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ABSTRACT We describe a cost-effective approach to path planning for submarine cables connecting a
given site to an existing cable network on the Earth’s surface. The objective is to minimize the overall
life-cycle cost of submarine cables taking into account multiple design considerations. With the surface
terrain represented by a triangulated manifold, we formulate the problem as variational optimization, which
is expressible in terms of an Eikonal equation and solved by leveraging the fast marching method. Results
based on real-world three-dimensional data are presented to illustrate the performance of this approach in

submarine cable network extension.

INDEX TERMS Submarine cables, path planning, network extension, design considerations.

I. INTRODUCTION

Submarine (telecommunications) cables play a crucial role
in the transport of information from one location to another
around the world. The latest submarine telecoms industry
report [1] shows that 99% of international communications
is carried over submarine cables. The performance of such
a critical infrastructure has great impact on businesses and
consumers. For example, Amazon found every 100 millisec-
onds of latency (i.e., the time delay in sending data from
one location to another, which is directly related to the
cable length) cost them 1% of profit, and Google estimated
that every 100 milliseconds of latency reduce traffic by 4%

[2].

To date, over 1.2 million kilometers of submarine cables have
been constructed [3]. It was predicted that a total of $9.2B (all
costs are in US dollars) would be spent on submarine cable
projects all over the world between 2016 and 2018, repre-
senting a five-fold increase from the previous three years [4].
It is also known that the service capacity of submarine cable
networks is currently a bottleneck for 5G networks [5], and
the data bandwidth demand is envisioned to double every two
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years for the foreseeable future [1]. These facts bolster the
need for developing cost-effective approaches to extending
submarine cable networks.

One problem of significant practical interest is to lay a new
branch from a given site to an existing submarine cable
system. This problem arises in bringing submarine cable con-
nectivity to regions such as islands and remote areas, and also
in increasing the data transmission capacity by adding new
branches to ones that already exist. Examples of the former
include the construction, started in 2017, of branches from
the existing SEA-US (South-East Asia to the United States)
submarine cable to the islands of Palau, Yap, and Chuuk [6].
Examples of the latter include the new cable branch from
Qingdao to the existing EAC (East Asia Crossing) network
in 2006 [7], funded by the Chinese Government, and a plan
dating from 2016 to connect Hanko, the southernmost port
of Finland, with C-Lion1, a German-Finnish submarine cable
system [8].

In general, two engineering choices are possible in such a
context of cable network extension. That is, the new cable
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can be connected from the given site either to a cable landing
station of the existing network or to a branching unit built
into an existing cable. A cable landing station is an interface
between the submarine cable system and the overland terres-
trial transmission system. A branching unit is a device that
enables splitting of the cable to serve multiple destinations.
It is possible to insert a new branching unit into existing
submarine cable systems, but this may require the existing
system to be shut down during the insertion operation, re-
sulting in financial losses. In general, as illustrated by the
example in Fig. 1, branching units are installed on submarine
cables before the cable is laid, which enable cable owners to
add new branches to the system.

o S
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[shinmaruyama
(Japan)

FIGURE 1: The Asia Pacific Gateway submarine cable sys-
tem (http://www.nec.com), with nine branching units repre-
sented by yellow triangles, connects Japan, Korea, Mainland
China, Hong Kong, Taiwan, Thailand, Vietnam, Singapore
and Malaysia.

Cable path planning is a vital procedure to achieve cost
effectiveness and resilience because the path of a cable has
a direct impact on its costs and its resilience. Note that the
term path planning in our context cabling, which is used for
finding optimal path of a cable in a static environment, is
somewhat different from the same term commonly used in
many other applications, such as, autonomous mobile robots
and unmanned aerial vehicles, which aim to find an optimal
path/route to dynamic environment [9]-[11].

The risk and its potential adverse effect on users induced cost
of critical infrastructures, such as a submarine cable, which
is included in the life-cycle cost, where the life-cycle cost
of an infrastructure is the total cost over its entire life span
[12], [13]. The life-cycle cost incurred in the construction,
maintenance and repair of submarine cables is significant.
In the market today, it is known that most of the submarine
cables cost hundreds of millions of dollars to build [14]. The
annual maintenance cost is around 3-5% of the capital cost,
and a single cable break can cost hundreds of thousands of
dollars to fix [15].

While length certainly adds to the basic construction cost of
a submarine cable, its life-cycle cost depends also largely
on various natural and human factors that are of concern
to the submarine telecoms industry. They typically include
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volcanic eruptions, earthquakes, water depth, seabed slope,
sediment hardness, human activities such as fishing and
anchoring. In addition, in path planning for submarine cables,
it is important to avoid environmentally sensitive regions and
prohibited areas. For ease of maintenance and repair, it is
also necessary to keep a distance from existing man-made
submarine infrastructures. Section III discusses more on the
design considerations taking account of such risk factors for
submarine cable network extension.

In this paper, we address the problem of physical path op-
timization for a submarine cable connecting a given site to
an existing cable network on the Earth’s surface, with the
aim of minimizing the life-cycle cost of the submarine cable
that accommodates multiple design considerations. Our main
contributions are summarized as follows:

« We discuss design considerations taking account of the
various factors that affect the life-cycle cost of submarine
cables.

« We define the life-cycle cost function as a weighted sum
of cost items attributed to the corresponding design con-
siderations. In determining the weight of each cost item,
we follow the general industry practice and prioritize the
design considerations qualitatively. Then, we apply the
analytical hierarchical process (AHP) introduced in [16] to
translate the qualitative prioritization into weight values.

« We formulate the problem as variational optimization and
show that the problem can be transformed into an Eikonal
equation. This enables us to develop an efficient algorithm
by leveraging the well-established fast marching method
(FMM) [17]-[19] for solving the Eikonal equation.

o We perform experiments on real-world three-dimensional
data. Comparing our proposed method with one that is
based on the Dijkstra’s algorithm, the results demonstrate
considerable cost savings of up to 17.5%.

The rest of the paper is organized as follows. Section II
discusses the related research work. Section III provides the
model of the surface terrain, details of the design considera-
tions, and the definition of the life-cycle cost function. Sec-
tion IV describes the problem formulation and the proposed
path planning methodology. Section V presents the numerical
results. Finally, conclusions are drawn in Section VI.

Il. RELATED WORK

Burnett et al. [20] provided guidance on submarine cable
route selection in industry. Using data for the region of
interest such as charts, satellite gravity bathymetric data,
etc., experts manually produce several reasonable routes to
connect two points; this consists of a series of route position
lists and straight-line diagrams. For a designated route, a
preliminary survey is executed along the route to evaluate
its availability and rationale. If some constraints on the
route cannot be avoided or eliminated, alternative routes
will be considered and surveyed. A final path is determined
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by carefully checking all survey data along each route and
comparing all the available routes. Such a manual approach
cannot guarantee an optimal path, is very time-consuming,
and relies on, albeit expert, subjective judgments of a com-
plicated scenario.

A numerical solution based on integer linear programming
for optimally selecting cable paths from a given set of path
alternatives was presented in [21], which aimed to minimize
the cost for both the affected society and cable owners in
case of a disaster. Using earthquake hazard information, Tran
et al. [22] presented a method to maximize the robustness
of a network by finding suitable geographical routes from
various path alternatives under a cost constraint. In [23], Tran
et al. proposed to use dynamic programming to find new links
and their routes to a network in a way that minimizes the
total end-to-end disconnection probability under a given cost
constraint. A node/link replacement strategy was proposed
in [24] for a given planar physical network affected by
a disaster. In contrast, our work in this paper is focused
on physical path optimization for submarine cables on the
Earth’s surface.

The research work presented in [25]-[27] provided geometric
methods to evaluate the vulnerability of a geographic net-
work by identifying the worst-case location of a disaster us-
ing probabilistic analysis and certain connectivity measures.
The authors of [28], [29] considered a circular disk failure
model, assuming that a disaster occurred randomly in a cir-
cular disk of a given radius. They evaluated the robustness of
connectivity of a network to such a randomly placed disaster
based on certain network performance metrics. Considering
also a circular disk failure model, Cao et al. [30] formulated
an optimization problem on a two-dimensional plane for
path planning to minimize the total cable cost under certain
constraints on resilience. In [31], direction-dependent effects
of earthquakes were considered where an earthquake hazard
is assumed to occur in an elliptical area, but the work is
again limited to cables that lie on a two-dimensional plane.
Agrawal et al. [32] considered earthquake risk of a backbone
optical network based on a stochastic model for occurrence
of earthquakes. They also provided a scheme to improve
network survivablity against earthquake induced failures by
relocating a node in the nearby surrounding area. In [33],
the use of shielded links (e.g., armored telecommunication
cables) was considered to enhance the network resilience in
risk-prone areas. Zhang et al. [34] gave a method to evalu-
ate the robustness of interdependent networks by obtaining
the minimal number of node removals that disconnect the
network. The work in [35] provided a method applicable
to optical networks for dynamically reconfiguring traffic
capacities when a natural hazard strikes, which improves the
resilience of the networks and mitigates the impact of the
disaster. One limitation of the work in [25]-[35] is that they
all considered planar failure models in calculating the cable
break probability. In such models, links in a cable system
are regarded as straight lines. We address the problem of
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provisioning cables based on a more realistic and accurate
model that considers a two-dimensional manifold in a three-
dimensional space to represent the Earth’s surface.

The work in [36]-[39] addressed the fundamental problem
of cable path optimization between two sites on the Earth’s
surface. Aiming for cost minimization and earthquake re-
silience, Zhao et al. [36] provided a raster-based path method
to find the least accumulative cost path using the Dijkstra’s
algorithm. A major shortcoming of the raster-based path
method is that a path is restricted to traverse along the edges
of the discrete graph when moving between neighboring
cells. In [37], an FMM-based approach was presented con-
sidering earthquake risks to solve the cable path optimization
problem. In [38] and [39], Wang et al. proposed optimal
path planning with consideration to different protection levels
available for cables. The methods used in [38] and [39]
were based on a discrete graph and triangulated manifolds,
respectively. In this paper, we extend the methodology of [37]
to address the more challenging problem of submarine cable
network extension taking into account a wide range of design
considerations.

lll. MODELS

A. SURFACE TERRAIN

As the elevation data about the Earth’s surface (including
the sea floor) is usually available in a discrete grid, we
model the Earth’s surface under consideration as a trian-
gulated piecewise-linear two-dimensional manifold M in
three-dimensional Euclidean space R®. Each point on M is
described by three-dimensional coordinates (z,y, z), where
z = &(x,y) is the elevation of the geographic point (x,y)
[40]. Note that, in geographic information science and other
related fields, triangulated manifolds are widely adopted to
represent topography and surface terrain [41]. Comparing
with other available models (e.g., the regular grid model),
triangulated manifolds make it easier to consider rough sur-
faces and to accommodate irregularly spaced elevation data
[41].

B. DESIGN CONSIDERATIONS

Here, we describe in more details the design considerations
that take account of the various factors for submarine cable
network extension. A dollar cost is ascribed to each design
consideration to evaluate its budget effects. Our approach
requires the setting of a range of parameter values. This is
done empirically based on the experience and expertise of
path planning cable designers. Examples of specific functions
for cost evaluations of the design considerations are provided
in Section V.

1) Basic construction cost

For any point X = (z,y,z) € M, the basic construction
cost per unit length at location X is defined as h;(X). The
function h (X)) enables it to incorporate parameters related

3

2169-3536 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

IEEE Access

10.1109/ACCESS.2019.2915125, IEEE Access

Wang et al.: Cost-Effective Path Planning for Submarine Cable Network Extension

to the location as factors that influence the basic construction
cost. Examples of such factors include materials, labor and
permits (e.g., right of way). The cable length related cost may
also include indirect cost, such as those associated with effect
of latency on users’ quality of experience.

2) Volcanic eruptions

Volcanic eruptions can damage submarine cables through
lava flows and avalanches of hot debris directly [42]. Let ny
represent the set of all volcanoes in M, d(X, i) represent the
distance from location X to the vent of a volcano 71 € nq,
and ho (X, 1) denote the cost associated with the volcano 4,
at location X. In general, ho (X, 41) is a decreasing function
of the distance d(X,7;) and an increasing function of the
magnitude of potential eruptions. We define the summary
cost associated with all volcanoes at location X as ho(X) =

Y iven, P2(X,i1).

3) Earthquakes

Earthquakes can result in significant displacements of the
seabed and destabilization of the seabed sediment by lique-
faction, surface faulting and landslides [20], [43], [44], which
can potentially damage submarine cables. Earthquake risk
at a given location, for example, is measured by predicted
peak ground velocity (PGV), or magnitude of historical
earthquakes over the last 60 years. PGV is known to be
strongly correlated with the index repair rate, which repre-
sents the expected number of repairs (or cable breaks) per
unit length resulting from earthquake damage [45]. Let no
denote the set of all earthquakes that have occurred in M.
We use h3 (X, iz) to denote the cost caused by an earthquake
io € no at location X and hs(X,i2) has a strong positive
correlation with repair rate at location X. The summary cost
associated with all earthquakes at location X is h3(X) =

D iveny P3(X,i2).

4) Water depth

Generally, the risk level and the budget of a cable have a
close relationship with the water depth where the cable is
laid. Coast and inshore areas down to approximately 300 m
water depth are not only most frequently exposed to natural
hazards caused by slope current systems and weather, but
also incur over 72% of annual cable faults caused by fishing
and anchoring [46]. Cables laid in shallow sea areas are,
consequently, generally double armored and buried to a depth
of 1.5 m to provide the necessary protection, resulting in
additional costs. As water depth increases, the threats to
cables from human activities decreases. At depths in excess
of 1000 m, route designers usually prefer light weight cable
because the threats to cables are relatively rare [20], [43],
[44]. Let h4(X) denote the cost caused by water depth D (X)
(in units of kilometers, where D(X) < 0 means on the land)
at location X. In common practice, route designers usually
determine a specific water depth D (D > 0), referred to

4

as “End of Burial” limit, which depends on environmental
features (e.g., how long the continental shelf extends) and
the project. That is, for example, when 0 < D(X) < D,
cables are usually double armored and buried, and h4(X)
decreases significantly with the growth of D(X). In areas
where D(X) > D, hy(X) decreases relatively slowly as
D(X) increases.

5) Seabed slope

Seabed slope brings into play the gravitational force that is
prone to generate hazards such as debris flow [43]. Com-
monly, in relatively steep areas, it is necessary for cable
routes to be orthogonal to the slope and to have minimal
course alterations. Such course changes reduce the lateral
contact surface area of the cable with the seabed. With a
lesser tension on the cable, it is more likely that sediment
failures could be avoided. And, of course, the cable ship
prefers straight laying, optimizing the chances of having the
cable touchdown point in the desired location. In addition,
a remotely operated vehicle (ROV) is usually used to assist
burial of cables, and steep slope increases the likelihood of
overturning the ROV [47]. In areas with very steep slope, it
may not be possible to use an ROV or even to deploy it at
all. When cable laying but not burying is possible, protection
of the cable is augmented, resulting in added laying costs
[48]. Let h5(X) be the cost associated with the slope p(X) at
location X. To compute this, experts usually determine two
specific slope degrees p; and ps (p1 < Po) as “thresholds”
(e.g., p2 = 20° in [47], [49]) in common practice. The slope
p(X) < p1 is considered sufficiently low to have a negligible
effect on the laying cost. Areas where p; < p(z) < po
are problematic, and h;(X) increases as p(X) increases to
accommodate possible augmented protection. For steep areas
where the slope p(X) > po, hs(X) increases rapidly with
p(X), indicating higher levels of protection [20], [43] and
possible overturn of the ROV.

6) Sediment hardness

In areas where the cable needs to be buried, soft and loose
sediment types are commonly preferred, and rocky seabed
terrains need to be avoided because of the difficulty of bury-
ing [20], [43], [44]. Where rocky regions are unavoidable,
other forms of protection for cables are available including
double armoring of the cable, articulated pipes and cable
anchors. The cost caused by sediment hardness at location
X is defined as hg(X) where, the harder the seabed is, the
less its suitability for burying cables is, and the higher hg(X)
is.

7) Environmentally sensitive regions and prohibited ar-
eas

Cable routes need to avoid environmentally sensitive regions
as much as possible [20], [43], [44]. For example, some
vulnerable species living in the seabed ecosystem, such as
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corals and seagrass, are adversely affected by operations of
cable deployment and repair. In addition, coral reefs provide
habitats and nursery grounds for other marine organisms.
Any cable laying activity in these areas is likely to trigger re-
quirements for stringent environmental impact assessments,
which implies additional costs. Known prohibited areas such
as military areas and disputed territories also need to be
avoided. It is extremely hard and time consuming to request
permissions for cable operations in these prohibited areas
from relevant authorities [20], [44]. For safety considera-
tions, sea areas potentially suffering or in the process of
a war, terrorism or piracy attacks are totally avoided. Let
h7(X) denote the cost at location X caused by this issue.
If location X is in an environmentally sensitive region or
prohibited area, a penalty cost is assigned to hr7(X).

8) Fishing and anchoring

Fishing and anchoring are two principal causes for cable
faults. According to the statistical data [46], there are about
150 to 200 cable faults annually worldwide, and around 72%
of these faults are attributed to fishing and anchoring. Over
80% of fishing and anchoring faults occur in shallow water
(depth of 300 m or less). As mentioned earlier, as water depth
increases, the threat to cables from fishing and anchoring
decreases [20], [43], [44].

The fishing equipment used in bottom trawling activities
and the dredge rakes along the trench to harvest products
such as clams and scallops can dig dozens of centimeters
into the seabed [20], [43], [44]. This behavior can directly
and severely damage unburied or partially buried cables. Let
hg(X) represent the cost caused by the fishing activities at
location X, and hg(X) has a strong positive correlation with
water depth and the frequency of fishing activities.

Anchoring damages cables in two ways: heavy anchors dig
into soft seabed floors crushing cables directly, and laid an-
chors can be dragged over a long distance by a vessel before
being hoisted [20], [43], [44]. In the latter case, cables laid
in the path of the dragged anchor can be severely damaged.
Let ho(X) be the cost related to anchoring at location X. As
in the case of fishing, the cost hg(X) has a strong positive
correlation with water depth and the frequency of anchoring
activities.

9) Existing man-made submarine infrastructures

For ease of maintenance and repair, it is necessary to reserve
a sufficient separation, called “safety distance”, between
the new cable route and existing man-made infrastructures
such as submarine cables, pipelines, and offshore energy
infrastructures. Near an offshore energy infrastructure or a
planned exploitation region, inevitable drilling operations
and seabed explorations impose a potential threat to subma-
rine cables, even if the cables are well buried [20], [43], [44].
For example, the International Cable Protection Committee
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highly recommends reserving at least 1 km separation of a
new planned cable route from existing offshore wind farms
located in shallow water [50]. In high risk areas, a new cable
route needs to keep away from existing cables to prevent
multiple cables from being damaged simultaneously by ei-
ther a natural or human-caused disaster. With ng representing
the set of man-made infrastructures in M, the associated
cost at location X is hio(X) = >, . hio(X,i3), where
h10(X,i3) represents the cost attributed to an existing man-
made infrastructure ¢3 € ng and is a decreasing function
of the shortest distance d(X,3) from location X to the
infrastructure 73.

C. LIFE-CYCLE COST
Let N denote the indexed set of the design considerations
discussed above. We define h(X) as the life-cycle cost per
unit length of the cable passing through location X, and it is
given by

h(X) = Z Wi (X)), 1

meN

where w,,, represents the weight value specified for the cost
item attributed to the corresponding design consideration.
We discuss in Section V how one may determine the weight
values based on the general industry practice.

Let H(~) denote the total life-cycle cost of a cable ~ (Lip-
schitz continuous [51]). To calculate H(~), according to the
natural parametrization [52], the cable ~y is parameterized
as a function of arc length s. That is, each point X € ~
can be written as X = X (s). We assume that, for any point
X € ~, the life-cycle cost per (arbitrarily) small length ds is
the product of the cost A(X) and the length ds, i.e., h(X)ds.
Then H() can be written as

I(7)
H(y) = / h(X (s))ds, @

where [(+) represents the total length of the cable .

IV. PROBLEM FORMULATION AND PATH PLANNING
METHODOLOGY

Let node A be a fixed point in M. Let 71,72, ..., 7% be the
existing cables in a cable system network in M. Our objective
is to lay a cable v from A to an unknown end location B
with the minimal life-cycle cost min, H(v). The end node B
belongs to one of the existing cables v, t = 1,2,..., k. The
optimization problem is as follows:

1)
mﬂyinH(fy) = Hlyin/o h(X(s))ds

such that y(A) = A,~(B) = B,node B 3)
belongs to one of the existing cables v,

t=1,2,...,k, given y1,%v2, ..., Vk-

Note that in this context (3) can be converted into a non-
linear partial differential equation, also known as the Eikonal
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equation, which arises in problems of wave propagation and
describes a large number of physical phenomena [17]-[19].
In general, there is no analytical solution for the Eikonal
equation and, indeed, our available data is just the discretized
topographical data. Consequently, we resort to a numerical
method to derive a numerical solution. In this paper, we
adopt FMM, a continuous version of the Dijkstra’s algorithm.
Unlike the “discrete” Dijkstra’s algorithm that imposes the
path to walk exclusively along the edges of triangles in
the triangulated manifold, this “continuous” version of the
Dijkstra’s algorithm finds better solutions by allowing the
path to traverse through the interiors of triangles, and is more
resilient to the particular choice of triangulation.

To use FMM, we discretize the continuous area into a tri-
angulated manifold M as previously discussed, with mesh
points of M referred to as nodes. The FMM-based approach
is based on two phases. In the first phase, we start from the
source node and consider other nodes in order according to
their distance (cost) from the source node [17], [18]. This
is similar to the Dijkstra’s algorithm but it is done using
a wavefront representing the set of points with equal cost.
The wave is generated at the source node A and, when the
wavefront touches a node, the node is tagged and its cost (its
distance from the source node) is recorded. The speed of the
wavefront moving outward from a node is the reciprocal of
the cost on the node. The process continues until the wave
reaches the destination node B. In the second phase, we start
from the destination node B tracking back to the source node
A using the information gleaned in the first phase. However,
unlike Dijkstra, the path back does not exactly visit the nodes
on the path back, but crosses a line between the nodes and
their closest neighbors that have been tagged based on the
steepest decent principle [17], [18]. This phase is continued
until the backward path reaches the source node A. This path
backwards is the planned path.

The fundamental principle of FMM is described next. For a
site S € M, we have a cost function ¢(S), representing the
minimum life-cycle cost of the cable from node A to node
S. That is to say, if we let ¢ be a fixed nonnegative cost,
the set {S € M|¢(S) = ¢} is a front. Kimmel ez al. [19]
demonstrated that ¢(S) is the physical solution of the Eikonal
equation

IVO(S)|| = h(S), #(A) =0, )

where V is the gradient operator and ||V $(S)|| indicates the
length of the gradient vector V¢(S). The function h(S) is
the life-cycle cost as described by (1). The gradient of ¢(S)
can be calculated once ¢(.9) is derived for every point S in
M. Based on the gradient of ¢(.S), we can obtain the optimal
path along the greatest gradient. In other words, the optimal
path will be constructed by tracking backwards from S to A
along the greatest gradient.

Our goal is to connect node A into the given cable network
system with the least life-cycle cost. The methods and ideas
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we have described above, using the surface triangulation
M and FMM [17]-[19], translate into the following path
planning algorithm for planning a path from node A to an
existing network:

1) Tag all nodes of the given triangulated gridded surface
as far for initialization.

2) Tag the start node A as dead and the neighbors (one grid
point away) of A as open.

3) Calculate the values of the open nodes by solving the
Eikonal equation (4) and check whether one of these
new open nodes belongs to the existing network. If yes,
this special node B is the destination and the algorithm
moves to Step 5. If not, tag the open node with min-
imum value ¢ as dead and its neighbors tagged far as
open. If there are multiple nodes with minimum value
¢, choose one randomly to become dead and convert its
neighbors with far tags into open.

4) Return to Step 3.

5) Derive the optimal path by solving d);gs) = —V¢ given

X (0) = B, i.e., track backwards from B to A along the
steepest gradient.

In Step 3, an update schema to calculate the value of ¢ of
the open nodes is required. We adopt the monotone update
procedure in [17], [18] to approximate the gradient on a trian-
gulated mesh. In Step 5, a finite-difference approximation,
for example, the first-order Euler method or a seconder-order
Heun’s integration method, can be used to track backwards
along the path. Note that the computational complexity of
FMM is O(VlogV'), where V is the number of discretized
grid nodes of M [17].

V. APPLICATION

In this section, we apply our method to a practical scenario. A
region D from the southwest point (7.5000°N, 122.8000°E)
to the northeast point (11.5000°N, 125.8000°E) is located
in the Philippines as shown in Fig. 2(a). Bohol Island is in
the center of the region ID. West of Bohol Island are Cebu
Strait and Cebu Island. To the northeast of Bohol Island is
Leyte Island and to the south of Bohol Island, across the
Bohol Sea, is Mindanao Island. An existing cable network
system represented by the black lines in Fig. 2(a), called the
Domestic Fiber Optic Network (DFON) and run by PLDT
Inc., provides communication services for the major islands
of the region D. The black circles in Fig. 2(a) represent the
landing stations of the system. Bohol Island, with more than
one million population, is not connected to the DFON cable
network.

Our aim is to design a cable path from the start node
(9.7287°N, 124.4516°E) on Bohol Island represented by a
black square in Fig. 2(a) to the existing DFON cable network.
We assume that two branching units have already been in-
stalled on a cable whose length is in excess of 200 km, and at
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FIGURE 2: Application example. (a) The region D) in Google Earth. The black circles indicate the landing stations. The black
lines illustrate the DFON cable network. The black square represents the start node. (b) Elevation map of the region . The black
triangles represent the branching units on the cables. (c) Elevation contour map of the region . (d) Coastline of the region
. The blue nodes indicate the locations of volcanoes, and the red circles illustrate the sites where earthquakes historically
occurred. The larger the size of the red circles, the higher is the magnitude of the historical earthquake. The red regions
represent the coral and seagrass distribution. (¢) Sediment map of the region ID. The lower the value of a specific sediment, the
looser is the seabed sediment. The red rectangle represents fishing areas and the black rectangle represents anchoring areas. (f)

Slope map of the region D.

most one branching unit has already been installed on a cable
less than 200 km. In industry practice, the distance between
two branching units should be more than three times water
depth. This is because, when a branching unit is broken, the
repair vessel needs to lift it and the operation disturbs other
branching units if they are set too close. The maximal water
depth in the region D is less than 4 km, and we satisfy the
industry practice by keeping the distance between any two
branching units in excess of 12 km. The locations of the
installed branching units are chosen randomly, though we
exclude the cases where the distance between branching units
or between a branching unit and a landing station is less than
12 km.

VOLUME 4, 2016

‘We consider three scenarios:

Scenario 1: The destination can be an arbitrary location on
an existing cable with the addition of a new
branching unit.

Scenario 2: The destination can be an installed branching
unit or a landing station.

Scenario 3: The destination can only be a landing station.

Scenario 1 suits a submarine cable system that allows in-
serting a branching unit on an existing cable. Though less
practical, this case enables us to obtain a lower bound on the
cost of cable laying, a matter of significant practical impor-
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tance. Scenario 2 works for a practical case in which unused
branching units exist in the cable system and the main trunk
allows some of the transmission capacity to be diverted from
these unused branching units. Scenario 3 is more appropriate
for an end-to-end system and it does not affect the provision
of capacity to the current cable system.

In this example, we consider available data on basic
construction cost, historical earthquakes, locations of vol-
canoes, seabed slopes, sediment hardness, water depth,
and the distribution of seagrass and coral. Since local
data on fishing and anchoring is absent, two regions
are postulated as shown in Fig. 2(e). The red rectangle
from the southwest corner (9.0000°N, 123.7100°E) to the
northeast corner (9.2700°N, 123.9700°E) represents fish-
ing areas, and the black rectangle from the northwest
corner (9.7500°N, 124.6000°E) to the southeast corner
(9.9800°N, 124.7600°E) represents anchoring areas.

A. DATA SOURCE AND DESCRIPTION

The locations of the DFON cable network and its land-
ing locations are obtained from Google Fusion Tables
(https://support.google.com/fusiontables/), and the satellite
map of the region D is from Google Earth. Data sources of
the design considerations are:

o Rectangularly gridded data of elevation and water depth
is downloaded from the General Bathymetric Chart of
the Oceans (GEBCO, http://www.gebco.net/) with 30 arc-
second increments in longitude and latitude, which is the
publicly available data with the highest resolution in D.
Fig. 2(b) is the elevation map of D and Fig. 2(c) is the
elevation contour map.

« Historical earthquake data, from 1957 to 2017 for earth-
quakes with magnitudes in excess of 3.5 in D, is
available from United States Geological Survey (USGS,
https://earthquake.usgs.gov/). Such earthquake data is
shown by the red circles in Fig. 2(d).

e Volcano locations are downloaded from National
Oceanic and Atmospheric Administration (NOAA,
https://www.ngdc.noaa.gov/). The blue nodes in Fig. 2(d)
represent the volcanoes.

o The seabed sediment situation in D is obtained from a map
called “Surface sediments and topography of the North Pa-
cific”, created by J. Frazer et al. (http://nla.gov.au/nla.obj-
234313983).

e The seagrass and coral regions are extracted from
two databases, Global Distribution of Seagrasses and
Global Distribution of Coral Reefs (http://data.unep-
wemc.org/datasets/), respectively. In Fig. 2(d), the red
regions represent the coral and seagrass distribution.

o The slope on each gridded node of D is calculated from the
downloaded elevation data and shown in Fig. 2(f).

B. COST FUNCTIONS

The specific functions for cost evaluations of the design
considerations in our experiments are provided as follows.
In sea areas where the basic construction cost is only related

to the cable length, hq(X) can be set as a constant, e.g.,
hi(X) = 28,000 [14].

Since the risk caused by volcanic eruptions decreases with
growth of the distance, cable route designers usually desig-
nate a “No Go Zone” (NGZ), based on local features (e.g.,
slope) and the estimation of the probability and intensity
of a potential volcanic eruption. That is, cables deployed in
the NGZ are expected to suffer permanent destruction. This
issue is handled by setting a distance d = 3 km as in [42]
and assuming hs(X,41) decreases exponentially with the
distance if d(X, i) > d. Then, ho(X, i) is given by

ai, if d(X,i1) < d,
3-2d(X,i1)

ha(X,i1) = { &)

aie otherwise,

where a; is a large penalty cost for avoiding the NGZ.

For an earthquake i € ngy, we apply an attenuation equation
from [53] to obtain the PGV at location X as

log,o(PGV(X)) =2.04 + 0.422 x (M,, — 6) — 0.0373x
(M, — 6)* = log;o(d(X, i2)),
(6)

where M, is the earthquake magnitude of i5. Notice that
the PGV values obtained from (6) are median intensities in a
statistical sense. Then, the PGV is converted to the (expected)
repair rate by an empirical equation given in [45], which
is

In(g(X,i2)) = 1.30 x In(PGV(X)) — 7.21, @)

and h3 (X, iy) is given by
hs(X,i2) = b x g(X, 12), (3)
where b is the cost of a cable repair.

Around 85% of cables faults occur in waters at a depth of 1
km or less [46] and threats to cables decrease rapidly with
growth of the depth in these regions [43]. It is appropriate
then to set D = 1 km. In addition, submarine cables are
always laid in the sea except for areas close to the landing sta-
tions. This leads to the following form of the function h4(X)
for evaluation of the cost caused by water depth:

as, if D(X) <0,
ha(X) = age™*PX) | if0< D(X)< D, (9
ase 37 PX) " otherwise,

where as is a very large penalty cost assigned to hy(X) to
avoid the exposure of the cable to the land.

As for seabed slope, in industry practice, under 10° is con-
sidered acceptable but greater than 10° is problematic, and
significantly increased cable cost is incurred for slopes in
excess of 20° [47], [49]. Accordingly, we set p; = 10°
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and p, = 20°. For slopes between 10° - 20°, we assume
that the cost associated with a slope is linear with the slope.
Therefore, hs(X) is given by

azeP(*) =20, if p(X) > pa,
0, otherwise.

(10)
where as is a penalty cost for avoiding areas with steep
slopes.

Next, based on the data of seabed sediment situation, we
divide the seabed sediment of D into five hardness levels as
shown in Fig. 2(e). For areas without sediment information,
the sediment hardness levels are assigned as the highest level.
A project report by the Scottish government [54] indicates
that in rocky regions the cost per kilometer of cable protec-
tion is approximately 83% of the basic construction cost per
kilometer. In addition, cable protection in rocky regions could
more than double the cost of protection in soft seabed [55].
Accordingly, we use the following function

{C(X) x hi(X), if D(X) < D, (11)

0, otherwise

for cost evaluation, where C'(X) is associated with the sed-
iment hardness level at X to represent the unsuitability for
burying cables. The harder the seabed is, the larger the value
of C(X) is. We set C(X) € {0.27,0.41,0.55,0.69,0.83}
[54], [55] with an assumption that hg(X) increases linearly
with the hardness level.

For the effect of seagrass and coral, we use a simple cost
function

ay, iflocation X is located in an
h7(X) = seagrass or coral habitat, (12)
0, otherwise,
where a4 is a large penalty cost to avoid these environmen-
tally sensitive regions.

Based on the recent data in [46], average cable faults caused
by fishing activities per year per 1000 kilometers are about
0.069, 0.011 and 0.004 for water depth less than 300 m, in
the 300-1000 m range and greater than 1000 m, respectively.
Therefore, we use the following cost function for fishing
activities

0.069 x b x L x 1073,
0.011 x b x L x 1073,
0.004 x b x L x 1073,

if0 < D(X) <0.3,
if 0.3 < D(X) < 1.0,
if D(X) > 1.0,

hs(X) =

(13)
where L is the designed lifespan of submarine cables, gener-
ally around 25 years [43].

Similarly, average cables faults caused by anchoring activ-
ities per year per 1000 kilometers are 0.023 and 0.002 for
water depth less than 300 m and greater than 300 m [46],
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respectively. The function hg(X) is given in a similar manner
to (13) by

if0 < D(X) <0.3,

ho(X) = 0.023 x b x L x 1073,
N if D(X) > 0.3.

0.002 x b x L x 1073,
(14

It is worth mentioning that (13) and (14) are obtained from
a global analysis of submarine cable system faults [46], but
they also provide guidance for local areas where the data of
fishing and anchoring is absent.

In general, it is highly recommended that the spacing be-
tween an existing man-made submarine infrastructure and the
new route should be greater than three times the water depth
to avoid damaging existing cables during installation of the
new cable [56]. For an existing infrastructure i3 € ns, we use
the cost function

as, if d(X,i3) < 3D(X),
3D(X)—d(X is)

hio(X,i3) = { .
as otherwise,

15)

where a5 is a large penalty cost to avoid the vicinity of the

existing infrastructure.

In our experiments, we set ai, as, as, a4, as, and b as $3M.
That is, the penalty cost is that of a potential cable repair [57],
[58].

C. WEIGHT VALUES

In determining the weight values w,, for the various design
considerations, we follow the general industry practice where
one consults experts representing a key stakeholder about
qualitative prioritization of the design considerations. Specif-
ically, based on the Saaty’s ranking method [16], we use an
n X n comparison matrix to rank the priorities of the design
considerations, where n is the number of the chosen design
considerations. An element n; ; of the matrix represents the
importance of the ith design consideration relative to the jth
design consideration. That is, if n;; > 1, the ith design
consideration is more important than the jth design consid-
eration, whereas if n; ; < 1, the ith design consideration is
less important than the jth design consideration. A higher
value of n; ; indicates a higher priority of the ith design
consideration relative to the jth design consideration, where
the maximal value of n;; is 9 and the minimal value is
1/9.

Table 1 provides the comparison matrix for the case of
Alternative 1 where we choose nine design considerations
for qualitative prioritization. The priorities in this case are set
based on the experience of cable route engineering obtained
from several industry partners. For example, earthquakes are
considered as a top priority among the design considerations
because D is an earthquake-prone area as shown in Fig.
2(d). The priority of seabed slope is lower than earthquakes
because the importance of seabed slope has been already
included in its near infinity cost for high slope regions,
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TABLE 1: Comparison matrix for Alternative 1

design consideration

design consideration

volcanic seabed sediment  basic construction  coral and . .
water depth  earthquakes . fishing  anchoring
eruptions slope hardness cost seagrass
water depth 1 1/9 1 1/4 1 173 1 1 1
earthquakes 9 1 9 2 9 3 9 9 9
volcanic eruptions 1 1/9 1 1/4 1 1/3 1 1 1
seabed slope 4 172 4 1 4 1 4 4 4
sediment hardness 1 1/9 1 1/4 1 173 1 1 1
basic construction cost 3 1/3 3 1 3 1 3 3 3
coral and seagrass 1 1/9 1 1/4 1 173 1 1 1
fishing 1 1/9 1 1/4 1 173 1 1 1
anchoring 1 1/9 1 1/4 1 1/3 1 1 1
consistency ratio 0.08<0.1
TABLE 2: Weight values for design considerations
water depth  earthquakes Volcz.mic seabed  sediment  basic construction  coral and fishing  anchoring existing
eruptions slope hardness cost seagrass cable
Alternative 1 0.046 0.405 0.046 0.180 0.046 0.142 0.046 0.046 0.046 -
Alternative 2 0.039 0.348 0.039 0.156 0.039 0.123 0.039 0.039 0.039 0.100

which guarantees that cables will avoid them. The priority
of volcanic eruptions is low because most volcanoes in D
are located inland as shown in Fig. 2(d) and they have
little impact on submarine cable path planning. We then
apply AHP [16] to translate the qualitative prioritization into
weight values for the corresponding design considerations.
The results are shown in Table 2.

In practice, in congested areas with submarine cables such
as Singapore Straits and coastlines of Algeria, Egypt and
Taiwan, route designers avoid deploying new cables in the
proximity of existing cables to prevent multiple cables from
being damaged simultaneously by either a natural or human-
caused disaster [59]. We consider this issue in the case of
Alternative 2 where it is assumed that the start node on Bohol
Island is in the vicinity of an existing cable represented by
the magenta dash line marked by a hexagram as shown in
Fig. 3. Accordingly, a design consideration associated with
the existing cable is further added. We set the weight value
of this additional design consideration to 0.100, and modify
the weight values of the other design considerations obtained
for Alternative 1 proportionately. The results for Alternative
2 are shown in Table 2.

D. PATH PLANNING RESULTS AND

EXPLANATIONS

We compare the results obtained by our proposed FMM-
based method and the one based on the Dijkstra’s algorithm
[60] using the gridded graph of the same triangulated mani-
fold representing the region ID.

In Fig. 2, the curves marked by plus, diamond and asterisk

10

correspond to the results for Alternative 1 obtained by FMM
for Scenarios 1-3, respectively. From Fig. 2(d), we can ob-
serve that the three routes avoid dense earthquake areas as
much as possible.

The path planning results for Alternative 2 are presented in
Fig. 3. Note that, for easier observation, the blue rectangular
region in Fig. 2(d) is magnified in Fig. 3. The curves marked
by plus, diamond, and asterisk again correspond to the results
obtained by FMM for Scenarios 1-3 in this case, respectively.
Note that the blue dot curve marked by pentagon in Fig. 3 is
the result for Alternative 1 for Scenario 2, which does not
consider the effect of the existing cable. If a new cable is laid
following the blue dot curve, the probability of simultane-
ously breaking the new cable and the existing cable is greatly
increased when a strong earthquake (or other hazards) occurs
near the two cables. In contrast, with the effect of the existing
cable considered in Alternative 2, the solid curve marked by
diamond is the result obtained for Scenario 2, which is much
farther away from the existing cable. The risk that the two
cables are damaged simultaneously by a strong earthquake
(or other hazards) reduces and the resilience of the whole
network is improved.

We compare the Dijkstra’s algorithm and FMM with respect
to the total length, cost and running time in Table 3 for
Alternative 1 and in Table 4 for Alternative 2, respectively.
The results are obtained using a Lenovo ThinkCenter M900
Tower desktop (64GB RAM, 3.4 GHz Intel(R) Core(TM) i7-
6700 CPU) for running the codes in Matlab R2016b. The core
computational codes of FMM and the Dijkstra’s algorithm
are written in C++. The relative difference in cost for a
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TABLE 3: Comparison between the Dijkstra’s algorithm and FMM for Alternative 1

Scenario 1 Scenario 2 Scenario 3
Dijkstra FMM Dijkstra FMM Dijkstra FMM
length (km) 66.40 50.58 117.36 110.76 160.37 144.02
cost (109 dollars) 14.78 12.59 20.88 19.98 27.46 25.54
running time (s) 10.26 17.06 10.28 17.17 10.71 22.74
relative difference in cost 17.4% 4.5% 7.5%
TABLE 4: Comparison between the Dijkstra’s algorithm and FMM for Alternative 2
Scenario 1 Scenario 2 Scenario 3
Dijkstra FMM Dijkstra FMM Dijkstra FMM
length (km) 66.40 50.56 76.83 92.09 160.37 143.99
cost (109 dollars) 13.38 11.39 19.80 18.02 24.83 23.10
running time (s) 11.33 15.22 11.45 15.83 11.81 18.82
relative difference in cost 17.5% 9.9% 7.5%
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FIGURE 3: Results for Alternative 2.

cable y between FMM and the Dijkstra’s algorithm is defined
as
H(Y)bijkstra — H(Y)Emm

16
H(v)rvm (10)

For both the Dijkstra’s algorithm and FMM, the results in
Table 3 and Table 4 demonstrate the cost saving in connecting
a cable from a given site to a network through a branching
unit (Scenario 2) other than connecting it directly to a landing
station (Scenario 3). This suggests that reasonable location
design for branching units may reduce the life-cycle cost of
the new cable effectively. From Table 3 and Table 4, for the
same scenario of each alternative, we can observe that the
Dijkstra’s algorithm is slightly faster than FMM but performs
worse in the cost saving than FMM. Specifically, the cost
reduction of FMM relative to the Dijkstra’s algorithm is up
to 17.5%. Considering the billions of dollars spent around
the world each year on submarine cable projects, the cost
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saving of FMM is significant and attractive. In addition, by
considering Scenario 1 based on FMM, we can obtain a lower
bound on the cost for arbitrary placement of a branching
unit, a matter of significant practical importance. The cost
saving performance of FMM is better because the cable
path planning problem described in this paper is modeled
more accurately by considering a continuous manifold rather
than a discrete graph. Many path planning options available
under continuous manifold modeling are ignored by the
discrete graph modeling. FMM can be optimally applied to a
continuous manifold while the Dijkstra’s algorithm requires
discretization which adversely affects the results.

VI. CONCLUSION AND DISCUSSION

We have proposed a method to design a submarine cable
route connecting a given site and an existing cable network
on the Earth’s surface aimed at minimization of the life-
cycle cost of the cable. Our method is based on solving
a variational optimization problem with a cost model that
includes real-life design considerations for the cable route.
Assignment of weights to the various design considerations
leads to the design of a path planning method based on FMM
to obtain the optimal route. We have presented a realistic
three-dimensional study case, and compared the performance
of our FMM-based method with that based on the Dijk-
stra’s algorithm. The results demonstrate the applicability
and significant cost saving of our path planning optimization
approach for submarine cable network extension.
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