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Failure Protection Methods for Optical Meshed-Ring
Communications Networks

Izhak Rubin, Fellow, IEEE,and Jing Ling

Abstract—We study the survivability of a meshed-ring com-
munication network that employs cross-connect switches. For
WDM networks, the cross-connect switches are implemented
as wavelength routers. Nodes can also provide cross-connection
at the ATM VP (virtual path) level. By meshing the ring, the
nodal degree of connectivity is increased as compared to a
ring topology, and thus more alternative (protection) paths are
available. For routing purposes, wavelength subnetworks are
embedded in the topology. Nodes communicate with each other
across one of the subnetworks to which both belong. We consider
two types of subnetwork topologies to simplify the routing in
a normal (nonfailure) situation. For each type of subnetwork,
different protection methods are proposed to protect against a
single link and/or nodal failure. The throughput performance of
such meshed ring networks under failure conditions is clearly
superior to that achieved by (SONET) ring networks. We show
that certain protection methods even result in lower values of
the protection capacity as well as the protection capacity ratio
(i.e., the overall capacity used under a failure divided by the total
capacity) as compared to ring networks. We also present methods
for constructing wavelength subnetworks to achieve single-failure
protection using the minimal number of wavelengths.

Index Terms—All-optical networks, cross-connect, survivable,
wavelength-division.

I. INTRODUCTION

WE INVESTIGATE a meshed-ring communication net-
work which employs cross-connect switches. This net-

work offers a throughput level which is significantly higher than
that attained by ring networks. By meshing the ring, we also im-
prove the network performance with protection against failures.
This improves network reliability and is a very important char-
acteristic. This network can be implemented as an all-optical
network using WDM or as an ATM compatible network. Cross-
connect switches are employed for routing over preestablished
wavelength graphs. This network does not require store-and-for-
ward queueing and processing mechanisms to be implemented
at the switches for handling internal traffic flows. Once a data
packet is admitted into the network, it experiences no queueing
delays at the switches it traverses. Also, no packet losses are in-
curred within the network. Very little buffering is needed in the
network. This property, along with the requirement of simple
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routing decisions and the use of a simple and robust intercon-
nect topology, allows this network to be synthesized by high
speed optoelectronic and optical components.

Ring architectures have been used by many network systems
such as token ring, FDDI, SONET ring [1], [2], MetaRing [3],
and ATMR [4] networks, and are shown to be highly efficient
and survivable. Since the nodal degree of connectivity of a
ring is increased by meshing, a meshed-ring provides more
alternative path and is more survivable. Also, by meshing the
ring, better throughput performance is achieved. This type
of topology is called a meshed-ring [5], [6] or a chordal ring
[7]. Since network survivability is a very important issue,
survivability analyzes have been done on SONET self healing
rings [1], [2], [8] and survivable meshed architectures [9]–[12].
For meshed network architectures, protection against single or
multiple failures were studied. Also, in those studies, capacity
assignment methods for protection against failures and the
corresponding required amount of protection capacity (capacity
used only when failures occur) are derived, using either linear
programming or heuristic algorithms, for abitrary topologies.
Not much consideration has been given on wavelength assign-
ment against failures. In this paper, we study the wavelength
and capacity assignment for protection against failures by
taking advantage of the regularity of the meshed-ring archi-
tecture. We also derive the throughput performance under
this failure protection condition. The throughput performance
without protection against failures is given in [13] and [14].

The network architecture in this paper is modified from
the SMARTNet (scaleable multichannel adaptable ring terabit
network) introduced in [5] and [6]. To increase the throughput
efficiency and to divide the network into multiple subnets for
simpler routing decisions, wavelengths are used. Switches
in this network can be programmable wavelength-sensitive
routers. After programming, each switch operation is char-
acterized by a fixed switching matrix. An incoming message
is switched to a prescheduled output link based on its input
link and on the wavelength it carries. This part of architecture
is similar to that of SMARTNet. In contrast with the latter,
additional components are added to the switches in our network
so that terminals (users, hosts, or stations) access the network
directly by attaching to switch ports. This is different from the
terminal access method used in SMARTNet, where each ter-
minal accesses the network through ring interface units (RIU’s)
(or add-drop multiplexors) inserted across the peripheral links.
This modification allows us to implement a simpler way for
constructing subnets, and for assigning wavelengths to subnets
and requires fewer wavelengths to be used in comparison to
those needed for the SMARTNet operation.
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Fig. 1. Network architecture.

The rest of the paper is organized as follows. Section II de-
scribes the network architecture and its concept of operation.
In Section III, a key throughput performance measure is de-
fined and a brief discussion on optimal network topology is
given. Network performances with protection against failure by
using subnets with a path topology and a ring topology are de-
rived in Sections IV and V, respectively. We present a number
of methods for protecting a meshed ring network against link
or nodal failure. We derive results for the required capacity and
number of wavelengths under various protection (and rerouting)
methods. Conclusions are drawn in Section VI.

II. SYSTEM DESCRIPTION

A. Network Topology

We investigate a meshed-ring network topology, as shown
in Fig. 1. This network has nodes, which are denoted as

. Each node represents a router or a switch.
The links included in the peripheral ring are identified as ring
links (or segments). The other links are called chordal links or
chords. Each link represents two counter directional links.

The degree of switch node , denoted as , is equal
to the number of links incident at . We consider here a net-
work for which all nodes have a fixed degree of 4; i.e.,

, for all . A network topology which assigns lower nodal
degrees requires the use of simpler switches in that each switch
uses a smaller number of node-to-node interfacing (NNI) ports.
Given and , there are many ways of placing the chords. We
investigate symmetric graph topologies.

Define mod and mod as
the two th neighbors of on the ring, assuming .
For , a symmetrical graph is called anth-order graph
if each switch node is connected to both of itsth neighbors
by chords. Such a graph is denoted as . Due to its
symmetrical topology, is isomorphic to

, so that we set .

B. Switch Structure

Each switch has two types of ports: link ports and terminal
ports. Each port actually represents a pair: an input port and an
output port. The link ports are used to connect the switch node
with other switch nodes. The number of link ports of switch
node is equal to the degree of switch node, . Termi-
nals (or stations, hosts, users) are connected to a switch node
and access the network via terminal ports. We note that a switch

node carries traffic flows associated with its directly attached
terminals (“external” flows) as well as traffic flows which are re-
ceived across network links from other switch nodes (“internal”
flows).

The loading of the network by stations is characterized by the
terminal loading matrix , where denotes the external
traffic flow rate from (source) terminals attached to switch node
to (destination) terminals attached to switch node,

. We assume a uniform traffic flow pattern, so that ,
for , and , for .

Each node acts as a cross-connect switch in handling
internal traffic flows. Switching is performed in accordance
with a prescheduled switching matrix (or switching table). An
incoming data unit (packet) is switched into an outgoing link
based on the identity of its incoming link and on a wavelength
it carries. The switching process is a mapping from an input
pair (link, wavelength) to an output pair with the same fields.
The wavelength field can be replaced by another resource
such as a time slot or a code, or a label, or both. In the more
complicated case, we denote this field as an identifier. For
an optical network, an identifier is usually a wavelength. The
description of such a switch is given in [13] and [14].

A switch is callednoninterfering if traffic flows with the
same input wavelength from the same input port are not mapped
to different output ports (no splitting), and traffic flows with
the same output wavelength from distinct input ports are not
mapped to the same output port (no merging). When the input
wavelength is the same as the output wavelength, a noninter-
fering switch in such a special case is said to bestrictly noninter-
fering. The strictly noninterfering switches we use are also non-
blocking. Such a switch has additional requirements (as com-
pared to a nonblocking switch) in the wavelength dimension.
A wavelength router with the strictly noninterfering property
is called a Latin router. Latin routers have been used in other
network applications due to their fault tolerance features and
low cost [15], [16]. In this paper, we assume all switches to be
strictly noninterfering.

C. Network Operation and Subnet (Wavelength Graph)
Construction

The network can employ either a circuit switching or a packet
switching method. For a packet switching method, each wave-
length subnet is statistically shared by different source nodes.
Packets are inserted into subnets when capacity is available. The
access mechanism can be either synchronous (e.g., by using a
slotted access method [4]), or asynchronous (e.g., by employing
a buffer insertion scheme [17]). For a circuit switching method,
each subnet can be divided into subchannels (e.g., by time), and
each subchannel is used as a circuit. A destination removal pro-
cedure is used, so that once a packet reaches its destination, it
is removed from the network. The subnet topology, wavelength
assignment, and routing matrices are the same for both packet
switching and circuit switching mechanisms.

Let denote a path connecting any pair of switch nodes, and
denote a path between switch nodeand . The associated

path lengths are denoted asand , where the path length is
equal to the total number of links included in the path. There
may be many possible paths between each pair of switch nodes.
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We introduce the idea of an I-subnet.
Definition 1: An I-subnet is a simple path (which is a sub-

graph of the network) with an associated wavelength (identifier)
.
A flow which uses a subgraph of the path in the I-subnet as its

end-to-end route is identified by(i.e., it uses as its associated
wavelength).

Definition 2: A set of subnets is called a covering set if any
pair of nodes is connected by a path which is a subgraph of a
subnet included in this set.

A path, , is said to be in the covering set if it is a subgraph of
at least one subnet in the set. To provide for full network connec-
tivity, we need to construct a covering set for each meshed-ring
network.

Note that two subnets can use the same wavelength if they
have no common links in the same direction. Assigning wave-
lengths this way preserves the strict noninterfering property.
Since we use wavelengths as identifiers, then the subnets are
also called wavelength graphs. By taking advantage of wave-
length reuse, the number of required wavelengths can be re-
duced, lowering the cost of the underlying network implemen-
tation. An example is illustrated in Fig. 2. The three subnets,

, , and , can share the same wavelength, say
. The construction of the switching table of each switch is

based on the embedded subnet topologies.

D. Routing Algorithm

Let denote the selected shortest path between and
, with the associated path length . The selected shortest

path, , must be a subgraph of some subnet in the constructed
covering set, i.e., it is shortest among all available path () in
the covering set.

Definition 3: A selected shortest path is called minimal if
, among all possible paths between switch node

and . A covering set (of subnets) is called minimal if, for each
pair of nodes, the corresponding shortest path selected from the
set is minimal.

Using such a subnet set, routing is always done along the
selected shortest path, , between each pair of switch nodes

and . This results in very simple routing decisions. If more
than a single shortest path exists, an arbitrary one is selected.

Internally to the network, traffic flows are directed along the
corresponding subnets. Internal traffic flows have higher pri-
ority than external traffic flows. By assigning sufficient capacity
to each subnet, we ensure that an internal traffic flow which ar-
rives at a switch node is guaranteed to have sufficient capacity
available to it so that it can be switched to its desired outgoing
link without incurring queueing delays. Thus, internal traffic
flows do not incur queueing delays or suffer packet loss.

III. PERFORMANCEMEASURE ANDOPTIMAL TOPOLOGY

Define network throughput efficiency, , as

throughput
overall capacity

(1)

Fig. 2. Subnets of a six-switch ring.

where is the capacity overlink ( is the index of the
link and denotes the direction any traffic flow will take using
that link). The denominator sums over all links in both direc-
tions. Note that each link is bidirectional, and that the capacity
of a link is its capacity in each single direction.

To compare the network throughput efficiency to that of a
ring network, we normalize the throughput efficiency by that
of a nonspatial reuse ring. Spatial reuse rings use a destina-
tion removal method for removing packets from the ring, while
nonspatial reuse rings employ a source removal technique. The
latter thus lets each packet circulate around the ring; the packet
is then removed by the source node. For a nonspatial reuse ring,
the network throughput efficiency is equal to . Let denote
this normalized network throughput efficiency, then

nonspatial reuse ring
(2)

This is used as the performance measure throughout the rest of
this paper. For a spatial-reuse ring,is equal for
odd and for even, and so approaches
as approaches infinity. Thus, the normalized throughput ef-
ficiency for (spatial-reuse) rings approaches 4 asapproaches
infinity. It can be shown that is inversely proportional to the av-
erage path length. (Note that for a spatial-reuse ring consisting
of 2 counterrotating rings, the average path length is equal to
one-fourth of the ring length. This implies a throughput utiliza-
tion of 4.) Meshing the ring reduces the average path length so
the normalized throughput efficiency is increased. From here
on, aring denotes a spatial-reuse ring, unless indicated other-
wise.

Consider a selected covering set, let be the number
of subnets which containlink . For the convenience of
implementation, we want to use the same capacity for every
link in every subnet. To ensure proper operation, we set the
link capacity of each subnet, , to be equal to the maximum
traffic flow in all links of all subnets in both directions. Then

and

(3)

where is the throughput of the network,
assuming a uniform traffic matrix.
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Define this optimal topology to be the topology that results
in the minimum average path length givenand (= 4). We
consider symmetric graph topologies, which was defined in Sec-
tion II-A. Given , let be the minimal (over all covering
sets) average path length. Let . For given
and given average path length,, the maximum achievable ef-
ficiency is equal to . To further maximize this expression,
we select to minimize . Then, the maximum normalized
throughput efficiency, , is equal to . Since this level
( ) depends only on the topology, it is equal to the maximum
value of attainable for both cross-connect and store-and-for-
ward network operations. Define the value ofthat minimizes

as . Then, is achieved by using . This
value, , is identified as the optimal since it yields the op-
timal (maximum) network efficiency level.

Define the number of full rotations made by a path as follows.
If a path uses chords and segments, both in counterclock-
wise direction, to move from nodeto , then
mod and the number of full rotations made by the path is de-
fined as . We consider only paths involving 0
full rotations. All results are optimized with respect to paths in-
volving 0 full rotations. We can show that the performance im-
provement gained by considering all possible paths is not sig-
nificant (not shown here).

Given a pair of source–destination nodes, there is usually
more than one shortest path available. We use the procedure de-
scribed below to select a shortest- path. There are four possi-
bilities for selecting a shortest path from switch nodeto , as
shown in Fig. 3 (where mod , ).
From the four possibilities, we select the path which contains
the least number of links. This path is denoted as. All above
paths begin with chords and end with segments. We call paths
of these types aschord-segmentpaths.

Given , we can use the above procedure to select a shortest
path between every pair of nodes. We then calculate the average
path length, which is denoted as . The that leads to the
minimum average path length among all is denoted as ,
and the corresponding average path length is denoted as.
These values can be calculated [13], [14].

When a sufficient number of wavelengths is available, one
can synthesize a network using optimal topology (employing

) which has shortest average path length and achieves
maximum throughput efficiency ( ). Our selected network
will then require a large number of wavelengths. However, for
many implementations, the number of available wavelengths is
limited. In such a case, we examine the utility of using different
network topological layouts. Thus we select topologies with pa-
rameter . A throughput efficiency is calculated for this
configuration. This is the maximum throughtput efficiency with
a limited number of wavelengths [13], [14].

IV. SELECTION OFPROTECTIONSUBNETS FORNETWORKS

THAT EMPLOY PATH WORKING SUBNETS

One possible topology for subnets is open path. As described
in the previous section, we choose the shortest chord-segment
path between every pair of node. Therefore, we use the same
topology (i.e., path starts with chords and ends with segments)

Fig. 3. Four possible shortest paths.

for subnets. The throughput efficiency of the network without
considering survivability by using path subnets is given in [13]
and [14]. As shown in [13] and [14], the number of wavelengths
required by using that method is close to the lower bound,
and a method to construct the subnets which achieves that
throughput efficiency is given. We call those subnetsworking
subnets, which are distinguished from theprotection subnets
constructed here. Working subnets are used under normal
circuit operation, while protection subnets are employed after a
failure has occurred. Similarly,working wavelengths(working
capacity) are wavelengths (capacity) which are used under
normal network operation, andprotection wavelengths(protec-
tion capacity) are wavelengths (capacity) which are used only
after a failure occurs. Two methods are proposed to protect
the network (using path subnets) against failures. They create
different protection subnets. In this paper, we study network
layouts which provide protection under a single (nodal or link)
failure.

A. Using Path Subnets as Protection

The first method is to construct path subnets as protection
subnets. These subnets (employing wavelengths that are used
exclusively for protection purposes) are not used under normal
circumstances. However, it is possible to use these subnets to
carry secondary traffic (under normal operation), which can be
discontinued when a failure occurs. The topology used in this
method is configured with . When a link or a node
fails, those source nodes whose routes are disconnected due to
the failure seek their alternative paths (across the corresponding
protection subnets) and redirect their traffic across these paths.

The protection subnets are constructed using the following
method. We select (or tag) any link (or node) as a failure link (or
node) and list all working subnets that use this link (or node). In
the following, we describe the method for selecting protection
subnets (for routing flows affected by the latter failure) and as-
signing protection wavelengths to these protection subnets.

Consider all source–destination pairs that uses the tagged link
(or node). We find all shortest alternative paths in the network
(excluding any path that uses the tagged link or node) for each of
such pairs. Then, we identify all such source–destination pairs
that have only one shortest alternative path and denote this set
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Fig. 4. One-step andk-step rotations.

as Set 1. The remaining source–destination pairs are included in
Set 2.

From Set 1, we start with an arbitrary pair and select all pairs
whose alternative paths can share the same protection wave-
length (denoted as ). The shortest alternative path of each of
these pairs is identified as the protection path for that pair (asso-
ciated with the failure of the tagged link or node). The protection
wavelength ( ) is assigned to these alternative paths. These
source–destination pairs are then removed from Set 1. Next, we
select a source–destination pair from Set 2 which has at least
one alternative path that can share with previously selected
protection paths. We identify such an alternative path as the pro-
tection path for that source–destination pair. We assignto
that identified protection path and remove this source–destina-
tion pair from Set 2. The process is repeated until none of the
remaining source–destination pairs in Set 2 has an alternative
path that can share . This completes the phase of selection
of protection paths that share .

The above procedure is repeated (using paths remaining in Set
1 and Set 2) for newly selected protection wavelengths, ,

, until all source–destination pairs are removed from Set
1 and Set 2. The number of protection wavelengths required is
denoted as .

The working subnets are symmetric over all links (see the de-
sign described in [13] and [14]). Therefore, while the protection
subnets (paths) are designed to serve under the failure of a spe-
cific link (or node), they can be rotated (around the center of the
ring) to protect any link (or node) failure (rotation of a path is
depicted in Fig. 4). If a link (or node) which is different from
the tagged link (or node) fails, the identified protection subnets
(paths) of the tagged link (or node) are then rotated (resulting in
a new group of protection subnets) to protect the failed link (or
node). Note that it is sufficient to use protection wavelengths
since at most one group of protection subnets (associated with
a specific link or node failure) is active at any moment.

The capacity of each link consists of two components: the
working capacity and the protection capacity. The latter is used
only when the link is employed as part of a protection path. To
calculate the protection capacity level for each link, consider all
the prerotation protection subnets. We then find the link that re-
quires the highest protection capacity level (among all the links

included in the latter subnets) and we assign this protection ca-
pacity level to all links. This capacity assignment is sufficient to
protect against any single failure (and some multiple failures).

Each failure is associated with a corresponding set of pro-
tection subnets (one of the rotated versions). Each set of pro-
tection subnets can be specified (at every node) by a protec-
tion routing matrix. Thus, each rotated version of protection
subnets (associated with a failure pattern) corresponds to a dif-
ferent set of protection routing matrices. The total number of
distinct protection routing matrices (i.e., the number of nodes
that require protection routing matrices under a single failure)
is . Each router is always programmed with a working
routing matrix. Each router can also be programmed with all
of the protection routing matrices to react to failures at different
places. However, this requires that each router memorizes
routing matrices, and this usually requires the allocation of a
large memory space. An alternative method is to let each router
memorize only one protection routing matrix for each type of
failure (node, segment, and chord failures) corresponding to a
failure that potentially occurs at a specific node or link. When an
element failure actually occurs, each router transmits its stored
protection routing matrix to an identified router that needs this
matrix. This reduces the router memory capacity at the expense
of a somewhat increased transmission capacity and an increase
in the postfailure reaction time. By synchronizing the trans-
mission times of these protection matrices, the required excess
capacity is reduced to a low level. When a failure occurs, the
nodal working routing matrix and the corresponding protection
routing matrix are both employed at the same time. These sets of
matrices do not conflict since they employ distinct wavelengths.

Three different cases of failures are categorized: a single
chord failure, a single segment failure, and a single node
failure. We plot the number of protection wavelengths needed
for each of the three cases in Fig. 5, along with the number of
working wavelengths (as calculated in [13] and [14]). As we
observe from the figure, the number of protection wavelengths
is only 20% to 30% of the number of working wavelengths.
By adding protection subnets, we increase the total capacity
and thus reduce the normalized throughput efficiency (Fig. 6).
The normalized throughput efficiency with protection against
failures can reach a value of 80% to 90% of that without failure,
at .
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Fig. 5. Networks with path subnets using path protection (C = �).

Fig. 6. Networks with path subnets using path protection (C = �).

When deriving the number of required protection wave-
lengths, the above described heuristic algorithm yields at each
step a local optimal solution. However, the resulting solution is
not necessarily globally optimal. The result is an upper bound
on the required number of protection wavelengths. Using
the above algorithm, each protection subnet is used for one
source–destination pair and the required subnet capacity is set
equal to . We have also derived a lower bound on the required
number of protection wavelengths (under the same imposition
that the subnet capacity is set to). The upper bound is about
2%, 5%, and 40% higher than the lower bound, for cases
involving the failure of a single segment, node, and chord,
respectively. In this case, for a 6-node meshed-ring network,
the number of working wavelengths is 2 and the number of
protection wavelengths is 1. The throughput efficiency is equal
to 5 without protection and 3 with protection.

We have discussed above protection subnets whose capacity
( ) level is set to be equal to. It is possible to increase the
subnet capacity to reduce the number of protection wavelengths
needed. Our studies indicate that no significant further reduction

in the required number of wavelengths is attained by increasing
the subnet capacity beyond .

B. Using the Peripheral Ring as Protection

A second method to provide failure protection for networks
that employ path working subnets is to use the peripheral ring as
the protection subnet. In this way, each source–destination pair
with a failed connection redirects its flow over the peripheral
ring. In case of a chord failure, the shorter of the two possible
paths on the peripheral ring is selected to redirect the traffic flow.
In the other two cases, the path without the failed segment or
node is selected. Only one protection wavelength is needed. In
comparison, under the first method, a large number of protection
wavelengths is required. Also, it is now very easy to determine
the postfailure alternative path. Only one protection routing ma-
trix is required at each node. Therefore, no transmission of pro-
tection routing matrices is necessary. This leads to fast reaction
to a failure and to a minimal failure relate memory size require-
ment at each node. An obvious disadvange of this method is the
large increase incurred in the realized levels of the postfailure
average path length and the network diameter.

The throughput performance of the network when the periph-
eral ring is used for postfailure routing purposes is studied for
the following two cases.

1) We set the capacity of each working subnet to be equal to
.

2) The capacity of each working subnet is set to an integral
multiple of , so that a reduced number of wavelengths
can be employed (as noted in [13] and [14]).

The number of wavelengths required for the latter case is
between 20 and 60 for , which is much lower
than that required for the first case (where it is of the order
of , leading to 780 wavelengths for equal to 300).
For the case with the working subnet capacity equal to, the
attained throughput efficiency values versusare plotted in
Fig. 7. The normalized throughput efficiency with protection
against a single chord or segment (nodal) failure varies between
75% and 80% (60% and 65%) of that without protection (for
most values of ). When a reduced number of wavelengths
is employed, the resulting throughput efficiency values are
plotted in Fig. 8. The normalized throughput efficiency with
protection against a single chord or segment (nodal) failure
varies between 85% and 90% (75% and 80%) of that realized
without protection (under a prescribed number of wavelengths).
For both cases, the increase in average path length after failure
is equal to about 15%, 25%, and 45% for a single chord,
segment, and node failure, respectively (for a wide range of
values of ). The diameter increase is as high as 1100%
for a single chord failure, and up to 2400% for a single
segment or node failure at . Note that the average
and maximal end-to-end message delay levels incurred across
the network are related to the average path length and to
the network diameter, respectively. The very large increase
in diameter is not critical due to the following two reasons.
First, paths with a large increase in diameter are only a small
percentage of all paths. The average increase (increase in
average path length) is not very large. Second, the end-to-end
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Fig. 7. Networks with path subnets using peripheral ring protection (C = �).

Fig. 8. Networks with path subnets using reduced number of wavelengths and
periperal ring protection.

queueing delay incurred by a message is not related to the
network’s diameter (since messages incur no internal queueing
delays). Hence, the diameter just relates to the end-to-end
message transmission time, which is quite low (in comparison
to other delay components, such as access queueing delay
and propagation delay).

For a six -node meshed-ring network, the throughput effi-
ciency for the first case is equal to three for single-link failure
protection, 3.75 for single-node failure protection, and five
without protection. The throughput efficiency levels for the
second cases is equal to 2.5, 3, and 3.75, respectively.

By using the peripheral ring protection method, we save on
the number of required protection wavelengths, and provide
for significant implementation simplification of the postfailure
routing procedure. However, we incur a moderate decrease in
the throughput efficiency and a moderate increase in the post-
failure average path length, and a large increase in the network
diameter. The total capacity requirement (which is inversely
proportional to throughput efficiency) under the above two
protection methods is lower than that realized for nonmeshed

ring networks. The ratio of the protection capacity over total
capacity is also lower: it is equal to a maximum of 35% for
the different cases described in this section, in comparison to a
50% level required for nonmeshed ring networks.

V. SELECTION OFPROTECTIONPATHS FORNETWORKS THAT

EMPLOY RING WORKING SUBNETS

We also consider the implementation of (working) subnet
configurations as closed path, or ring, topologies. Since extra
capacity is required to synthesize a ring subnet topology, this
method leads to a decrease in throughput efficiency. In turn, a
ring subnet topology implies a simpler rerouting operation once
a failure has occurred. By using ring subnet topologies, no extra
protection subnets are needed since a ring subnet is 2-connected,
so that a single failure cannot disconnect it. Therefore, no extra
wavelengths are required for serving the role of protection wave-
lengths. However, an increase in the number of required wave-
lengths occurs while assigning wavelengths to the ring subnets
(as compared to path subnets).

For networks that employ ring subnets, extra capacity (pro-
tection capacity) is assigned to each ring subnet for accommo-
dating the traffic flows after a failure has occurred. Two different
methods are proposed to assign protection capacity and to deter-
mine alternative paths when using ring subnet topologies. The
first method is to use the other half of the ring subnet (of the
failed path) as the alternate path. This is similar to the protec-
tion method used in a simple (nonmeshed) ring operation. The
required protection capacity is approximately equal to the orig-
inal (working) capacity. The second method is to redirect traffic
flows to another ring subnet after a failure has occurred. This
method requires less capacity and results in a shorter average
path length. For both methods, no extra protection subnets are
established and thus no protection matrices are required.

A. Description of Ring Subnets

In this subsection, we consider subnets with closed path (i.e.,
ring) topology. By closing the path, the subnets are now 2-con-
nected and offer the potential of simple rerouting after fail-
ures. While a single ring network can only survive a single
failure, a network that embeds multiple rings provides better
throughput performance and offers a higher level of postfailure
survivability. A multiple ring implementation for general archi-
tecture has been studied [18].

The objective here is to use the least number of wavelengths
to implement ring subnets. For this purpose, we restrict the types
of paths (used by each end-to-end flow) in use toand
as shown in Fig. 3. In this manner, we assign wavelengths to
a smaller number of subnets. Consequently, we obtain the max-
imum number of segments per path to be less than or equal to

and the maximum number of chords per path to be less
than or equal to . To use a minimal number of wave-
lengths, we target each ring subnet (i.e., wavelength subnet) to
be shared by as many flows as possible. This is achieved by set-
ting the number of segments (and chords) in each ring subnet to
be greater than or equal to the maximum number of segments
(and chords, respectively) in paths used by all end-to-end flows.
We define two types of ring subnets corresponding to two path
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Fig. 9. Ring subnet topologies.

types and : 1) ring subnets whose chords and segments are
oriented in the same direction, and 2) ring subnets whose chords
and segments are oriented in opposite directions (as shown in
Fig. 9). Define to be number of chords, and to be
number of segments in each ring subnet. As indicated in the
figure, for a type 1 ring subnet, and for a type 2
ring subnet; identifies the first part of ring subnet, and

identifies the second part of ring subnet. For example,
denotes the number of chords in the first part of a type 1

ring subnet. We obtain

(4)

where the choices that , ,
, and are arbitrary. Performance results are

invariant to sign reversals of these inequalities. To create other
ring subnets, we rotate the above derived ring subnets by using
the rotation operator defined (for paths) in Section IV-A. By
using zero-step to ( )-step rotated versions of
a type 1 ring subnet and zero-step to ( )-step
rotated versions of a type 2 ring subnet, we establish a covering
set of subnets.

Using ring subnets, we select, for each given value of,
the value of that yields the maximum network throughput
efficiency. This level is generally different from the
value and the optimal derived under the use of a limited

Fig. 10. Normalized throughput efficiency (using a limited number of
wavelengths) without failures.

Fig. 11. Upper bound of number of wavelengths (with a limited number of
wavelengths) without failures.

(reduced) number of wavelengths for path subnets. The resulting
throughput efficiency is given in Fig. 10. As approaches
300, the throughput efficiency attains a value of about 45% of
the maximum throughput efficiency. This result is typically
lower than the one obtained with path subnets (Fig. 10). This
is expected since extra capacity is required to synthesize close
path subnets. The required number of wavelengths for this
implementation is plotted in Fig. 11. In comparing the latter
with the number of wavelengths required for path subnets
(Fig. 11), we note an average increase of 35.7%. For some
special cases, this increase in the number of wavelengths
is not as high and can even become negative. The latter
case is due to the use of only type and paths in
ring subnets while all 4 types of paths are used in path
subnet implementations (for some values of). Thus, in those
cases, wavelengths are assigned to less subnets for ring subnet
implementations, which induces a reduction in the required
number of wavelengths. In general, we thus conclude that
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Fig. 12. Networks with ring subnets using the same ring protection.

the use of ring subnets, rather than open path subnets, leads
to reduced throughput efficiency levels as well as (typically)
an increase in the required number of wavelengths. In turn,
as shown in the next section, a network that employs ring
subnets offers simplified postfailure protection operation.

Two types of failures are considered for ring subnets: one-link
failures and one-node failures. We do not distinguish between
chord and segment failures. By using ring subnets, no extra pro-
tection subnets, and thus no protection matrices, are needed.

B. Using the Same Ring Subnet for Protection

The first method to protect a network with ring subnets is
to reroute all traffic via the counterdirectional ring of the ring
subnet (of the failed path) after a failure has occurred. This
provides a straightforward way to determine the alternative path
after a failure has occurred and results in a simple rerouting
algorithm. After a failure has occurred, the working capacity
of nonfailed links residing in a path that includes the failed
link or node can be reused for protection. This reduces the
total capacity required. Such a capacity reuse process is also
employed by the second protection method. Working capacity
cannot be reused for postfailure operation when working path
subnets are used, since different wavelengths are employed
for protection.

Performance results for the first ring subnet protection
method are shown in Fig. 12. The throughput efficiency of
a network with protection against any single failure varies
between 50% and 55% of the efficiency attained without
protection, as expected. The increase in postfailure average
path length varies between 5% and 20%, forvarying from
six to 300, as compared to the prefailure average path length
levels. For a six-node meshed-ring network, the number of
wavelengths required is one (with or without failure protection).
The throughput efficiency is equal to 1.875 with single-link
failure protection, 1.5 with single-node failure protection, and
3.75 without protection.

Fig. 13. Networks with ring subnets using different ring protection.

C. Using a Different Ring Subnet for Protection

The second method uses the following rules to select protec-
tion paths after a failure has occurred. For a failed path with both
chords and segments, a different ring subnet which provides an
alternative path with the same path length as the failed path is se-
lected. (The construction method used for ring subnets through
rotations ensures the existence of such a path.) For a path with
only chords or only segments, no alternative path is available in
other ring subnets. Therefore, we use the other part of the same
ring subnet (without the failed element) as the alternative route,
as employed by the first method. The second method leads to
a significant reduction in the total capacity. Yet, the postfailure
routing complexity is increased. Again, no extra wavelengths
are required for protection purposes.

The throughput efficiency obtained for this method (in pro-
tecting against any single failure) is plotted in Fig. 13. We ob-
serve the throughput efficiency for such a network that includes
protection capacity reaches close to (or better than) 90% of the
efficiency exhibited by a network with working capacity only.
In addition, the increase in the average path length is equal to
only 1% or less for (not shown). For a six-node
meshed-ring network, the number of wavelengths required is
one (with or without failure protection). The throughput effi-
ciency is equal to 2.5 with single-link failure protection, 1.5
with single-node failure protection, and 3.75 without protec-
tion. When we compare the performance results for different
protection methods over a six-node meshed-ring network, the
network using ring subnets requires the least number of wave-
lengths (which equal to one for network with protection) and
lowest throughput efficiency. The highest throughput efficiency
occurs for case 1) described in Section IV-B. For this case,
the total number of required wavelengths is equal to three (two
working wavelengths and one protection wavelength), which is
also highest. The protection method to be selected depends on
the network performance requirements.

For a meshed-ring network using ring subnets, both protec-
tion methods result in higher throughput efficiency (and lower
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protection capacity) than that attained for ring networks. For the
first protection method, the protection capacity ratio (protection
capacity divided by total capacity) is similar to that realized for
ring networks, while for the second method, this ratio is lower.

It is possible to use the peripheral ring as the protection
subnet. However, a single additional wavelength is needed and
large increases in diameter and average path length will result.
The amount of protection capacity required is similar to that
required for a network employing path working subnets and
using the peripheral ring protection method. The throughput
efficiency using the peripheral protection method for ring
subnets is higher than that attained by using the first method
and a little lower than that attained by using the second method.
Therefore, using peripheral ring as protection is generally not
an attractive choice for a network with working ring subnets.

VI. CONCLUSION

In this paper, the survivability of an all-optical cross-connect
WDM meshed ring communications network is studied. This
network uses multiple subnets to simplify the routing process. A
meshed-ring network topology is assumed. To reduce the switch
interface complexity, each switch node is set to be connected
to four other switches. (Switches with a larger number of port
interfaces are used in a similar fashion.) Identifiers (e.g., wave-
lengths) are used to differentiate subnets. We derive the optimal
topological structure of the meshed-ring network with a suffi-
cient and a limited number of wavelengths.

For each source node, messages are routed toward their des-
tination across a shortest path contained in a selected subnet.
The survivability of the meshed-ring network is analyzed.
Two different working subnet topologies (path and ring) are
considered. Two different protection methods are proposed for
each working subnet topology. Different levels of throughput
efficiency are exhibited by each method. Each method also re-
quires a different protection capacity and number of protection
wavelengths. Methods that employ path subnets can result in
a lower number of required wavelengths, while demanding a
more complex postfailure routing procedure. For a meshed-ring
network that uses working path subnets, we can employ path
subnets or the peripheral ring for postfailure protection. While
the number of required protection wavelengths is more than 100
in the former case, it is only equal to 1 for the latter case. The
throughput efficiency for the latter case is about 15% lower than
that for the former case. In the latter case, a significant increase
in the postfailure average path length and network diameter
results. Consequently, higher message delays may be incurred.
For a meshed-ring network that employs ring working subnets,
no extra protection subnets are required, and thus no additional
protection wavelengths are used. However, we incur an average
increase of 35.7% in the number of required wavelengths in
comparison with that required for (unprotected) path subnets
(over a wide range of network nodes, ). For
postfailure routing, either the counterdirectional ring of the ring
subnet with the failed element or a different ring subnet can
used. While the latter case requires more complex postfailure
routing algorithm, it increases the throughput efficiency by
about 90% in comparison with the method that employs

the counterdirectional ring of the ring subnet for postfailure
connectivity.

The throughput performance, exhibited by meshed-ring
networks with protection against a single failure, is superior
to that achieved by ring networks. With a limited number of
wavelengths (between 20 and 60), the throughput efficiency
(with protection) for a meshed-ring network is 4 to 8 times
of that attained for (single failure protected) nonmeshed ring
networks. By increasing the number of working and protection
wavelengths (up to several hundred forup to 300), the latter
throughput gain ratio can reach values of 14 to 16. For ring net-
works, the total required protection capacity is approximately
equal to the ring working capacity. Meshed ring networks
require lower network working and protection capacities.
Under the protection method that employs counterdirectional
ring subnets for protection, the latter are approximately equal;
while under the other methods, the required protection capacity
is lower than the working capacity.
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