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A B S T R A C T

With the increase of the number of sensors and nodes, the existing self-healing evaluation models for large-scale
optical fiber sensor networks (OFSNs) have become insufficient to evaluate their self-healing capability. Here,
we propose a self-healing evaluation model using the All-terminal reliability function for OFSNs. On the basis of
this model, we establish equations for loop topology using the state enumeration method, and for more com-
plicated star–ring and double-loop topologies, using both state enumeration method and Monte-Carlo method. In
our self-healing evaluation model, the self-healing capability is a function of the number of the sensors (N) and
the working probability of link fibers (p). We have conducted a comparative study on the effects of these two
factors on the self-healing capability among these network topologies. The results show that with the increase of
N or the decrease of p, the self-healing capability of the all topologies declines, and the star-ring topology
displays the best self-healing capability.

1. Introduction

Optical fiber sensor networks (OFSNs) are generally defined as a
group of two or more optical fiber sensors using multiplexing tech-
nologies, which are directly deployed inside an object to be monitored
or very close to it [1]. Because of their anti-electromagnetic inter-
ference, light weight, and multiplexing capability, OFSNs have devel-
oped for large-scale and multi-parameters sensor networks [2]. For
example, a large-scale OFSNs with 843 fiber Bragg grating (FBG) sen-
sors have been experimentally demonstrated based on time-division
multiplexing (TDM) technique [3]. Such large-scale OFSNs can be de-
ployed to monitor temperature and strain in the harsh environments,
such as power stations and pipelines [4,5]. The performance of an OFSN
is largely determined by its network topology [6]. Compared with small
OFSNs, large-scale OFSNs suffer from large insertion loss and low re-
liability due to the complexity of network topology and the number of
sensors growing. Note that whole OFSNs cannot warn and the structure
being monitored will be confronted with the impending accidents once
one or more sensors or nodes on the large-scale OFSNs are damaged in
the harsh environments. Hence, the network survivability, also called
self-healing capability, of large-scale OFSNs is much more important
than that of small OFSNs in the harsh environments.

There are various protection categories for OFSNs, such as dedicated

protection and shared protection [7]. However, in the above-mentioned
harsh environments, any electrical components are not allowed to lo-
cate in the fiber links to prevent fires. Only OFSNs with dedicated
protection are thus discussed in this paper.

For the OFSNs in the harsh environments, when the OFSNs are
working in normal state, any fault is not allowed due to serious con-
sequence of safety accidents and economic losses [8]. In these cases,
OFSNs with a high self-healing capability are required. Generally, it will
clearly cost significant amount of time and money to build the large-
scale OFSNs. Therefore, the prior evaluation of the self-healing cap-
ability of large-scale OFSNs with different topologies is the best way to
avoid significant economic losses and safety issues caused by undesir-
able network topologies, non-uniform distribution of optical power and
the failure of sensor networks in practical applications. However, many
studies on the self-healing capabilities of OFSNs have been performed
from either the perspective of network topologies or evaluation models
for small OFSNs. For instance, several new topologies have been pro-
posed for performing self-healing such as hexagonal-mesh topology [9],
star-ring topology [10], and composite-loop topology [11]. Zhang et al.
proposed a universal robustness evaluation model for small OFSNs [12]
and P. Urquhart et al. proposed a model for a wavelength-division
multiplexed self-healing optical fiber bus network to interconnect an
array of sensors [13]. In 2015, Jia presented an evaluation parameter
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for self-healing FBG sensor networks (SNs) [14], but this parameter is
only suitable for small FBG SNs. Meanwhile, as the development of
OFSNs continues to evolve, sensor networks will have more compli-
cated structures and larger scale. Evaluation models proposed to date
are not sufficient to evaluate such complicated and large-scale net-
works.

As discussed above, sensor networks with the self-healing capability
can re-establish the network in a short time without human interven-
tion when a fault occurs. In other words, there should be at least one
link connecting receiver to each sensor after faults of OFSNs occur.
Therefore, if we can calculate the connection reliability of links and
nodes of OFSN, we are able to evaluate the self-healing capability of
large-scale OFSNs. According to the literature [15], the All-terminal
reliability function was used to evaluate the connectivity of links and
nodes of large-scale networks in the communication network. Thus it is
possible to use the All-terminal reliability function as evaluation criteria
of self-healing capability on the large-scale OFSN.

This paper is organized as follows. In Section 2, the relationship
between All-terminal reliability function and self-healing capability of
large-scale OFSNs is defined and analyzed, and we propose the eva-
luation model using the enumeration and Monte-Carlo method. In
Section 3, we construct our self-healing evaluation models for the four
topologies including, loop, star–ring and double-loop in detail using
both enumeration method and Monte-Carlo method. Finally, in Section
4, the relationship of self-healing capability of four topologies with the
number of nodes (n) and the working probability of link fibers (p) is
discussed.

2. Evaluation model

Fig. 1 presents a general structure for OFSNs, which consist of a
central office (CO), a central node (CN), N sensors Si’ (Si’ is the com-
bination of optical fiber sensor Si and coupler(s)), i = 2, …, N), M link
fibers Fj (j = 2,…,M), and Q link nodes LNk (k = 2, …, Q), which may
be a coupler, switch, circulators or some combination thereof. The CO
provides the light source and interrogates the sensing signals coming
from the sensor. The CN, optical coupler or switch, serves as the bridge
that connects the CO and Si or LNk. Sensing signals from sensors return
to CO through CN. In the OFSNs, the Si can include many sensor types
such as FBGs or hydrogen sensors.

As aforementioned, self-healing capability, which is a key issue for
the practical applications of OFSNs, involves the reliabilities of two
variables, the probability of nodes (including sensors and link notes)
and the probability of link fibers. Here, we consider OFSNs with perfect
nodes (the probabilities of nodes are equal to 1). And the link fiber
between CO and CN is considered wouldn’t fail, because this fiber is
much shorter and better protected than other link fibers.

In the OFSN with n nodes and m link fibers (m≥ n), each link fiber
has two states—the working state and the failure state. The working
probability of each link fiber is 0–1 distribution. We define a random
variable Fj to represent the jth link fiber (1 ≤ j≤ m). When the jth link
fiber is in the working state, the random variable Fj equals 1 and the
working probability of the jth link fiber can be expressed as P{Fj = 1}.
When the jth link fiber is in failure state, the random variable Fj equals
0 and the failure probability of the jth link fiber is expressed as P
{Fj = 0}, where P{Fj = 0} = 1− P{Fj = 1}. Similarly, each nodes has
two states—the working state and the failure state. The working
probability of each node is 0–1 distribution. We define a random
variable Ni to represent the ith node (1 ≤ i ≤ n). When the ith node is
in the working state, the random variable Ni equals 1 and the working
probability of the ith node can be expressed as P{Ni = 1}. When the ith
node is in failure state, the random variable xi equals 0 and the failure
probability of the jth link fiber is expressed as P{Ni = 0}, where P
{Ni = 0} = 1− P{Ni = 1}.

Then, for an OFSN with n nodes and m link fibers (m≥ n), the state
of all link fibers can be described by a random vector F = (F1, F2,…, Fj,
…, Fm) and the state of all nodes can be described by a random vector
N=(N1, N2,…, Ni,…, Nn). The corresponding probabilities of F and N
are:

∏= × = + − × =
=
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j j j j
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m

(1)

We can define a Boolean function to describe the link-fiber states on
the OFSNs:

= ⎧
⎨⎩

f F( ) 1, all notes are linked to the network
0, elseb (2)

Also, the link-fiber states can be divided into two situations ac-
cording to following equation:

= ⎧
⎨⎩

= …
g F( )

1, all link fibers operate normally, where F (1,1 ,1)
0, else

2M

(3)

In normal operation, through link fibers, the sensing signals are sent
from CO to optical fiber sensors. Once one of the link fibers is broken,
CO may lose the signals. However, in an OFSN with strong self-healing
capability, CO can still receive all signals since the system is able to
recover from a broken link fiber. Thus, the self-healing capability can be
defined as the probability of all sensors work normally when the net-
work has one or more broken link fibers. Hence, self-healing capability
can be described as:

= = =SH P f F g F{ ( ) 1| ( ) 0}b (4)

According to the definition [16], the all-terminal reliability is the
probability of all sensors work normally, which can be denoted as

= =FREL P f{ ( ) 1}b (5)

Thus, as shown in Eq. (6), an essential relationship was found be-
tween two evaluation methods based on probability theory.

=
−
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REL p
p1

m

m (6)

Therefore, the self-healing capability of an OFSN can be obtained by
calculating the all-terminal reliability.

Although the All-terminal reliability function is known as a non-
deterministic polynomial-time hard (NP-hard) problem [17], there also
exist several methods which can be used to solve this problem. The
most straightforward and conventional algorithm is the state enu-
meration method, which enumerates every network state F in Ω, and
then calculates and accumulates P{fb(F) = 1}[18]. Thus Eq. (5) can be
expressed as:Fig. 1. Schematic diagram of the architecture of OFSNs.
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