ÿ û  ý ü  û  

zb {}ce|dg~&f;h }iej $k l j m &i;
n))l>$io j 
oqp &i;
hs
r)$th }iej }kel j m 3
iH
n\
u()k>j )v>$i$w$ox

~ }




µ² ±
² ³´

Qk=
qgC9WM rDX 5R
pBV
g9MSm? oAUn@T 4Q
ml>R?S k=Q
Qk=
PQjk<= P3
gh9:MNe7K Oi;Lf8
O2

N1

U$"8V#9 U$"8W%: Q4

8U$" 9V# 8U$" :W% 5R
8;U&" 9V# 8U$" :W% 6S
8U$" V#9 U&"8;W%: T!7
&"8;U W%: X)'<>Y(=
:>W)% ?Z* @[+ A\, B]- C^. A\, D_/ @[+ EG
`20 Fa31 B]- A\, Hb4 @[+ Ic5 Jd6
zb $y|2dGz {$cm { )|>h H
k\$w)k>j $kl j m &i;
nqj m 
u(
k)p 3
i3
h
r+$th }iej }kel j m &i;
n)
u()k>j v &i;$w$o x

ë)Ó>ì&Ô;íÕ ìï
Ô×îÖ
óÛ ÜÄ


¶

sGEY[tH
FZ\sEY
sEY[GZ)
F uI]
t
v2J _)
^G
K vJ^
w
xL`[Ga\
M `xL
yH
S6

»)£>¼G¤[»£
»£>)¤.¼¥½
¦¾ §.
¿¦¾
À¨>)©[ÁG¨À



¸· ¹º¡¢³

T!7



ÄÆÝÅ
ÜÞ



¯ °±
}



ë)Ó>ì3ÔíÕ ìñ
ÔÙðØ

óÛ Ýô
Å
óÛ ßõ
ÇÜóÛ àö
ÈÝóÛ á÷
ÉÞóÛ ãø
ËßóÛ åù
ÍàóÛ çê
ÏÒóÛ èÐ
ÇÆàâ
ßÞ
ÈÊáä
ÉÌãæ
ËÎåÞ
ÍÆçÞ
ÏÆèæ
ÐÎÜÄ éê
ÑÒÜÄ ÜÄ
á)û$âüã ýä þå ÿæ Hë
ú
ç\Ó

~
   ¡ 

   ¡ 
   ¡ 
 ¡ ¢}e£
¡ ¤ ¥ ¦ § ¨ ¦ © ¥ ªg«}e§ ¦ ¬ ¥  ®
Âª Ã}«eÄÆ¬®Å&;Ç¯ È°e}É± Ê}²eÃ« É± Ë³ È&°;ÌH
´\Íµ$Ê$²Î¶ Ï· ¸¹
ÐÑÉ± Ë³ ÒÑ
º¹ÊH
²\Ó» È3
°Ç3
¯Ô
¼+Õ$½Ç¯ È}°eÉ± Ê$²Ã« É± Ë³ È&°;Ì
´)Ò
º(Ê² ±É Ö)¾>È$°Í$µ×$¿ØÀ

ë)Ó>ì&Ô;íÕ ìñ
ÔÙòÚ

èéê






ë)Ó>üã ûâ

é ë ì é åþ û}âeÿ
æqëÓ è é ê














   ¡ 

Âª Í&µ;ÄÚ¬ÂÙ3ÁÏ}·eÒÑ
º¹Õ&½;Î¶ Ê
²)Õ$½Ç¯ È}°eÉ± Ê}²eÃ« É± Ë³ È&°;ÌH
´\Í$µÈ3
°Ò
º(Ï$·Ë³ Ì)´>×
¿qË³ Ì
´qÉ± Ö)¾>ÊH
²\ÙÚ
ÁÂÛÃ ÙÚ
ÁÂÅ3
ØÀ

Fig. 5. Simulation Results(a),(b),(c) and sample protection domains in the SLSP (d).

Fig. 5(a) shows the protection costs for 5 protection methods mentioned earlier.
The protection cost is determined by the maximum value of edge costs on a SHR
when a failure occurs on the SHR. This is because the failure can be occurred at
the maximum valued edge, and thus can be protected by the proposed scheme.
If a failure occurs on an uncovered boundary edge, the protection cost is just
the value of the edge cost. The protection cost of SLSP that is composed of
protection domains is equal to the number of edges for protection domains. Fig.
5(a) shows that the SLSP requires much more protection costs than the SPCR.
Variables for the protection time are defined as follows. α is the time that a
node detects a failure on the working path. β is the processing time for each node.
γ is the transmission time for an edge. For instance in SLSP, if a failure occurs
between nodes 2 and 3 in Fig. 5(d), the failure detection time is calculated as
follows. Detection delay from a failure to node 2 is α, processing time at node 2 is
β and transmission time for the edge between node 2 and node 1 is γ. And thus
the failure detection time is α+β+γ. For the protection time, processing time
at nodes 1, P1, P2, P3, P4, and 5 is 6·β and transmission time for those related
5 edges is 5·γ. And thus protection time is 6·β + 5·γ. The failure detection time
added to protection time makes total protection delay which is α+7·β+6·γ.

The protection delay of SPCR is as follows. The failure detection time is
always α. For the protection time, processing time at nodes (1,3), (1,4), (2,4),
and (2,3) requires 4·β and transmission time for those related 3 edges needs
3·γ. And thus the protection time is 4·β + 3·γ, therefore the protection delay
including the failure detection time is α + 4·β + 3·γ in Fig. 1. Figs 5(b) and (c)
show results of the failure detection time and the protection delay, respectively,
when α, β, and γ are 1. Fig. 5(b) shows that the failure detection time is improved
up to about five times and Fig. 5(c) shows that the protection delay is improved
a little comparing to SLSP scheme.

4

Conclusion

In this paper we have presented a shared protection algorithm based on selfhealing capability a pre-configuration mechanism for mesh(N, M ). The SPCR
provide shared protection against any single link failure using self-healing capability a pre-configuration mechanism. The comprehensive computer simulation
shows that the protection cost is reduced up to about three times and the protection delay time is improved up to about five times comparing to the SLSP. This
method shows its simplicity and better performance for various measures. We
evaluate our proposed scheme for the physical topology instead of mesh(N, M )
with virtual nodes.
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