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Ring Mesh Networks

Kyusang Lee, Dujeong Lee, Hyang-Won Lee, No-Gil Myoung, Younghyun Kim, and
June-Koo Kevin Rhee, Member, IEEE

Abstract—A novel design optimization for reliable networking
is investigated in Ethernet ring mesh networks with the ITU-T
G.8032 Ethernet Ring Protection Recommendation. Designing an
Ethernet ring mesh consisting of multiple rings to achieve the max-
imum network availability is an NP-complete problem. We show
that a graphwith vertex connectivity equal to or greater than two is
a sufficient condition for designing an Ethernet ring mesh. A novel
design rule with an efficient heuristic algorithm is proposed to find
a design close to an optimal Ethernet ring mesh in terms of max-
imum network availability. Compared with an optimal network
design algorithm with an exponential enumeration search cost, the
heuristic algorithm achieves network availability nearly as high as
that of an optimal design at a polynomial cost.

Index Terms—Communication network design, communication
system fault tolerance, ethernet ring protection, network avail-
ability, network reliability.

I. INTRODUCTION

E THERNET is considered the prevailing solution for
recent carrier-class networks, as it provides band-

width-shared multi-services on large aggregate bandwidth links
at a fairly low cost [1]. The Ethernet ring protection (ERP)
introduced by the ITU-T G.8032 Recommendation is gaining
importance in access, mobile backhaul, and metro network
applications because it supports highly reliable protection with
a fast protection switching time of less than 50 ms for Ethernet
services [2], [3]. In addition, it provides scalable network
design solutions through a ring mesh architecture consisting of
interconnected major rings and subrings. The scalability and
flexibility of the ERP scheme offer a large degree of freedom
in designing Ethernet ring mesh networks. In this paper, we
address the problem of designing a reliable network in terms of
achieving the maximum network availability in the networks.
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A large number of research groups have investigated reli-
able network design in the area of optical networking. Early
research began with single-channel circuit network protections
[4], [5], and extended to WDM network protections [6], [7],
such as the cross-layer optimization of logical and physical
layers of WDM networks. Recently, there has been reliable and
active network design research conducted on packet-switched
networks (PSN) because they are poised to replace legacy
SONET/SDH networks. The protection principle mechanisms
of PSNs can be classified into two groups: End-to-end path
protection (circuit-switched network) and routing protection.
The ERP scheme is a type of routing protection that switches
logical connectivity on a redundant physical network. In this
case, designing reliable ERP networks is more complicated
than previous research on WDM networks because there is
no clear definition of the dedicated working and protection
paths. In addition, the protection capacity can be naturally
shared among multiple flows, resulting in more complicated
design practices for optimal network configurations. Cholda et
al. [8] introduced a reliability and availability analysis on the
Resilient Packet Ring (RPR, IEEE 802.17 [9]) that provides
fast protection switching. Tournier et al. [10] have performed
a quantitative evaluation of reliability and availability criteria
for Ethernet-based communication networks and systems in
substations of electrical system automation (IEC 61850, [11])
considering diverse network designs.
Lee et al. [12] investigated the operation principles of Eth-

ernet ring meshes and proposed an optimal provisioning scheme
that minimizes the link capacity requirement on traffic load di-
mensioning. However, the provisioning scheme did not sug-
gest how one can form an optimal Ethernet ring mesh by inter-
connecting ERP rings from a physical mesh. Conversely, arti-
cles [13] and [14] proposed multi-ring network design schemes
by partitioning methods. However, the ‘major rings and sub-
rings’ construction of an Ethernet ring mesh imposes unique
and interesting topology constraints that are different from other
ring schemes. In this paper, we show that network availability
is an important objective in optimizing an Ethernet ring mesh
network.
The remainder of this paper is organized as follows: In

Section II, we briefly introduce the generic operation principles
of an ERP and the ERP ring architecture consisting of major
rings and subrings. In Section III, an availability analysis of
an Ethernet ring mesh and the optimization objective are intro-
duced for an understanding of the design rule used to develop a
heuristic algorithm. We also show this network design problem
is NP-complete in Section IV, and a heuristic algorithm is
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Fig. 1. Ethernet ring mesh network topologies and hierarchies, (a) multi-ring topology with one major ring, (b) multi-ring network with two major rings, and (c)
multi-ring network example.

proposed to find a suboptimal Ethernet ring mesh network.
Section V investigates algorithm performances in terms of
network availability and computation cost. An enumerative
ring search algorithm is used to compare the performance of
the heuristic algorithm. We show that the heuristic algorithm
performs as well as the optimal enumeration algorithm in terms
of achieving network availability at a polynomial cost. We
conclude our work in Section VI.

II. ETHERNET RING MESH NETWORK

Designing a reliable Ethernet ring mesh with maximum net-
work availability is a nontrivial and unique problem, as the ERP
scheme has its own generic network constraints. In this section,
we briefly introduce the fundamental principles of the ERP op-
eration scheme and discuss the design constraints (such as hi-
erarchies and architecture of rings) of an Ethernet ring mesh
network.

A. Principles of Ethernet Ring Protection

The primary philosophy of the ERP switching scheme is man-
aging loop freeness within interconnected Ethernet ring meshes.
To avoid a loop, the ERP blocks one link in each ERP ring. This
ring protection link (RPL) is blocked in an idle state, meaning
that there is no failure or active switching command in place.
When a failure occurs at a link, the nodes adjacent to the failure
block the failed link, and the RPL is unblocked. With this mech-
anism, an Ethernet ring maintains a logical linear network in any
state. Under a single failure condition, a fast protection signal
from an ERP protocol message can relocate block positions and
provide protection switching times of less than 50 ms, main-
taining normal service. In principle, when multiple links fail in
a ring an ERP cannot provide protection, even though there are
some cases where multiple failures can be averted, as discussed
in the appendix of [2]. When a node failure occurs, the services
provided by the failed node are no longer available; one can
consider multiple link failures and a node failure as protection
failure.

B. Ethernet Ring Mesh Architecture

An Ethernet ring mesh can be constructed from two types of
rings: A ‘major ring’ and a ‘subring’. Amajor ring is a collection
of Ethernet nodes that form a closed circle in the physical net-
work. Here, each node is connected to two adjacent ring nodes

through full duplex communication links. A subring is a collec-
tion of Ethernet nodes that form an open arch in the physical
network. At least two links are necessary to form a major ring
or a subring; the corresponding numbers of nodes are two and
one, respectively. A subring can be connected to a major ring,
another subring, or a network through a pair of interconnection
nodes to avoid a single point of failure as shown in Fig. 1.
In the framework of an ERP, a major ring can form a stand-

alone single-ring Ethernet network, and a subring can be at-
tached to a major ring to expand a major ring to interconnected
ERP rings. Additional subrings can be attached to expand the
ERP network into a ring mesh as illustrated in Fig. 1(a). Major
rings can be interconnected by subrings as shown in Fig. 1(b). A
subring can be attached to different rings as shown in Fig. 1(c).
Similar to a major ring, the RPL block of a subring is removed
when protection switching occurs in the ring. In this way, a sub-
ring is always logically segmented, meeting the ‘one block each
ring’ requirement in the same way as a major ring. Thus, the at-
tachment of a subring always maintains a logical tree with no
loop.
This observation leads to a definition of the hierarchical re-

lationship between a major ring and a subring. Examples of an
Ethernet ring mesh hierarchy consisting of major rings and sub-
rings are indicated in Fig. 1. In the hierarchy graph of rings
shown in the lower graphs of the figure, vertices and edges in-
dicate the rings and the relationship between upper and lower
rings, respectively. The hierarchy graph of Fig. 1(a) indicates
the hierarchical relationships of major ring A and subring B as
the upper and lower rings, respectively, and subrings B and C
as the upper and lower rings, respectively. In Fig. 1(b), the two
major rings A and C are the upper rings of subring B. Fig. 1(c)
shows an example of two subrings belonging to one major ring.
Major ring A is the upper ring of the two subrings, but subring
B simultaneously becomes the upper ring of subring C. All of
the Ethernet ring mesh networks in Fig. 1 consist of the same
number of nodes, links, and rings. However, due to the ‘major
rings and subrings’ scheme of ERP, each network design has a
different hierarchy, resulting in different network availabilities.

III. NETWORK AVAILABILITY ANALYSIS

This section investigates various network availabilities, re-
flecting on complete network models to understand their be-
havior related to two concerns. First, we investigate the balance
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between the protection probability increase and the failure rate
increase as an Ethernet ring mesh is divided into more rings of
smaller sizes. Because each Ethernet ring can protect services
from one link failure, the more the rings in place, the more the
failure protection can be achieved, which can increase network
availability. However, a network with more rings requires more
links, and the use of more links can also induce higher instances
of failure. Second, we investigate the impact of ring hierarchy
on network availability, or capacity dimensioning [12], which
is a unique problem that can only be observed in ERP systems.
These properties result from the ERP constraints of ‘one failure’
protection on each major ring or subring.
The key parameters that govern network availability and net-

work design are listed as follows:

availability of node and link , respectively.

network availability of a single Ethernet ring.

network availability of an Ethernet ring mesh

numbers of nodes and links in a given network.

set of nodes, .

set of links, .

set of links that forms a ring. . For different
rings and .

number of links in ring .

set of rings that forms an Ethernet ring mesh that
includes all nodes, .

number of rings in an Ethernet ring mesh,
.

numbers of nodes and links, respectively, used in
Ethernet ring mesh .

set of all possible Ethernet ring meshes in the
given .

optimal Ethernet ring mesh, .

A. Network Availability

Availability can be expressed as the probability that a system
will be found in an operational state at a random time in the
future [15]. The availability of an element is thus defined as

(1)

withMTTF andMTTR representing the mean time to failure and
repair, respectively. MTBF represents the mean time between
failures. Similarly, the network availability can be represented
by the ratio of the time that the network is operational in a given
period and can be evaluated by considering the availabilities of
all the elements in a network. In an ERP ring network consisting
of a single ring, one link failure in a ring can be protected; there-
fore, an Ethernet ring is operational 1) when all links and nodes
are operational and 2) when there is only one link failure but all
other links and all nodes are operational. In the case of a failure,
an ERP ring is automatically recovered within 50 ms. We ig-
nore this protection time when calculating network availability

because it is negligible when compared with theMTTF of a link,
which is generally longer than several hours. The availability of
a single Ethernet ring network is thus represented as follows:

(2)

where random variables and are the numbers of node and
link failures in the ring, respectively. Equation (2) represents
the sum of two terms multiplied by the availability of all of the
nodes in the given network, as all nodes should be contained
in the network design. The former term corresponds to an idle
state with no failures in all elements of a ring, and the latter term
accounts for all possible one-link failure states protected by the
ERP scheme. Obviously the protected ring network availability
will always be higher than that of an unprotected case. Similarly,
the overall network availability of an Ethernet ring mesh can be
calculated by the product of network availabilities of all rings,
including major rings and subrings, as follows:

(3)

In typical network operational conditions, a network failure
usually occurs due to link failure. A node system is typically
fault tolerant, whereas a link is exposed to uncontrolled faults.
In addition, transmitters and receivers have higher failure rates
than other components in a network node. In this study, we as-
sert that link failure is the primary cause of network failures, and
we therefore assume a node availability of for all nodes
hereafter. This assumption does not change our goal of opti-
mizing the ring mesh topology, as all nodes should be included
in a ring mesh; node availability has no effect on topology deci-
sions. We therefore only consider the topological layout of links
for the network design.

B. Network Design Considerations

Network availability should increase with proper planning
protection switching. In general, a ring mesh consisting of mul-
tiple protected rings can achieve higher availability than a larger
single ring offering the same link availability. Network avail-
ability can be greatly improved for Ethernet ring meshes be-
cause each single ring protects the network from one link failure.
Furthermore, multiple ring architecture offers a large degree of
freedom in designing ring meshes.
To define an Ethernet ring mesh, let us consider a given net-

work , which has at least two-vertex connectivity, i.e.,
there is no single point of failure. Designing an Ethernet ring
mesh is to find a subset of selected to form a single major ring
or interconnected rings of the major ring and subrings, including
all vertices.
Theorem 1: There must be at least an Ethernet ring mesh on a

graph if the graph has at least two-vertex connectivity.
Proof: Let have -vertex connectivity where

. Then, there must be a subgraph that forms a cycle



4 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 0, NO. , 2012

in the graph according to [16]. Consider two vertices
and a vertex . Then, there must be at least

two disjoint paths from y to and from y to because the
given graph has at least two-vertex connectivity. The selection
of two disjoint paths results in a subring, which is attached in the
cycle, and the vertices in these paths are included in the subring.
Similarly, the rest of the vertices can be attached as subrings
consisting of no single point of failure in an Ethernet ring mesh.

To investigate the balance between higher network avail-
ability and higher failure rate due to more links, we consider
the relationship between the numbers of rings and links used
for network designs. This relationship can be easily obtained,
as the number of rings equals the number of cuts required to
convert the ring network into a single open-chain network [17].
Accordingly, the number of links required in constructing
a ring mesh is given by

Note that increases as the number of rings in a ring mesh de-
sign increases. Network design examples regarding the number
of rings are shown in Fig. 2. We assume that all nodes and links
have uniform availabilities of and , respec-
tively, for ease of understanding the principal behavior. Fig. 2(a)
shows the physical network topology where the dashed lines in-
dicate the cable conduits (the dark fibers) with which Ethernet
links can be deployed. Fig. 2(b) shows the corresponding design
examples for Ethernet ring meshes on the physical topology of
Fig. 2(a) where each consists of 1, 2, or 3 rings and 8, 9, or 10
links, respectively. In an actual network, the major-ring-subring
hierarchy can be more complicated but the availability evalua-
tion can be simplified to (3) due to the “single failure protec-
tion per ring” nature of the ITU-T G.8032 recommendation.
Fig. 2(c) summarizes the number of links, rings, and network
availability of an entire Ethernet ring mesh. In this example, the
network designwith themost rings provides the highest network
availability. However, if the links have different availabilities
(e.g., the availability of the link between nodes 3 and 7 is 0.99)
then the third ring mesh design in Fig. 2(b) will have the lowest
network availability at 99.997%. Reliable network design must
consider the balance between increased availability due to more
rings and decreased availability due to more links.
Another concern in designing an Ethernet ring mesh is the

consideration of ring hierarchy. For example, physically iden-
tical but logically different network hierarchy topologies are
shown in Figs. 1(a) and (b), where the numbers of links of rings
A, B, and C are different by and , respectively.
In this example, assume that the availabilities of all links are
identical at 0.999. However, the overall network availabilities
by (3) are 99.9942% and 99.9938% for Figs. 1(a) and (b), re-
spectively. This difference results from the difference of the ring
hierarchy, where the number of links of each ring is different.
The impact of ring hierarchy on availability is a unique problem
that can only be observed in ERP systems and should be con-
sidered when optimizing an Ethernet ring mesh.

Fig. 2. Network availability regarding the number of rings, (a) physical
topology, (b) ring network examples, and (c) network availability.

C. Ethernet Ring Mesh Design

Our objective is to find a topological layout of links that
achieves maximum network availability for an Ethernet ring
mesh. The optimal set, of an Ethernet ring mesh consisting
of rings can be found from the set of all possible
Ethernet ring mesh topologies of a given physical network

. This optimization problem can be expressed as:

(4)

(5)

(6)

where the random variable denotes the number of link fail-
ures in ring . It is implied that
all links are not necessarily used in Constraint (5): A ring mesh
topology is a logical topology, with the links legitimately se-
lected from the set of physical links whereas all nodes should
be used in the network design. This gives a degree of freedom
in designing a ring mesh for a given network. At least two links
are required to form a major ring or a subring as given in Con-
straint (6).
The goal is to find an optimal ring mesh topology that

achieves the maximum availability. Therefore, the multi-ring
network design problem for optimal network availability deals
with the number of rings and the size of each ring. The size of
a ring is represented by the number of links used to form a ring
in a given network. Accordingly, this problem is a decision
problem of the number of rings and the size of each ring in
the given network and is clearly NP-complete. For example,
consider an instance of ring mesh such that . In this
case, an optimal ring design problem is the Hamiltonian cycle
problem, which is an NP-complete problem [18]. To reduce the
complexity of the problem, we assign all links with the same
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availability at . The following theorem governs the
Ethernet ring mesh design:
Theorem 2: In an asymptotic sense, the optimal Ethernet ring

mesh design for maximum availability in a network with uni-
form link availability consists of as many rings as possible with
an identical ring size.

Proof: To find the asymptotic behavior, consider a suffi-
ciently large enough network with two-vertex connectivity such
that there is a ring mesh with all rings having an identical size.
When the uniform availability of a link is given by ,
the objective function (4) is simplified as

(7)

The number of rings in the Ethernet ring mesh,
is inversely proportional to the number of links used in a ring
set . We apply logarithm to the objective function to find
optimal and that maximize (7), and we define as the
total number of used links, i.e., . Then,
(7) becomes

(8)

where . As the first term in (8) is constant,
we consider only the second term to maximize the log objective
function. Because a logarithm is a convex function, the second
term will be maximized when all ’s are identical under the
constraint of (5), meaning that a uniform ring size can maxi-
mize the network availability. We define a constant , such that

. Then, the second term of (8)
becomes

(9)

We differentiate (9) with respect to to obtain the value of that
maximizes the function . Then, we
obtain

because is a monotonically decreasing function for .
Therefore, is maximum at , which is the
lower bound of . An optimal , is found by the maximum
of that maximizes (9). In other words, the optimum

is its maximum. As a conclusion, we achieve maximum net-
work availability with the smallest and the largest by

in the asymptotic sense. However, in the general
topology of ring meshes such a solution may not always exist
because each link normally has unique availability Neverthe-
less, the optimal solution would tend to have as many rings as
possible with as many uniform sizes as possible.

Fig. 3. Schematic illustration of network deformationwith respect to link avail-
ability, (a) original topology and (b) network deformation.

IV. HEURISTIC ALGORITHM

As discussed, a network design for an optimal Ethernet ring
mesh can be simplified by constructing as many rings as pos-
sible with an identical ring size, provided the availabilities of
all links are the same in the given network. However, the avail-
abilities of links are generally different in real networks. For
example, the availabilities of all links are reciprocally propor-
tional to the length of the links, meaning that the longer the
links, the higher the probability of failure. In this case, The-
orem 2 cannot be directly applied for a ring mesh design, and
the availability of links should be additionally considered when
designing a ring mesh network. Furthermore, designing a net-
work with as many rings as possible with even ring sizes is not
a simple task. To simplify a reliable ring mesh design problem,
we propose a heuristic algorithm consisting of two steps. The
first step entails a network deformation process to represent the
availabilities of all links based on multiples of a unit weight.
The second step configures the network as a ring mesh with as
many rings as possible. A shortest-ear decomposition method
[19] is used because of the ERP constraints related with major
rings and subrings.

A. Network Deformation

The primary goal of this process is to identify the one link
with the maximum availability and to convert the availability of
the other links by the power of the maximum link availability.
This power is used as the weight of the link for network dimen-
sioning. Let be the maximum link availability in a given
network and denotes the availability of link . For example,
the availability of link 1 between the nodes 1 and 4 is the max-
imum in the given network in Fig. 3(a), which is then denoted as

. Availabilities of all other links are then converted
to the power of . In this example, the availability of link
2 can be expressed as , which is equivalent to as-
suming that there are virtual links with connected by two
virtual nodes between the nodes 1 and 2, as shown in Fig. 3(b).
In this case, the weight of link 2 is considered to be 3. Similarly,
the availability of other links can be transformed in the units of

and weight. The link weight increases as link availability
decreases.
Using the aforementioned network deformation process,

weight set are given as follows:

(10)
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Although this example utilizes integer weights for ease of un-
derstanding, the values calculated by (10) can be any positive
number.
The next step involves designing a ring network with as many

rings as possible in the deformed topology. To design such rings,
we propose utilizing a shortest-cycle algorithm for a major ring
and a shortest path algorithm to find subrings with weights ob-
tained by the network deformation process. Although the com-
bination of these algorithms may not guarantee an optimal ring
mesh design, it is sufficient to find as many rings as possible in
a polynomial time.

B. Ethernet Ring Mesh Formation

An Ethernet ring mesh can be composed of major rings and
subrings, and major ring search should be performed before
the subring design as discussed in Section II. At the stage of
major ring design, we should consider the complex hierarchies
of major rings if we allow for multiple major rings. To reduce
the complexity, we suggest a ring mesh with a single major ring
and multiple subrings.
A major ring should have a small size such that a network

can have a maximum number of rings in the deformed network
topology. The smallest major ring can be easily obtained by a
shortest-cycle algorithm in a weighted undirected graph, which
is the same as the girth of graph, and we use the link weights
as costs. Because a shortest-cycle algorithm can be easily im-
plemented using an all-pair shortest path algorithm, the running
time of this process is [19].
Similarly, subring search can also be solved in a polynomial

time by the all-pair shortest-path algorithm, which is similar
to the shortest-ear decomposition [20]. After searching a major
ring, we select a pair of interconnection nodes on the major ring,
where the degrees are higher than three. Theorem 1 guarantees
the existence of such interconnection nodes when all nodes are
not contained in the major ring. Subsequently, we remove links
used for a major ring and search a new subring starting from
and ending at the interconnection nodes of the major ring by a
shortest-path algorithm, which considers link weight. The sub-
ring search to add a new subring to the previously determined
ring mesh of the major ring and subrings is repeated until all
nodes of the network are included. The network design through
these processes ensures the construction of a ringmesh allowing
multiple rings with all nodes according to Theorem 1. In the
case of no interconnection nodes existing in the major ring, sub-
ring search are not necessary. The complexity of this process is

[20]. We summarize our algorithm in Table I.
As a practical example, we apply the heuristic algorithm to a

COST 239 network topology model. COST 239 is a very com-
plex network composed of 11 nodes and 26 links with 3531 cy-
cles [21]. In this example, the link lengths are randomly chosen
based on the uniform distribution with the distance
given in kilometers. TheMTBF of a link is calculated according
to the following equation [22]:

In our simulations, we use the average values of
and for an optical fiber. The availabilities of all

TABLE I
HEURISTIC ALGORITHM

links are then calculated by means of (1). As a result of the net-
work deformation process, each link is assigned with a weight
evaluated by (10) as shown in Fig. 4(a). In this graph, a major
ring is first constructed according to the shortest cycle algo-
rithm. Nodes 4, 5, and 11 are selected because the sum of the
weights of those links is the smallest among all the cycles in the
graph. Subring A, B, C, and D are constructed in the order of
shortest-path first. For example, subring A consisting of nodes
5, 6, 1, 10, 9, and 11 has the least weight, with a weight sum
of 35.1. In this solution, 15 links are used to design an Ethernet
ring mesh, but 11 links are not used due to higher link weights.
Each solid line indicates a link used for an Ethernet ring mesh in
Fig. 4(a), and the logical topology of the ring mesh is depicted in
Fig. 4(b). The heuristic algorithm tries to avoid selecting links
with less availability, i.e., large weight, in forming a ring mesh
network. The availability of each ring and the overall network
availability are described in Fig. 4(c).

V. PERFORMANCE EVALUATION

The performance of the heuristic algorithm is evaluated in
comparison with an optimal enumeration algorithm. Details of
the enumeration algorithm are described in Appendix A, which
guarantees an optimal solution. However, the run time exponen-
tially increases with respect to the size of a network, and thus, it
is not applicable in a large or complex network. This section de-
termines the speed and effectiveness of the heuristic algorithm
in finding a solution compared with the optimal enumeration al-
gorithm. MATLAB is used for the simulations.
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Fig. 4. Ring mesh design example of COST239 network model, (a) COST 239 physical topology, (b) logical topology of a ring mesh, and (c) network availability.

A. Performance Evaluation

We apply both the heuristic and enumeration algorithms in a
complete graph with 5 nodes and a NSF network graph to eval-
uate the performance of the heuristic algorithm. The enumera-
tion algorithm searches all possible Ethernetmeshes in the given
graph and returns the best and worst designs with the corre-
sponding network availabilities. The heuristic algorithm finds a
suboptimal Ethernet ring mesh solution, but with network avail-
ability close to that of an optimal case. In this subsection, we
compare the network availabilities of the two algorithms and
show how close the heuristic result is to the optimal solution.
As for the availability model of a link, we use the same CC and
MTTF values as in the previous section with randomly chosen
link lengths. We use a uniform random distribution for
the link length, where the maximum link length corresponds
to the upper bound of the link length distribution, so does the
lower bound of link availability.
Fig. 5(a) presents the comparison of the heuristic algorithm

performance with respect to the optimal and worst-case solu-
tions. For each point of the plot, we generated 1000 cases with
different link length assignments, and applied both enumeration
and heuristic algorithms. As a result, we can identify a case that
shows the worst performance of the heuristic solution
with respect to the optimal solution . At the same time,
the worst-availability solution is also searched by the
enumeration algorithm. Fig. 5(b) shows the simulation results in
a NSF network graph [21]. The suboptimal error of the heuristic
algorithm can be attributed to the fact that it does not con-
sider Ethernet ring meshes that include multiple major rings,
whereas the enumeration algorithm does. Nonetheless, our al-
gorithm guarantees suboptimal network availability close to that
of an optimal solution, even in the worst-case scenario.

B. Complexity Evaluation

We evaluate the complexity of the heuristic algorithm in com-
parison with the enumeration algorithm by the measure of the
run time cost. Network models of complete graphs and practical
network samples are used to investigate the run time cost as a
function of the size of network models, and the corresponding
analysis is shown in Table II. The number of ring mesh sets in-
creases exponentially as the size of complete graph grows with
more links. Accordingly, the run time of the enumeration al-
gorithm exponentially increases. In the complete graphs with

, the enumeration is not practically achievable Con-
versely, the heuristic algorithm is computed in a polynomial

Fig. 5. Performance evaluation in the worst case, (a) complete graph and
(b) NSFNET.

TABLE II
COMPLEXITY COMPARISON

time. Although it returns only one Ethernet ring mesh design, its
solution is fairly close to the optimum as discussed in the pre-
vious subsection. Due to its simplicity, the heuristic algorithm
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can be a highly useful design tool for large networks with a large
number of links. It is especially effective in designing networks
with many cycles, such as COST 239 and complete graphs.

VI. CONCLUSIONS AND FUTURE WORKS

There is an ever-increasing demand for highly available net-
works in advanced packet transport network applications, such
as smart grids, factory automation, and internet service provider
networks. However, designing networks for high network avail-
ability is a very complex problem, as the number of possible ring
mesh designs exponentially increases in a large and complex
network. In this paper, we address the problem of designing a
reliable network for maximum network availability in ringmesh
networks while complying with the ITU-TG.8032 ERP scheme.
We showed that network availability is a worthy objective in op-
timizing an ERP mesh network.
We introduced design considerations for an Ethernet ring

mesh. The relationship between availability increasing with
more rings and decreasing with more links, as well as the im-
pact of ring hierarchy on network availability, was investigated.
We derived key theorems for network design and proposed a
heuristic algorithm to find a suboptimal solution for a large
network. To evaluate the performance of the algorithm, we
additionally introduced an enumeration algorithm to find an
optimal network design for a reference. Compared with the
enumeration method, the proposed heuristic algorithm signifi-
cantly reduces the complexity of the Ethernet ring mesh design
problem. The proposed algorithm finds a suboptimal solution
at a polynomial cost, but the simulation results rarely show
noticeable difference between the enumeration method and the
heuristic in terms of network availability.
Further investigations of reliable Ethernet ring mesh designs

can be extended to include cost optimization, whereas the scope
of this paper was limited to network availability maximization.
In addition, load balances and delay considerations in different
ERP ring hierarchies should be examined for network design.

APPENDIX

In this section, we propose an enumeration algorithm which
searches all possible ring topologies considering hierarchies of
rings and search an optimal ring set. Then, we compute compu-
tation complexity of this method. To define a ring object out of
a ring mesh, we introduce connectivity matrix
and link state matrix where .

The connectivity matrix contains connectivity information be-
tween nodes and links in the given physical layer graph. The
size of connectivity matrix is by . We use this matrix to
satisfy the minimum link requirement to form a ring (an ERP
ring requires at least two links). The -by- connectivity ma-
trix notation generally used in network design is inefficient at
finding such a ring. The link state matrix contains all possible
network topologies in the given network. This algorithm enu-
merates all possible combinations of physical links. A link state
matrix enumerates in a binary space from the first row of link
state vector to the last row of link state .

Fig. 6. Shrinking processes for subring search.

The total number of rows is . The objective is equivalent to
finding the best link state vector.
Designing an Ethernet ring mesh consists of two phases: 1) A

major ring design, and 2) A subring design. Major rings form in-
dependently separated closed loops. Each major ring is a stand-
alone single ring ERP network, whereas each subring is con-
nected to other ring or rings through interconnection nodes.
Therefore, searching major rings in the given physical network
can precede subring search. As a major ring is a closed ring akin
to a cycle graph, a major ring can be searched if it satisfies the
following condition in which every node in a ring has exactly
two links:

(11)

(12)

Constraint (11) indicates the minimum link requirement of a
ring. As a result, we obtain a collection of z’s that correspond to
network topologies containing a single major ring or multiple
major rings. Note that the ERP allows for multiple major rings.
We define the number of legitimate z’s satisfying (11) and (12),
i.e., the ring topologies, after the first search. By this procedure
we can consider all possible major ring topologies because we
examine all the cases in the given network by enumeration of
all combination of links.
To continue designing a ring mesh, subring search should be

carried out if all nodes are not used for a major ring or major
rings. However, enumeration conditions for subring search are
not simple when compared with the conditions for major ring
search because a subring forms an open-end arch instead of a
closed ring. To enable subring search, we transform each major
ring to a single virtual node by a shrinking and recursive itera-
tion process [14] shown in Fig. 6. In this example, we depict the
process with two topologies of major rings in the first step. In the
left column of the figure, the major rings are searched, and each
ring is shrunken to a ‘virtual node’ in the middle column. Ap-
plying major ring search again, different topology options can
be found. For each option, each major ring is shrunken again
for the next iteration. This iteration ends when there is only
one single major ring and all nodes are used. In the shrinking
process, the numbers of nodes and links are decreased to

and , respectively, where and are the
total numbers of nodes and links, respectively, included in all
major rings.
After completing recursive enumeration to search rings, we

search all possible Ethernet ring mesh topologies in the given
network. We calculate network availability for all possible ring
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mesh designs and select the best ring mesh. This guarantees to
find an optimal solution holding maximum network availability
since it considers all possible network topologies as well as hi-
erarchies of rings at every stage of enumeration.
Although this method finds an optimal design solution, it

has a very large computation cost. First, the computation com-
plexity of enumeration for the major ring search is since it
should look up all possible combination of links in . In addi-
tion, subring search can exponentially increase the search space.
We let be the number of all possible ‘major ring topolo-
gies’ that indicate one or more major rings on the given graph.
A major ring topology is then reduced to a shrunken topology as
shown in Fig. 6, and the number of links is denoted by . Then
subring search is repeated for different shrunken topologies.
Each subring search has enumeration cost of .
Once subrings are determined the graph is further shrunken to
new major ring topologies. The number of new shrunken major
rings is always less than , and the largest possible is
bounded below . As the subring search is performed until all
nodes are used, the total cost becomes . The enumera-
tion is available only for small networks.
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