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Abstract—Survivability is one of the most important require-
ments in design of communications networks, since we as a society
are increasingly relying on the Internet, and service interruptions
are very costly. Unfortunately, submarine fibre-optic networks
are vulnerable to unpredictable disasters, such as earthquakes
or nuclear explosions, which pose significant large-scale threats
to the submarine cables of modern telecommunication networks.

In this paper, we formulate an optimization problem on the
plane to minimize the total cable cost under the survivability
constraints. We consider at first a simple example of a network
of two nodes located on two different islands and propose a
rectangular topology network to reduce the probability that all
the cables are damaged simultaneously by a single disaster.
Then we consider cases of multiple cables, rectangular with
rounded corners and rhombus network topologies. Analytical
results, validated by simulations, for the survivability of all
topology cases are presented including a comparison of the
various topologies. Finally, we extend the discussion to a network
with an arbitrary number of nodes and a general geography,
and to various scenarios of different disaster and cable break
probability functions. Overall, this paper provides a methodology
for discussing and solving a real world problem.

Index Terms—Networks, network optimization, network sur-
vivability, network topology, probability theory, disaster surviv-
ability.

I. INTRODUCTION

A series of natural disasters over the last few years has
adversely affected the ability of millions of people to

use the Internet. For instance, an earthquake of 7.1-magnitude
on 26th December 2006 just south of Taiwan caused unprece-
dented damage to seven submarine communication cables
which were knocked out of service. This incident disrupted
international communications to Taiwan, China, Hong Kong,
Korea, Japan, and Singapore [1]. Fig. 1 shows the epicenter
of this earthquake and the topology of undersea cables in
the relevant area. As evidenced by the figure, bundles of
cables, especially in an area that is earthquake prone, constitute
a potential disaster. Similar multiple-cable breaks happened
twice in the Mediterranean sea in 2008, where the undersea
cables connecting Europe, North Africa and Asia are con-
centrated in a small area [2]. A massive earthquake of 9.0-
magnitude followed by a tsunami occurred near the east coast
of Honshu, Japan on 11th March 2011, which affected several
submarine cables. Other forms of disaster events that can
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effects multiplicity of cables simultaneously include nuclear
explosion and meteor collision. Many other serious disasters
have occurred in the past and are likely to occur in the
future. The Internet is especially vulnerable to earthquakes
in islands, such as Japan and Taiwan which according to
various estimations of global Internet hosts [3], have a large
spatial density of hosts [4] and some undersea cables run along
earthquake-prone geographic zones [5].

Fig. 1. Effect of the 2006 Taiwan earthquake on submarine cables [1]
(Source: TeleGeography, URL: www.telegeography.com)1 .

Because of the rapid progress in fibre technologies such as
EDFA [6], DWDM [7], undersea fibre-optic cables can provide
more capacity, better reliability and security, at lower cost
of communication than satellites. Newly installed submarine
cable systems may have a capacity in the order of terabits per
second. Accordingly, given the relatively low cost per bit trans-
mitted, nowadays more than 95 percent of international and
intercontinental telecommunications rely on undersea fibre-
optic cables. Also terrestrial traffic is mostly carried over fibre
cables: copper is far too inefficient on long distances, and radio
channels are far too expensive and bandwidth limited.

Recently, protection against network failures has become
increasingly important [8]. Various approaches have been con-
sidered to improve network survivability (e.g., [9]–[13]), and
many network topology designs have been proposed [14]–[25].
However, much of this work focuses on scenarios involving
the isolated failure of one or several links and not on disaster

1A permission to use this figure was granted by TeleGeography on 14th
November, 2012.
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scenarios that affect many cables simultaneously. Protecting
the network against isolated cable breaks is also important as
most undersea cables are laid unprotected on the ocean floor,
so they are susceptible to damage by fishing nets, ship anchors
which scrape the ocean bottom, or by shark bites that damage
cables.

A network design that can cope with disaster scenarios must
take into consideration the fact that sets of nodes and links
share a common risk of being affected simultaneously by a
single disaster [26]. Computational geometric techniques can
evaluate network resilience [27], [28] and find the vulnerable
points within a network [29], [30]. The spatial layouts of a
network affect its resilience, and geographically correlated
region failures of line and circle shapes that cause loss
of connectivity need to be considered [31]–[34]. The work
presented in [34] is closest to the present paper as it also
considers a disaster in the network as a randomly placed disk
of a particular radius. However [34] does not consider our cost
minimization problem. A recent study proposes a model that
uses a partition-based grid to identify the vulnerable region in
a network under random region failures [35]. By applying the
model to wireless mesh networks, flow capacity degradation
from a failure can be estimated [36].

We focus on the topological design problem of where best
to lay submarine cables so as to maximise the resilience to
major disasters. Although cables invariably will be damaged, a
good design can ensure the connectivity between geographical
regions outside the disaster zone itself. A unique feature of
our work is the fact that the links between nodes are not
necessarily straight lines. Unlike many of the above-mentioned
survivability publications that consider isolated link failures,
we consider the scenarios where many cables simultaneously
fail within a geographical region, normally in a shape of a
disk, caused by a disaster at the center of the disk. Examples
of such disaster scenarios include an earthquake, a nuclear
explosion and a meteor collision with earth.

Submarine network resilience to major disasters is consid-
ered important by equipment vendors and operators for sub-
marine system. See for example [37]–[39], where mesh-based
network protection is studied with the objective to achieve au-
tomated network restoration that routes traffic rapidly around
a disaster area with multiple simultaneous failure.

In this paper we consider the important problem of how
to optimize the topology of undersea cables, and their inland
extensions, to maintain survivability in the context of major
disasters such as earthquakes. The general problem of how to
optimize the topology of the cables on a sphere (the globe),
considering the various probabilities of damage and disasters
and cost of laying cables on the various surfaces, is the
ultimate goal. In this paper, which is an extension of our
conference publication [40], we consider the simpler case of
the problem on a 2-dimensional plane, which is important on
its own, as in many cases the destinations of the network are
close enough to justify the planar version of the problem.

II. PROBLEM DESCRIPTION OF THE 2-NODE CASE

The key performance measure in this paper is the network
survival probability. It represents the probability that all nodes

(cities) in the network are connected. Throughout the paper,
we use the terms nodes and cities interchangeably. Another
important concept is the world. We consider a planar world,
a subset of R2, denoted by D, to be a closed disk with radius
r0.

We begin with an analysis of a 2-node network model and
describe the problem in this context. Later in Sections VI and
VII, we extend the discussion to N -node models.

Let Island A and Island B be two mutually exclusive subsets
of D, that are disk-shaped with radii r1 and r2, respectively.
Without loss of generality, we assume r1 ≥ r2. We suppose
that there are two cities, called City A and City B, that are
located at the centers of Islands A and B, respectively. The
distance between the centers of the two cities is d. We also
assume that the world is centered at the midpoint between the
two cities, so that the distances between each city and the
epicenter of the world are equal. All the world area that is not
covered by islands is called the ocean.

Fig. 2. The location of the two cities in the world.

A coordinate set is constructed as shown in Fig. 2. The
origin O is at the center of the world D and both the cities
are located on the x-axis. And the origin O is at the middle of
City A and City B. We assume that midpoint O is not located
on islands, so we have d/2 > r1 ≥ r2. Since Island A and
Island B are mutually exclusive subsets of D, we have that
d > r1 + r2 and r0 ≥ d/2 + r1.

To connect the two cities, cables are laid between them. In
order to avoid all the cables being destroyed simultaneously
in case of a disaster, e.g., an earthquake, cable systems are
designed in rings or meshes [41], i.e., two or more cables are
required. A survey study shows that the range of a disaster
can be more than 105 miles [42]. The distance between cables
should be sufficient, in order to reduce the probability that all
cables are affected by the disaster. Keeping the cables far apart
improves network survivability, but also implies longer cables
and higher cost. We assume that the average undersea cable
cost per unit length cs, is higher than that for the inland cables
cl (i.e., cs > cl) [43].

Other assumptions made for simplicity are: only one major
disaster occurs at one time, and undersea cables are not forked.

Our aim is to minimize the total cost of the cables which
connect the two cities, such that a given network survival
probability, denoted ρ, is maintained. Let ll be the total length
of the cables on lands and ls be the total length of the cables
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TABLE I
LIST OF KEY PARAMETERS

r1 The radius of the island where City A located

r2 The radius of the island where City B located

r0 The radius of the world D

d The shortest distance between City A and City B

cl The average cost per unit length to lay the inland cable

cs The average cost per unit length to lay the undersea cable

undersea. Thus the optimization problem is:

Minimize llcl + lscs
Subject to P (Cities remain connected) ≥ ρ.

(1)

A probability density function fS,R(s, r) is defined for the
region of a disaster to occur at any given point s in the world,
and that any cable will be ruptured if it is situated in a closed
centered at s with radius r. In particular,

fS,R(s, r) = fS(s)fR(r), (2)

where s ∈ D and r ∈ R≥0. Here we assume fS(s) is the
density of a uniform distribution of the world D. And fR(r)
is assumed to be exponentially distributed with parameter λs.
In particular,

fR(r) = λse
−λsr. (3)

This exponential assumption is consistent with empirical data
[44], [45], [46].

Assume that the two cities are connected by K cables and
let di(s)(i = 1, . . . ,K) be the shortest distance from the
disaster center point s to the ith cable. Thus, the probability
in (1) that the network survives a disaster is given by

P (Two cities remain connected) = 1− P (Disconnected) ,

where by our earlier results presented in [40]

P (Disconnected)

=

∫
s∈D

[∫ ∞

max (d1(s),...,dK(s))
fS,R(s, r)dr

]
ds. (4)

As we can see in (4), the size of the world affects the
network survival probability. It is intuitively clear that in
a larger world we have more events that will not cause a
disconnection, and therefore a larger world will imply higher
network survival probability in our model.

III. RECTANGULAR NETWORK TOPOLOGY

In this section, we propose a rectangular topology with
K cables, where cables are laid in lines and the two cities
are located in the middle of the two opposite sides of the
rectangles as illustrated in Fig. 3 for the case K = 5. We will
begin with the special case of K = 2 and then extend the
discussion to a general number of cables.

Fig. 3. The case K = 5 of rectangular topology.

A. Two Cables

We first consider the case of two cables (K = 2). As
will be seen in the sequel, significant insight can be gained
from this special case. In this case of K = 2, the choice
of a rectangular topology rather than other quadrilaterals is
explained as follows. To minimize the probability that both
cables are damaged by the disaster, the cables are laid with a
certain sufficient distance between them, normally twice the
radius of the disaster. We assume that the distance between the
two cities is significantly longer than the radius of the disaster
area, so as to minimize cable cost, the main part of a cable,
henceforth called the main segment, is laid in parallel to the
line that connects the two cities.

Fig. 4. Main segment, city segment, and city side in a rectangular topology.

Then the consideration becomes how to link the main
segments of the two cables to the cities. We will use the term
city segment for the part of the cable that connects the main
segment to a city. In the rectangular case, there are two city
segments for each city that connects it to the main segment
of each of the two cables. These two city segments have the
same length and lie on the same line. They together form a
side of the rectangle which we call city side. See Fig. 4 for an
illustration of these terms for a two-cable case, in a rectangular
topology, between cities A and B. In Fig. 5, we illustrate
that having a 90◦ angle between the main segment and the
city segment of a cable, namely creating a rectangular shape
for two cables, will use a shorter cable than all trapezoids
linking the main segments of the cables to the two cities. The
rectangular topology can be further improved by considering
rounded corners as discussed in Section III-D.

Fig. 5. Rectangular versus trapezoid topologies.

Let the length of the cable city segment (half the city
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side) be a. We use (x, y) to represent the location of the
disaster epicenter s, and divide the world D into four identical
quadrants called I, II, III, IV . In the following, we present
results for the survival probability from [40]. The analysis first
focuses the disaster epicenter s being in quadrant I . Then, in
a similar way, equivalent results for the other three quadrants
can be obtained. In the case of the disaster epicenter is in
quadrant I , we have

max (d1(x, y), d2(x, y)) = min

(√
(x− d

2
)2 + y2, y + a

)
.

(5)
According to the relationship between a and d, the problem
related to quadrant I is further divided into two cases as shown
in Fig. 6.

Fig. 6. Two cases: a ≥ d
2

and a < d
2

.

In the first case (a ≥ d
2 ), the probability of disconnection

and the epicenter is in quadrant I is

PI (disconnect)

=

∫∫
I

[∫ ∞

√
(x− d

2 )
2+y2

fS,R((x, y), r)dr

]
dxdy. (6)

In the second case (0 < a < d
2 ),

PI (disconnect) = PI1 + PI2

=

∫∫
I

[∫ ∞

√
(x− d

2 )
2+y2

fS,R((x, y), r)dr

]
dxdy

+

∫∫
I1

[∫ √
(x− d

2 )
2+y2

y+a

fS,R((x, y), r)dr

]
dxdy, (7)

where I1 is the area {(x, y)|(x− d
2 )

2 ≥ 2ay+a2, 0 ≤ x ≤ d
2}.

We see that the first term in (7) is equal to (6) and is constant
relative to a. The second term in (7) decreases as a increases,
in the case that (x, y) ∈ I1. Hence, for the entire range of a,
PI (disconnect) is a monotonically non-increasing function of
a reaching its minimum for a ≥ d

2 .
As mentioned, the other three quadrants II, III, IV can be

analyzed by the same method. Then, the total network survival
probability of world is

P (Survivability) = 1−
∑4

i=1
Pi (disconnect) , (8)

where Pi (disconnect) is the probability that the network is
disconnected and the disaster epicenter is in the ith quadrant.
This is a monotonically non-decreasing function of a and
achieves its maximum value for a ≥ d

2 .

Fig. 7. Three cases of rectangular topology.

Now we discuss the cost of the rectangular topology. It has
the following three cases, as showed in Fig. 7.

1) when r2 ≤ r1 ≤ a in Fig. 7(a):

C(a) = 4acs − 2(r1 + r2)(cs − cl) + 2dcs. (9)

2) when r2 ≤ a ≤ r1 in Fig. 7(b):

C(a) = 2a(cl + cs)− 2
√

r21 − a2 (cs − cl)

− 2r2(cs − cl) + 2dcs. (10)

3) when 0 ≤ a ≤ r2 ≤ r1 in Fig. 7(c):

C(a) = 4acl + 2dcs

− 2

(√
r21 − a2 +

√
r22 − a2

)
(cs − cl).

(11)

In each of the three cases, we see that the cost function
C(a) is monotonically increasing with the length of the city
segment (a), since cl < cs. As a result, the optimization
problem reduces to that of finding the smallest a that satisfies
the survivability constraint. We can use the Bisection algorithm
proposed in the previous paper [40].

Given network survival probability ρ and stopping criterion
η, let al and au be the running lower and upper estimate of a,
respectively. Set al = 0 and au = d/2. The optimal solution
can be obtained by Bisection Algorithm (for details Algorithm
1).

Algorithm 1 BisectionAlgorithm

Input: Network survival probability ρ, stopping criterion η.
Output: The optimal value of the cable city segment length,

or half length of the city side, a∗ and optimal cost C(a∗).

1: If P (au) < ρ, the problem is infeasible; go to step 6.
2: If P (al) ≥ ρ, the optimal solution is a∗ = al; go to step

5.
3: Let b = (al + au)/2, if P (b) ≥ ρ, au = b. Otherwise

al = b.
4: If au − al < η, let a∗ = au and go to step 5. Otherwise

go to step 3.
5: The optimal cost C(a∗) can be obtained using the appro-

priate (9), (10), (11).
6: Stop.
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B. Numerical Results

To check and illustrate our analytical results, we consider
here an example of two island/cities for which we provide
numerical results and compare them with simulation results.
In our example, we set the radius of world as 1000 kilometers
and quantify the mean disaster radius as 100 kilometers. The
distance between two cities is set as 400 kilometers.

The simulated survival probability is obtained using a total
of 24 million simulation runs (24 batches, each of which is of
one million independent simulations). We derived confidence
intervals based on Student’s t-distribution. The simulation
results are shown in Fig. 8.
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Fig. 8. Survival probability versus the city segment length a for rectangular
topology.

The results indicate that the survival probability increases
and reaches a plateau, as the city segment length increases.
The analytical results are within the confidence intervals of
the simulation results. The estimated maximum of survival
probability is achieved when the city segment length a is
within the 160-220 km range. This plateau range, associated
with the survival probability achieving its maximum, is closely
related to the condition a ≥ d

2 .

C. More cables

The rectangular network solution can easily be extended to
a situation involving more than two cables to connect the two
cities. Let C2(a) indicate the cost functions in (9)-(11) and let
P2 (Survivability) indicate the probability function in Section
III-A for the two cables problem. If a total of K(K ≥ 2)
cables are laid between the two destinations, we define 2a as
the city side of the largest rectangle in the network (shown in
Fig. 9).

Fig. 9. Cases of more than two links.

Case C1: K = 2n+ 1 (n = 1, 2, . . .).

The network topology is shown in Fig. 9(a). Since no cable
forks are assumed to be laid, the total cost for this network is

CK(a) =C2(a) + C2

(
n− 1

n
a

)
+ · · ·+ C2

(
1

n
a

)
− (cs − cl)(r1 + r2) + csd

=
n−1∑
i=0

C2

(
n− i

n
a

)
− (cs − cl)(r1 + r2) + csd.

(12)

Case C2: K = 2n (n = 1, 2, . . .).
The network topology is shown in Fig. 9(b), and now the

total cost is

CK(a) =C2(a) + C2

(
2n− 3

2n− 1
a

)
+ · · ·+ C2

(
a

2n− 1

)
=

n∑
i=1

C2

(
2i− 1

2n− 1
a

)
. (13)

In each case the cost function is the sum of non-decreasing
functions of a and so it, itself, is non-decreasing.

As mentioned in Section II, we assume that only one
major disaster occurs at one time. We observe, therefore,
in considering the network survival probability, denoted by
PK (Survivability), the probability that all K cables are dis-
rupted by a serious disaster is equivalent to the probability that
this disaster destroys both links of the largest rectangle. Thus,
for all K we obtain

PK (Survivability) = P2 (Survivability) , (14)

where P2 (Survivability) is the network survival probability
when only the two most distant cables, out of the K cables,
are used. The function PK (Survivability) in (14) is a non-
decreasing function of a and stays constant for a ≥ d

2 . Hence,
the previous bisection algorithm can be adopted to find the
optimal city side for the rectangular topology solution.

We remind the reader that the focus of this paper is on
the optimal shape of the cables in the vicinity of the cities
and the minimal cost of cable topology subject to maintaining
survivability under a major single disaster. For this problem
under its specific assumptions, no more cables beyond the
two that form the largest rectangle will improve the network
survivability. However, in practice more cables can lead to
higher survivability, considering the following.

1) We assume that only one major disaster occurs at one
time. If two or more disasters occur simultaneously,
the use of more than two cables increases the network
survival probability.

2) We focus on a major disaster and do not consider
individual link failure caused, e.g., by anchors, fishing
trawlers or shark bites. If such events are considered,
again, the network survival probability increases by
using more than two cables.

3) We assume that all cables in the disaster area break. If
this is not the case, as discussed in Section VIII-A, more
cables will improve the network survival probability.
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D. Rectangles with rounded corners
So far we have pursued the optimal solution assuming a

rectangular topology which is partly justified by an assumption
that the cables are laid in straight lines only. However, the
optimal solution can be improved if the cables are laid in
more conventional curved lines.

Fig. 10. Rectangles with rounded corners.

One option is the rectangular solution with rounded corners.
Our rectangular solution can lead to a solution involving
rounded corners with reducing cost in practice. Let us take
the two-cable network as an example, with C2(a) as the cost
function (see (9)-(11)), r ≤ d

2 and r ≤ a as the radius of the
rounded corner (as depicted in Fig. 10). The total cost of the
network becomes

C ′
2(a) = C2(a)− 8r + 2πr, (15)

with a maximum cost reduction when r = a.

Fig. 11. d2(x, y) for rectangle with rounded corners.

To obtain the network survival probability of this topology,
we consider max (d1(x, y), d2(x, y)) in this case. If the dis-
aster epicenter (denoted S in Fig. 11) is located in quadrant
I , d1(x, y) is smaller than d2(x, y). There are three scenarios
for the value of d2(x, y):

1. The shortest distance from S to the bottom main seg-
ment DF , which is |SE|.

2. The shortest distance from S to the right city segment
BG, which is |SB|.

3. The shortest distance from S to the rounded corner curve
(curve FG). This should be min (|SF |, |SG|).

In Fig. 11, we see that |SE| < |SF | and |SB| < |SG|. Hence,
we have

max (d1(x, y), d2(x, y)) = min (|SE|, |SB|), (16)

which is the same as (5). Therefore, the network survival
probability is the same as that calculated in Section III-A.

By (15), the cost of the rectangular topology with rounded
corners is lower than that of the rectangular topology while
the network survival probability is unchanged for a given city
segment length a.

IV. RHOMBUS TOPOLOGY NETWORK

When the network topology is a rectangle, we say that
each of the angles between the two cables at City A and
B are 180 degrees, which is the maximum value considered
for these angles. In this section, we propose another topology

Fig. 12. The angles between two cables are not 180 degree.

in which the angles between the two cables are not 180
degrees, as shown in Fig. 12. The network topology becomes
a rhombus. And we investigate the relationship between the
network survival probability and the angle between the two
cables in each of the cities, denoted α.

A. Analysis

Consider the case that a disaster occurs in quadrant I as
an example. One diagonal of the rhombus is the line that
connects the two cities. Its length is d. Let the length of the
other diagonal of the rhombus be 2a. We have

a =
d

2
tan

(α
2

)
. (17)

The survival probability can again be obtained by (4). In
this scenario, we still have d1(x, y) ≤ d2(x, y). According
to the value of d2(x, y), we divide the quadrant I into two
areas I1 = {(x, y)|, dx + 2ay − 1

2d
2 ≤ 0, 0 ≤ x ≤ d

2}, and
I2 = I\I1, as shown in Fig. 13.

Fig. 13. Two divided areas in quadrant I .

Then the disconnection probability associated with area I1
is

PI1 (disconnect)

=

∫∫
I1

∫ ∞

−2ax+dy+ad√
d2+(2a)2

fS,R((x, y), r)dr

 dxdy, (18)
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and for I2, the disconnection probability is

PI2 (disconnect)

=

∫∫
I2

[∫ ∞

√
(x− d

2 )
2+y2

fS,R((x, y), r)dr

]
dxdy. (19)

Thus,

PI (disconnect) = PI1 + PI2

=

∫∫
I

[∫ ∞

√
(x− d

2 )
2+y2

fS,R((x, y), r)dr

]
dxdy

+

∫∫
I1

∫ √
(x− d

2 )
2+y2

−2ax+dy+ad√
d2+(2a)2

fS,R((x, y), r)dr

 dxdy (20)

We see that the first term in (20) is independent of a,
and the second term in (20) decreases as a increases, since
−2ax+dy+ad√

d2+(2a)2
is a non-decreasing function of a in the case that

(x, y) ∈ I1. From (17), we see that a is an increasing function
of angle α, for 0 < α < π. Hence, PI (disconnect) is a non-
increasing function of angle α, for 0 < α < π.

The other three quadrants II, III, IV can be analyzed by
the same method. Therefore, the network survival probability
of the rhombus topology can be obtained by (8), which is an
increasing function of angle α, for 0 < α < π.

Considering the assumption d/2 > r1 ≥ r2 in Section II,
the total cost of the rhombus topology is

C(a) = 4cs

√
a2 +

1

4
d2 − 2(r1 + r2)(cs − cl), (21)

which is a monotonicity increasing function of a. Therefore the
total cost is an increasing function of angle α, for 0 < α < π.

B. Numerical Results

To check and illustrate our analytical results for the rhombus
topology case, we use the same examples as in Section III-B
and validate the analytical results by simulations, as shown in
Fig. 14.
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Fig. 14. Survival probability versus the angle α for rhombus topology.

The results indicate that the analytical results are within
the confidence intervals of the simulations. As (20) is mono-
tonically increasing in α (the angle between the two cables)

as illustrated in Fig. 14, and also cost increases with α,
minimizing cost subject to a given network survival probability
constraint reduces to finding the minimal value of α that
satisfies the network survival probability constraint.

V. COST COMPARISON OF THE THREE TOPOLOGIES

In this section, we compare the cost of rectangular, rounded-
corner rectangular and rhombus topologies, under a same
network survival probability constraint.

From the cost functions ((9)-(11), (15), (21)), we see that
the cable cost depends on variable a, as well as the other
parameters r1, r2, cs, cl and d (see Table I). We use the same
example as in Section III-B to compare the cost of the three
topologies. As in that example, d is set as 400 km and the
mean disaster radius is set as 100 km. Then, we further set
r1 = 120 km, r2 = 60 km, cs = 1.5 and cl = 1. We also set
r in (15) (the radius of the rounded corner for the rectangular
topology with rounded corners) as 20 km.
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Fig. 15. Cost comparison for the three topologies.

The cost results of the three topologies are shown in Fig. 15.
As expected, we see that the cost of the rectangular topology
with rounded corners is always less than that of rectangular
topology, under a same network survival probability. However,
for high survivability requirements they become indistinguish-
ably close. It is also intuitively clear that as the distance
between the cities increases, the benefit of rounding the
corners becomes less and less significant relative to the total
cost. For a lower requirement of network survival probability
(about below 0.97 in Fig. 15), the cost of the rhombus topology
is the lowest among the three. However, it becomes the most
expensive as the survivability requirement increases.

An overall important observation is that if the network
probability requirement is high, the cost of the rectangular
topology is very close to that of the rectangular topology with
rounded corners and lower than that of the rhombus topology
for high level of survival.

VI. AN N -NODE CONVEX POLYGON TOPOLOGY

Moving from the 2-node to N -node models, we consider
in this section N -node topologies that are Convex Polygons.
Then in the next section we further extend our discussion to
general N -node models. In extending the optimization from



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. XX, NO. XX, XX XX 201X 8

the 2-node to an N -node convex polygon, we use certain
attributes of our 2-node model because of their favorable
cost results when a high survivability probability constraint
is imposed, as illustrated in Fig. 15.

A. Designing a survivable topology

Beginning with a 3-node topology, we suppose that there
are three cities, called City A, B and C, that are located on
the corners of a triangle. All other assumptions remain the
same as described in Section II except that we consider, for
simplicity, the special situation where we assume that there
is only one surface, or alternatively we assume that cable
laying cost in land and sea are the same. This assumption
is made here for simplicity of presentation as the principles
of the solution also apply to the two-surface situations with
some added complexity. In the next section, we will extend
the discussion to consider land and sea surfaces.

Fig. 16. Cable topology for a 3-node equilateral-triangle.

For the case of the three cities positioned at three corners
of a triangle, we consider a hexagon-shaped cable laying
topology, as shown in Fig. 16 for an equilateral triangle
example. Recall that we retain the assumption of Section II that
the distance between any pair of cities is significantly longer
than the radius of the disaster area. Notice that in our design
of 2-node rectangular topology, the main segments of cables
are laid in parallel to the line that connects the two cities
(see Section III). Similarly, for 3-node case, the three lines
representing the main segment (we adopt here the term main
segment used for the 2-node case in the same context) are laid
parallel to the edges of the triangle with a certain distance, say
a, from their respective edges. Next, we use three additional
city sides (each of which is formed by two city segments), that
pass through each of the cities, to link the cities to the main
segments. (Again, we reuse the term used in the 2-node case.)
Accordingly, each cable is composed of one main segment and
two halves of city segments one in each of the two cities.

Our aim is to find the topology with the minimum perimeter
of the hexagon in order to achieve the least cable cost subject
to meeting the survivable probability requirement.

To find the optimal topology, we first focus on each corner
(city) of the triangle. For City A, let the angle between the
city side of City A and line AC at City A be α, as shown in
Fig. 17. Accordingly, the parameters that need to be optimized
are the α-angle associated with each city and the a distance
parameter which we assume to be fixed for all main segments
of the cables. Observe by Figure 17 that if α is available then

Fig. 17. The angle α for City A.

the angle between the city side of City A and line BC at City
A is also available by 180◦ - ∠BAC - α.

To obtain the optimal value of a, as the overall cost function
is monotonically increasing with a, we can use again the
Bisection algorithm. In the following, we explain how to
optimize the value of α for each city.

In the case of equilateral triangle topology depicted in Fig.
16, because of the symmetry, the range of α is between 0◦

and 60◦. When α = 60◦, the city cable is represented by the
horizontal line in Fig. 17. Comparing other cases of various
values of α to the α = 60◦ case, we obtain that the total cable
length achieves its minimum when α = 60◦ (the symmetric
case). Then, when this scenario is applied to each of the
corners of the triangle, the hexagon topology with α = 60◦

in each city as shown in Fig. 16 minimizes the perimeter and
therefore it is the optimal topology.
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Fig. 18. Cable length difference versus α for different angles.

We also consider scenarios of general triangles where
∠BAC is other than 60◦. The range of α becomes

α ∈ (0◦, (180◦ − ∠BAC)/2].
In such cases, the least cable length is achieved when

α = (180◦ − ∠BAC)/2. (22)

This is illustrated in Fig. 18 where we show simulation results
represented by five curves each corresponds to a difference
case of ∠BAC. Each curve provides for different values of
α, the difference between the total cable length resulted in
using α (given at the x-axis) and using the α value defined
by (22). As seen in the figure this difference is always non-
negative and the optimal value of α is always achieved when α
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satisfies (22). Therefore, we can conclude that when the cable
is laid such that the city side is perpendicular to the interior
bisector of ∠BAC, the minimum cable length is achieved.
Applying this principle to each city (corner of the triangle),
we can obtain the desired hexagon topology for any general
triangle. This is illustrated in Fig. 19, where cities A, B and C
are at the corners of a general triangle. Then, cables DE, FG
and HI are laid to be parallel to the corresponding edges of
the triangle with a same distance a and cables DI, EF and GH
are laid to be perpendicular to the interior bisectors of ∠A,
∠B and ∠C, respectively.

Fig. 19. The hexagon topology for a general triangle.

For N -node models (N > 3), if the N nodes can form a
convex polygon, the same approach based on having the main
segments laid parallel to the corresponding edges of the poly-
gon with distance a, and the city sides are laid perpendicular
to the interior bisector of each angle. The optimal value of a
subject to meeting network survival probability requirement is
obtained by bisection.

Fig. 20. Cable topology for a 5-node polygon with a = 0.8.

To illustrate our algorithm for an N -node network, we
consider a topology of five nodes called A,B,C,D and E, as
shown in Fig. 20. A coordinate set is constructed and its origin
(0, 0) is at the center of a disk-shaped world. We set the radius
of the world as 10 and the mean disaster radius as 1. The
coordinates for the nodes are (1, 5), (4, 3), (2,−3), (−1,−4)
and (−4, 2). The network survival probability requirement is
set at 0.93. For this requirement, we obtain using bisection
a = 0.8. Then, the decagon topology of the cables for a = 0.8
is depicted in Fig. 20. Interestingly, the main segment between
C and D turns out to be somewhat short. Notice however, that
even if the main segment between two nodes that are close to
each other turns out to be of 0 length, and two city segments

that comprise a cable break by a disaster, the consequence of
such event is not so severe because their break does not cause
a disconnection of any node.

We remind the reader, that the focus of this paper is on
a single major disaster and it does not consider individual
link failures or multiple disasters occurring simultaneously. In
such cases, the network survivability will benefit from adding
more cables. More cables will also improve network survival
probability if we assume that some cables in the disaster area
may not break with probability one as discussed in the section
later.

Also note that as in the 2-node model, the cable topology
can be further improved by considering rounded corners.
However, as discussed, when the distance between the cities
increases, the benefit of the rounded corners diminishes.

B. Simulation Time

For 2-node models (rectangular topology and rhombus
topology), we have provided both analytical results and sim-
ulation results. However, for cases with more than 2 nodes,
we resort to simulations to obtain results whenever they are
achievable within reasonable time. All the results are obtained
using MATLAB software executed on a desktop PC with
Intelr CoreTM 2 Quad @ 3 GHz CPU, 4 GHz RAM and
32-bit operating system.

In the following, we present the simulation time required
to compute the network survival probability for each given
instance of N and a, for three models (2-Node, 4-Node and
5-Node) and for different values of variable a. These three
models are illustrated in Fig. 21(a), 21(b) and 20, respectively.
In all the models, the radius of the world is 10 and the
mean disaster radius is 1. When we simulate the survival
probability associated with each instance of variable a, for
each model, we generate based on the disaster probability
function events associated with disasters. For each event, we
compute the distance from the disaster to each cable to know
which cable break and check if the network is disconnected or
not. The number of events is sufficiently large to ensure that
the total length of the confidence interval based on Student’s
t-distribution is below 0.04% of the mean measured result (the
network survival probability in this case). The simulation time
of the three models is listed in Table II.

Fig. 21. The 2-node and 4-node topologies.
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TABLE II
SIMULATION TIME FOR THREE TOPOLOGIES REQUIRED TO COMPUTE

NETWORK SURVIVAL PROBABILITY.

PPPPPPN
a 0.2 0.5 0.8

2-Node 20− 22 mins 21− 23 mins 20− 23 mins

4-Node 38− 44 mins 39− 44 mins 39− 43 mins

5-Node 59− 63 mins 57− 62 mins 53− 60 mins

As observed from the table, models with more nodes require
more simulation time. This is explained by the fact that, for
each event generation, more individual cable break compu-
tations are required to check if the network is disconnected.
We have also observed that the number of events required to
achieve the target length of confidence interval increases with
N .

We also observe from Table II that, for a given N -node
model, the running time of the simulations is not very sensitive
to the variable a. This is not surprising in view of the fact that
the same is true of the time for checking individual cable
breaks. We have also observed that the number of events
required to achieve the target length of the confidence interval
does not significantly vary with a.

As our optimization problem is to minimize the total cost
under the certain survivability constraints, we need to run
simulations for different instances of a. Therefore, the total
simulation running time for a given model depends on the
required number of instances of a to solve the optimization
with the required accuracy.

VII. A GENERAL N NODE TOPOLOGY

In this section, we consider a general topology of N nodes.
We also relax the assumptions of having a single node for
each island and requiring that the islands are disk shaped.
We allow multiple nodes per island and allow islands to have
arbitrary closed-contour shapes. However, we still retain the
assumptions of a single disaster, unlimited cable capacity and
a two-dimensional world. In a general N -Node model, even
if all the cables between any pair of two nodes are straight
lines, the number of possible topologies is 2N(N−1)/2. In our
case, we allow cables between individual pairs of nodes not
to be straight lines. Furthermore, because it is difficult to
obtain analytical results for the network survival probability
for a general network, we rely on simulation. In Section
VI, we have observed that computations by simulations of
individual network survival probabilities require considerable
computation time, and as a result the optimization problem
(i.e., where a simulation is used to compute the value of the
objective function) is computationally prohibitive. Therefore,
we resort to a heuristic algorithm. Notice that in practice, for
the problem of designing submarine cables running times of
days or weeks is acceptable.

A. The heuristic algorithm

We first divide the N nodes into two sets. The nodes that
belong to the first set are called external nodes. The set of
external nodes is defined as the maximal set of nodes that

form a convex polygon such that all the remaining nodes are
inside this polygon. The set of nodes that are excluded from
the set of external nodes are called internal nodes. Let Nout

be the number of external nodes and let Nin = N − Nout

be the number of the internal nodes. A link that connects two
external nodes is called an external link and a link with at
least one endpoints an internal node is called an internal link.
As in the previous section a key optimization variable is the
a parameter representing for each pair of adjacent nodes the
distance between the main cable and the line that connects
the two adjacent nodes. Ideally, we could have the flexibility
to optimize the a parameter for each link between adjacent
nodes, allowing them to be all different. However, because of
the ”curse of dimensionality” in our examples we either use
a one-size-fits-all approach where all pairs of adjacent nodes
have the same a parameter, or we consider this parameter to
be equal to ain for all internal links and have a different value
aout for all external links. In certain unique circumstances of
short distances between adjacent nodes, we allow different a
parameters for different nodes as described below.

The process of designing the cables that connect the nodes
comprises three stages.
Stage 1: Connecting the external nodes
At this initial, stage we ignore the internal nodes and adopt
our approach from the previous section to lay cables that
connect the Nout external nodes. Unlike the cases of the
previous section where we assume for simplicity that cable
laying costs are the same for the land and the sea, here we
distinguish between the two and allow arbitrary shaped islands
that may contain an arbitrarily number of nodes. Notice that
these generalizations only affect the total cost, but do not affect
the network survival probability. At this stage we minimize the
cost of connecting the external nodes; specifically, we find the
smallest a (or aout) such that the survival probability meets a
pre-specified requirement.
Stage 2: Connecting the internal nodes by straight lines
To connect the isolated internal nodes to the already connected
set of external nodes, we use a greedy algorithm where we
successively connect each of the isolated nodes using two
links to two different nodes that are already connected. At
this stage these connections are based on straight lines where
each link is composed of a single cable in straight line. The
choice of two links is made to maintain consistency with the
survivability level achieved in our convex polygon topology.
Next, we connect the isolated nodes directly to each one of
the already connected nodes using a link composed of a single
cable in straight line. The successive order of connecting the
isolated nodes is based on minimizing cost while maintaining
the required network survival probability. That is, in each step
we choose the isolated node that incurs the minimal cost to
connect it to the already connected nodes.

Then if the network survival probability constraint is not
met, we consider the next least cost option, either using the
same isolated internal node, or using another isolated internal
node. Given that the number of options is large (i.e. Nc choose
2, where Nc is the number of already connected nodes), we
limit the number of attempts to M in each step, where M is
based on our computing power.
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At each step, for each topology we consider, it is desirable
to avoid a situation of having an excessive number of links
resulting in excessive costs. Therefore, for each topology we
may consider removing a link with two end-nodes having
a degree of more than three. In such cases, there is an
opportunity to remove such a link only if removing it reduces
the network survival probability by less than a pre-assigned
percentage.

The process continues until the steps of connecting the
nodes are completed. Then we have a collection of alternatives
to connect all the nodes with or without meeting the survival
constraint. Then we proceed to Stage 3.
Stage 3: Improvement by multiple segments per link
We now have a set of cheap instances based on straight lines
generated in Stage 2. At this stage, based on Stage 2 instances,
we consider new instances associated with multiple segments
per link. In particular, for each Stage 2 instance, we consider
each link (internal or external) to comprise two city segments
and one main segment for various values of the parameter
a (equal for all nodes), or alternatively, when the number of
nodes is small we can allow the flexibility to consider the
parameters ain and aout for the internals and externals links,
respectively.

The purpose of Stage 3 is to find cases that meet the
survivability constraint when the search limited to straight-line
internal links in Stage 2 has found no feasible solution, or to
improve on feasible solutions found in Stage 2. We begin with
cases of low cost that do not meet the survivability constraints
and test various values of the a (or ain or aout) parameters, so
that an improved result is achieved. We use a branch and bound
approach. We increase the city segment length parameters for
a Stage 2 instance until we meet the survivability constraint.
Then, we repeat the process for other instances until either
the survivability constraint is met or the cost exceeds the cost
already achieved in another feasible instance.

It is not likely that for a realistic size problem we will
have sufficient computing resources to optimize the angles of
the city size position. Recall that the computation of the net-
work survival probability by simulation consumes significant
computing power. Therefore using the lessons of the previous
section, for each not-yet-connected internal Node X, that we
consider connecting to already connected nodes Y and Z, we
lay the city side on Node X perpendicular to the interior
bisector of the angle ∠YXZ, and the two main segments
parallel to the edge XY and XZ with distance between them
equally to a (or ain). The other two city segments on nodes Y
and Z are laid perpendicular to the interior bisector of the angle
∠XYZ and ∠XZY, respectively. Observe that this means that
the angle between two city segments of two different links
may be small which implies that they are prone to break
simultaneously in case of a disaster, but generally this will
not lead to disconnection of the entire network as will be
illustrated in an example below.

Note that in certain cases, as we increase the parameter a
(ain or aout), we may reach a point that for some links, the
parameter cannot be increased, then it is frozen for that link,
but we may continue to increase this parameter for other links
to achieve the required survival probability. In such unique

cases, we may allow various a parameters for different links.

B. Examples
To illustrate our approach we start with an example of a

five-node topology (four external nodes and one internal node),
called A, B, C, D and E, as shown in Fig. 22. As we observe
in the figure, the geography is of general nature with realistic
sea shore lines. We aim to minimize cost subject to achieving
a network survival probability of 0.93. A coordinate set is
constructed with its origin (0, 0) at the center of a disk-shaped
world. We set the radius of the world as 10 and the mean
disaster radius as 1. We further set the cost per unit of the
undersea cables as 1.5 and the cost per unit of the inland
cables as 1. The coordinates for the five nodes are (4, 3),
(2,−3), (−1,−4), (−4, 2) and (1, 1). In this scenario, the
external nodes A, B, C and D form a convex quadrilateral
inside which the internal Node E is located. We design the
cables according to the three stages of the heuristic algorithm
as described above.

Fig. 22. The map of a 5-node example (1 internal nodes and 4 external
nodes).

In Stage 1, for our case, we find that aout = 0, namely
having a quadrilateral-shaped topology network that connects
the nodes A, B, C and D gives survival probability of 0.936
which already meets the required network survival probability
of 0.93.

Fig. 23. A cable topology for 5 nodes where straight lines (AE and CE) are
used to connect Node E to the network.

Moving on to Stage 2, there are six different ways to connect
Node E using two cables to the already connected four external
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nodes. We start by connecting E to A and B which incurs
the least cost as shown in Fig. 23. For this case, the network
survival probability is 0.9288 which does not meet the required
0.93 threshold. In this small example, the computing time
budget allows in Stage 2 to compute the network survival
probability for all six cases if required. These six results are
presented in Table III and we observe that none of them meet
the 0.93 requirement. All these six cases are next considered
in Stage 3.

TABLE III
SIMULATION RESULTS FOR SIX TOPOLOGIES USING STRAIGHT-LINE

CABLES WHEN aout = 0

AE BE AE CE AE DE BE CE BE DE CE DE

prob. 0.9288 0.9291 0.9290 0.9267 0.9289 0.9283

cost 43.09 44.50 44.31 44.82 44.63 46.04

Fig. 24. A cable topology for 5 nodes that using city segments and main
segments to connect E to A and B of the network.

While in Stage 2, Node E is connected to two external
nodes by straight lines, in Stage 3, we connect Node E to
the two external nodes by two cables each of which has two
city segments and one main segment. We first choose the two
nodes closest to Node E, namely, A and B. In particular, we lay
the city side on Node E perpendicular to the interior bisector
of the angle ∠AEB, and the two main segments parallel to
the edge AE and BE with distance ain. The other two city
segments on nodes A and B are laid perpendicular to the
interior bisector of the angle ∠EAB and ∠EBA, respectively.
The entire topology is illustrated in Fig. 24. Then we compute
by simulation the network survival probability for increasing
values of ain and aout. The results are presented in Table IV,
We observe that when ain = 0.1 and aout = 0.1, the network
survival probability meets the 0.93 requirement at the minimal
cost achieved, and the cost is lower than other cases involving
different values of ain and aout that meet the constraint. Please
note that larger values for the ain and aout presented in Table
IV will not produce better solutions than the one obtained
ain = 0.1 and aout = 0.1, as larger values always imply
higher costs.

Also observe that the cost for this case is lower than all the
costs calculated in Table III for all other five cases considered
in Stage 2. In consequence, we do not need to consider these

five cases as they will only incur higher costs if the ain and
aout parameters increase to meet the survivability constraint.

Therefore, the case where we connect Node E to A and
B with ain = 0.1 and aout = 0.1 is considered the best
topology design for this 5-node example based on our heuristic
algorithm.

TABLE IV
SIMULATION RESULTS FOR THE SURVIVAL PROBABILITY AND COST OF

THE TOPOLOGY OF FIG. 24 WITH DIFFERENT ain AND aout .

PPPPPPaout

ain 0 0.1 0.2 0.3

0
survival prob. 0.9288 0.9289 0.929 0.9291

cost 43.09 43.35 43.61 43.94

0.1
survival prob. 0.9297 0.93

cost 43.67 43.93

0.2
survival prob. 0.9303

cost 44.31

Now we consider a 7-node example with three internal
nodes. In our 7-node example we have the same five nodes
A, B, C, D and E, as in the previous 5-node case, and we add
two internal nodes F and G with the coordinates (0,−2) and
(−1.5, 1) as shown in Fig. 25. As we observe in the figure,
we also consider here a more general geography where two
nodes are located on the same island. In total we have four
external nodes A, B, C, D, and three internal nodes E, F, G. We
aim to minimize cost subject to meeting 0.92 network survival
probability in this example. All other conditions are same to
the 5-node example.

Fig. 25. The map of a 7-node example (3 internal nodes and 4 external
nodes).

As the external nodes are the same as in our previous 5-
node example, the result of Stage 1 is the same as in the 5-
node case, that when aout = 0, the topology network gives a
survival probability of 0.936 which already meets the required
survival probability of 0.92.

In Stage 2, we connect each of the three internal nodes
to two of the already connected nodes by straight-line cables
one by one. Due to the limited computing power, we can not
compute by simulation the network survival probability of all
the possible alternatives. Note that, for the fist internal node,
there are 6 choices (i.e. 4 choose 2). For the second one, there
are 10 choices (i.e 5 choose 2). And for the third one, there are
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15 choices (i.e. 6 choose 2). For simplicity, we only consider
the following three least expensive cases.

Case 1. Node F is connected to B and C. Node G is connected
to D and F. Node E is connected to F and G.

Case 2. Node F is connected to B and C. Node E is connected
to A and F. Node G is connected to D and E.

Case 3. Node F is connected to B and C. Node G is connected
to D and F. Node E is connected to A and G.

The results are presented in Table V and we find that none
of three cases meet the 0.92 requirement. Then we proceed to
stage 3.

TABLE V
SIMULATION RESULTS FOR THREE TOPOLOGIES USING STRAIGHT-LINE

CABLES WHEN aout = 0

Case 1 Case 2 Case 3

prob. 0.9191 0.9197 0.9198

cost 52.89 53.14 53.43

In Stage 3, we connect each of the three internal nodes to
two of the already connected nodes by two segmented cables
one by one. Because of limitations in computing power, we
only consider the three cases in Stage 2. Instead of straight-
line cables, we now use segmented cables each of which has
two city segments and one main segment. We find that the
angles between the city segments at same nodes may be small.
However, this will not lead to disconnection of the entire
network.

TABLE VI
SIMULATION RESULTS FOR CASE 1 WITH DIFFERENT ain AND aout .

PPPPPPaout
ain 0 0.1 0.2

0
survival prob. 0.9191 0.9193 0.9195

cost 52.89 53.73 54.58

0.1
survival prob. 0.9202 0.9207 0.9207

cost 53.33 54.17 55.01

0.2
survival prob. 0.9204 0.9209 0.921

cost 53.77 54.61 55.45

TABLE VII
SIMULATION RESULTS FOR CASE 2 WITH DIFFERENT ain AND aout .

PPPPPPaout

ain 0 0.1 0.2

0
survival prob. 0.9197 0.9201 0.9201

cost 53.14 53.95 54.76

0.1
survival prob. 0.9207 0.9209 0.9208

cost 53.58 54.39 55.20

0.2
survival prob. 0.9209 0.9211 0.9212

cost 54.02 54.83 55.64

We compute by simulation the network survival probability
for increasing values of ain and aout for each of the three
cases. The results are presented in Table VI, VII and VIII.
We observe that when ain = 0 and aout = 0.1, the network
survival probability of Case 1 meets the 0.92 requirement at
the minimal cost achieved, and this cost is lower than Cases 2

TABLE VIII
SIMULATION RESULTS FOR CASE 3 WITH DIFFERENT ain AND aout .

PPPPPPaout
ain 0 0.1 0.2

0
survival prob. 0.9198 0.9197 0.9195

cost 53.43 54.24 55.06

0.1
survival prob. 0.9209 0.9209 0.9208

cost 53.87 54.68 55.50

0.2
survival prob. 0.9211 0.9211 0.9212

cost 54.31 55.12 55.94

and 3 involving different values of ain and aout that meet the
constraint. Therefore, we consider the case where we connect
Node F to B and C, Node G to D and F, Node E to F
and G, with ain = 0 and aout = 0.1 is the best topology
design among all the three cases we investigated for this 7-
node example based on our heuristic algorithm. This case is
plotted in Fig. 26.

Fig. 26. The topology of Case 1 using segmented cables with ain = 0 and
aout = 0.1.

VIII. FURTHER GENERALIZATION

The main focus of this paper is on scenarios where all cables
within a disaster region break and that the disaster probabil-
ity function is uniform. These are conservative (pessimistic)
assumptions which are made for simplicity and analytical
tractability. In a real disaster scenario, there may be a positive
probability that certain cables somewhere within disaster area
do not break, and the occurrence of an earthquake in the
vicinity of an earthquake fault, for example, may have higher
probability than in other areas. In this section, we consider
scenarios where the cable break probability within the disaster
area is less than unity, and that the disaster probability function
is not uniform.

A. Cables that may not break in a disaster region

Here we consider cases where it may be possible that one
cable will break while another cable closer to the epicenter of
the disaster will not break. Namely, the cable break probability
within the disaster area is less than unity. It is expected that the
survival probability of the network in such scenarios will be
higher than that obtained for an equivalent scenario based on
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our conservative model. It is also expected that while based on
our conservative model adding cables between the most two
distant cables does not improve survival network probability,
under these new scenarios we can observe higher survival
probability with additions of cables. We will provide in this
section numerical results that quantitatively demonstrate such
differences between models for various break probability func-
tions. Considering the fact that it is difficult to obtain accurate
cable break probability functions, the conservative models are
useful because they do not require such function. However, it
is important to have estimations of how much our conservative
model underestimate networks survival probability in various
cases.

We begin with a 2-cable rectangular scenario, considering
equivalent examples to the ones illustrated in Section III-B.
Then, to gain insight to the benefit of additional cables if the
cable break probability is not equal to one, we also present
simulation results for a 3-cable cases to assess such benefit.

For the 2-cable scenario, we consider three cases represent-
ing different probability functions for cable break within a
disaster region. The cable break probability functions Pb for
the three cases are:

1) Pb = 0.5.
2) Pb = 1− d/r.
3) Pb = e−λd, λ = 0.01,

where r is the disaster radius and d is the minimal distance
from disaster epicenter to the cable. Note that the first case rep-
resents an extreme and somewhat unrealistic situation where
the distance from the epicenter within the disaster area does
not affect the break probability. However, such an extreme
case helps us assess the maximum difference between the two
models.

Then we add a third cable that connects the two cities
in a straight line and consider two cases based on the first
and the third cable probability functions where Pb = 0.5
and Pb = e−λd, λ = 0.01, respectively. Under our previous
conservative model, the middle cable will always break in a
case of a disaster where both other cables break, so it does
not help increase the network survivable probability, but in
the present cases the middle cable has a positive probability
to survive the disaster resulting in an improvement of survival
probability of the entire network.

The results for all five cases are presented in Fig. 27. One
important observation that we can make is that in all cases the
network survival probability increases and reaches a plateau,
as a increases. The result shows that as expected the models
that allow some cables within the disaster area not to break
lead to higher network survival probability, but the behaviour
of the network survival probability graphs are similar to our
previous results presented in Fig. 8. Of particular importance
is the indication that in the results presented in both figures 8
and 27, we obtain similar ranges of the city segment length
a values associated with the plateau of the network survival
probability. This implies that if we choose a based on reaching
the plateau where there is diminishing return of additional
marginal cost, and we choose, for example, to design the cable
based on a = 190 km (recall the a ∈ (160 − 200) was the
plateau range for our previous model), it will also lead to
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Fig. 27. Result comparison for 2-cable case and 3-cable case that cables
with break probability.

attainment of a similar objective in the more complex models
based on cable break probability function.

Another observation from the results presented in Fig. 27
that we can make is that, as expected, the case where the break
probability is independent of its distance from the epicenter
(Pb = 0.5) gives clearly a greater survivability benefit of
adding the 3rd cable over the case with Pb = e−λd, λ = 0.01.
However, we should also realize that if the network survival
probability is already close to 1 for certain ”plateau” values of
a adding cables will not add significant survivability benefit.

Finally, we remind the reader that we have only consid-
ered certain special cases here, and the observations made
are true for these special cases. Although the special cases
provide certain valuable insight, far more work is required
to make general observations on what are the best models
and topologies we should consider in optimizing cable laying
under disaster survivability constraints.

B. Nonuniform disaster probability function

So far in the paper, we only consider the scenarios where
the disaster probabilities are uniformly distributed. In a real
scenarios, there may be some regions where a disaster is
more likely to occur (e.g. earthquake faults). To illustrate this
scenario, we reconsider the equivalent example of a 2-node
rectangular topology in Section III-B, and add a single extra
assumption that 90% of the disasters occur on the straight-
line between the two nodes and the other 10% of the disasters
occur uniformly distributed in the world.

The simulation results for different a values are presented
in Fig. 28. We observe that the shape of the network survival
probability as a function of a is similar to our previous
results presented in Fig. 8. However, the variation range of
the network survival probability is much larger. The reason
of this observation is that, in this case, the majority of the
disasters occur inside the rectangular topology, which may
increase the disconnected probability of the entire network.
Therefore, the parameter a becomes much more significant
in affecting the network survival probability. This somewhat
extreme example illustrates the importance of considering
optimizing the parameter a which is a key parameter in this
paper.
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Fig. 28. Simulation result for a 2-node rectangular topology with a fault
line.

IX. CONCLUSIONS AND FUTURE WORK

We have considered a disaster scenario where correlated
submarine (and inland) cable damage occurs in the disaster
area, and have formulated an optimization problem on the
plane to minimize the total cost under the survivability con-
straints for various network and cable topologies. We have
identified key attributes (e.g., the a parameter) that affect
both cost and network survival probability and illustrated their
effects in a range of examples. Although it is difficult to have
general rules that describe these effects, it is important to be
aware of them as for certain topologies they can be significant.
As analytical solution of such an optimization problem is
tractable only for a 2-node model, we have provided a heuristic
algorithm that can apply to a general mesh topology.

Even though such an approach relies on a simplification
of the far more complex real world problem of optimizing
cable topology to achieve survivability under network disaster,
it provides certain insight, guidance and a methodology for
discussing it.

In future work we plan to extend the analyses to consider
more general topologies considering cable break probabilities,
and non-uniform disaster probabilities to take into consid-
eration areas where a disaster is more likely to occur (e.g.
fault lines). We will also consider further generalization to the
geography, and to the cable topology.
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