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ABSTRACT 

Submarine optical-fiber cables are key components in the conveying of Internet data, and their failures have costly 

consequences. Currently, there are over a million km of such cables empowering the Internet. To carry the ever-

growing Internet traffic, additional 100,000s of km of cables will be needed in the next few years. At an average cost 

of $28,000 per km, this entails investments of billions of dollars. In current industry practice, cable paths are planned 

manually by experts. This paper surveys our recent work on cable path planning algorithms, where we use several 

methods to plan cable paths taking account of a range of cable risk factors in addition to cable costs. Two methods, 

namely, the fast marching method (FMM) and the Dijkstra’s algorithm are applied here to long-haul cable path design 

in a new geographical region. A specific example is given to demonstrate the benefit of the FMM-based method in 

terms of the better path planning solutions over the Dijkstra’s algorithm. 
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1. INTRODUCTION 

Submarine cables are a vital component of the world information infrastructure carrying over 99% of global voice and 

data traffic [1]. The construction of such cables involves considerable capital investments with a need to keep such 

costs to a minimum. That said, cable survivability is also important because cable break can lead to Internet shutdown 

that have harmful financial and social consequences. The survivability of submarine cables can be improved by various 

methods, including having the cable path avoiding risky areas and strengthening cables with augmented materials.  

Submarine cable path planning is important because, on the one hand, the path of a cable affects its construction 

cost, and on the other hand, the cable breakage risk is strongly related to its path. In practice, path planning of 

submarine cables is achieved manually, based on the knowledge and experience of experts [2]. Designers use data 

available in a relevant region and manually provide a route between two sites. Under this time consuming method, 

even the most experienced and skilled designers cannot guarantee an optimal path (given the data). 

Saito [3] considered a given planar network and seek to improve its survivability by changing some of its nodes and 

links. Tran and Saito [4] considered seismic hazard data to find routes from candidate set of routes for a pre-specified 

cost limitation. Then, in [5], they provided an optimization based on dynamic programming to add new links and 

routes to the given network. Zhang et al. [6] showed how to select the cables that required shielding in a cable network. 

Msongaleli et al. [7] used an approach based on integer linear programming to optimally select cable paths from a 

given set of cable paths, aiming to minimize the economic loss for both the affected society and cable owners resulted 

from a disaster. The work of [3-7] did not consider path planning of new cables. 

Zhao et al. [8] used the Dijkstra’s algorithm to find an optimal path between two sites on the Earth’s surface 

represented by a discrete graph, subject to a tradeoff between the cost and earthquake survivability. Wang et al. [9] 

proposed an approach based on the fast marching method (FMM) to optimize the cable path on the Earth’s surface 

taking account of earthquake risks. In [10-12], different levels of shielding available for cables were considered for 

optimal path planning. In [11], the benefits of the FMM in terms of cost and runtime are demonstrated over a label-

setting discrete grid approach [10]. The work of [12] considered the instability of a remotely operated vehicle as it 

buries the cable which depends on the terrain slope and direction of the cable path. In Sections 2 and 3, we will 

illustrate how methodologies from [9,11] are applied for cable path planning based on FMM in a region which is 

different from and larger than the regions considered in [9,11], and compare the FMM-based results to those obtained 

by the Dijkstra’s algorithm.  

2. MODELS AND PROBLEM FORMULATION  

A triangulated two-dimensional manifold 𝕄 in ℝ3 is used to model the Earth’s surface. Each point on 𝕄 is represented 

by three-dimensional coordinates (x, y, z), where 𝑧 = 𝜉(𝑥, 𝑦) is the elevation of the geographic location (x, y) [13]. 

We adopt a term design level to represent the protection level of a cable. Increasing the design level of the cable will 



increase its survivability and also its construction cost. The same set of the design levels, denoted  𝕌, is available at 

each point on 𝕄 to choose a design level. For 𝑋 = (𝑥, 𝑦, 𝑧) ∈ 𝕄, we define 𝑢(𝑋): 𝕄 → 𝕌 as the design level of the 

cable at location X, where u is assumed as positive integers. Let ℎ(𝑋, 𝑢) be the laying cost per unit length at location 

X and design level u. We adopt the index repair rate to represent the average number of potential cable repairs per 

unit length over a certain time period in the future. This index has high correlation with ground motion intensities 

[14], e.g. Peak Ground Velocity (PGV) and Peak Ground Acceleration (PGA) for which extensive data is available. 

A function 𝑔(𝑋, 𝑢) is defined as the repair rate at location X and design level u. Let ℍ(𝛾, 𝑢) and 𝔾(𝛾, 𝑢) be the laying 

cost and the total number of repairs of a cable 𝛾. Based on natural parametrization [15], each point 𝑋 ∈ 𝛾 is represented 

by arc length s, i.e., 𝑋 = 𝑋(𝑠). Then, as in [11], ℍ(𝛾, 𝑢) and 𝔾(𝛾, 𝑢) are given by 

              ℍ(𝛾, 𝑢) = ∫ ℎ(𝛾(𝑠), 𝑢(𝑠))𝑑𝑠
𝑙(𝛾)

0
,      𝔾(𝛾, 𝑢) = ∫ 𝑔(𝛾(𝑠), 𝑢(𝑠))𝑑𝑠

𝑙(𝛾)

0
, 

where 𝑙(𝛾) represents the sum length of the cable 𝛾. 

To minimize both the total number of repairs and the laying cost, we formulate a multi-objective optimization 

problem, called Problem 1, of minimizing (ℍ(𝛾, 𝑢), 𝔾(𝛾, 𝑢)) subject to 𝛾(0) = 𝐴, 𝛾(𝑙(𝛾)) = 𝐵,  where A and B are 

the Start Node and the End Node of the cable 𝛾, respectively. Generally, the two objectives are conflicting and cannot 

be minimized simultaneously. By weighting the two objectives ℍ(𝛾, 𝑢) and 𝔾(𝛾, 𝑢), Problem 1 can be transformed 

to an optimization problem with only one objective as follows:  

                                     min
𝛾,𝑢

Φ(𝛾, 𝑢) = ∫ 𝑓(𝛾(𝑠), 𝑢(𝑠))𝑑𝑠
𝑙(𝛾)

0
,      𝑠. 𝑡.   𝛾(0) = 𝐴, 𝛾(𝑙(𝛾)) = 𝐵,          (Problem 2) 

where 𝑓(𝛾(𝑠), 𝑢(𝑠)) = ℎ(𝛾(𝑠), 𝑢(𝑠)) +  𝑐 ∙  𝑔(𝛾(𝑠), 𝑢(𝑠)) and 𝑐 ∈ ℝ+
1 ∪ {0}. Problem 2 can be converted into an 

Eikonal equation and then solved by the well-established FMM as in [11]. By changing the weight c in Problem 2, we 

can obtain a set of Pareto optimal solutions of Problem 1 and generate an approximate Pareto front (See [11] for more 

details). Note that if there is only one design level available of a cable, this simplified problem has been studied in [9]. 

3. ILLUSTRATION OF CABLE PATH PLANNING 

Here we illustrate the application of FMM for path planning in the target Region 𝔻 located in the South Pacific Ocean 

from the southeast corner (24.00°S, 174.00°E) to the northeast corner (16.00°S, 180.00°E) as shown by Fig. 1(a). 

Region 𝔻 is near active tectonic-plate boundaries that potentially generate many strong earthquakes which can lead 

to cable break. We aim to design a cable path connecting the Start Node (17.70°S, 177.40°E) and the End Node 

(23.50°S, 174.30°E) represented by the two white circles in Fig. 1(a).  

The sources of the PGA data and the elevation data are the United States Geological Survey 

(https://earthquake.usgs.gov/) and the General Bathymetric Chart of the Oceans (http://www.gebco.net/), respectively. 

Fig. 1(b) is the elevation map of Region 𝔻. The increments in latitude and longitude of the PGA data and the elevation 

data are 3 arc-minute and 0.5 arc-minute, respectively. Due to the different resolutions, PGA data is interpolated to 

make its resolution to be 0.5 arc-minute. The PGA was converted into the PGV as follows [16]: 

log10(𝑣) = 1.0548 ∙ log10(PGA) − 1.5566, 

where v represents the PGV in unit cm/s. Fig. 1(c) is the PGV map of Region 𝔻.  

In this case, two design levels are considered: Level 1 – no protection is provided to the cable, and Level 2 – the 

cable is protected by shielding. We adopt equations (6a) – (6b) and (7a) – (7b) from [10] to obtain the repair rate and 

the laying cost per km, respectively. Specifically, the laying cost per km for design level 1 and design level 2 are 

assumed to be 1 × 104 and 2.2 × 104 US dollars, respectively.  

Figure 1. Maps of Region 𝔻. (a) Geography in Google Earth. (b) Elevation map. (c) PGV map. 

 

(a) (c) (b) 

https://earthquake.usgs.gov/
http://www.gebco.net/


To obtain the (approximate) Pareto front, we vary the weight c from 0 to 1600. Table 1 shows the trade-off between 

the two objectives, i.e., the laying cost ℍ(𝛾∗, 𝑢∗) and the total number of repairs 𝔾(𝛾∗, 𝑢∗). Increasing the weight c 

will decrease the total number of repairs and increase the laying cost. As shown by Fig. 2, either lengthen the cable to 

avoid the risk areas or enhance the cable with higher design level can reduce risk. The approximate Pareto front from 

the FMM-based method is shown by the black solid curve in Fig. 3.  

 Next, we compare the results of the FMM-based method versus those obtained by the Dijkstra’s algorithm using 

the discrete graph of the same triangulated manifold representing Region 𝔻. In Fig. 3, the blue dashed curve represents 

the approximate Pareto front obtained by the Dijkstra’s algorithm. It is observed that the Dijkstra’s algorithm is inferior 

to the FMM-based method in the cable path planning solutions. As examples, Table 2 shows the relative difference in 

the cost of two paths that one is the result of the FMM-based method and the other is obtained by the Dijkstra’s 

algorithm, respectively, with nearly same total number of repairs 𝔾𝐹𝑀𝑀 and 𝔾𝐷𝑖𝑗𝑘𝑠𝑡𝑟𝑎. Particularly, the cost saving of 

the FMM-based method relative to the Dijkstra’s algorithm reaches up to 20.3%. Taking into account the fact that 

billions of dollars are invested globally and annually in submarine cable systems, the cost saving of the FMM-based 

method is significant and attractive. The key performance in terms of the path planning solutions of the FMM-based 

method is superior because the Earth’s surface is more accurately represented by a continuous manifold than a discrete 

graph. Many paths obtained under continuous manifold modeling are ignored by the discrete graph modeling.   

As to the computational cost, the average runtimes of the FMM-based method and the Dijkstra’s algorithm to obtain 

a path are 101.2 s and 17.0 s, respectively. The computational complexity of FMM and Dijkstra’s algorithm is the 

same, which is O(VlogV), where V is the number of discretized nodes of  the manifold [17]. In the Dijkstra’s algorithm, 

a node’s value is updated by summing the value of an adjacent node and the value of the edge connecting the current 

node and the adjacent node. In the FMM-based method, to update the value of one node, we need to solve the partial 

differential Eikonal equation which consumes much more time [9]. The results of the average runtime of both 

approaches are obtained based on 500 runs with different weight values. Note that results based on the label-setting 

methods [10] are not presented in this paper because their runtimes are too long to be applicable to the large Region 

𝔻 with the high resolution data used here. 

c 0.1 3.1 12 27.2 37 60.5 245 550 

ℍ(𝛾∗, 𝑢∗) 719.21 744.94 871.50 1152.05 1195.29 1312.14 1656.56 2065.53 

𝔾(𝛾∗, 𝑢∗) 54.21 37.79 23.87 12.62 11.24 8.59 5.62 4.28 

𝔾𝐹𝑀𝑀 𝔾𝐷𝑖𝑗𝑘𝑠𝑡𝑟𝑎 Cost saving 

42.36 42.37 5.2% 

37.79 37.84 11.5% 

32.01 32.01 16.2% 

23.87 23.89 17.7% 

12.62 12.63 5.7% 

8.59 8.59 9.2% 

5.62 5.63 20.3% 

Table 2. Cost saving of the FMM-based 

method relative to the Dijkstra’s algorithm 

 

Total number 

of repairs 

Cost reduction (%) 

42.4 5.2 

37.8 11.5 

36.0 13.2 

32.0 16.2 

23.9 17.7 

12.6 5.7 

8.6 9.2 

5.6 20.3 

 Table 1. Cost reduction of FMM-based 

method relative to Dijkstra’s algorithm 

Figure 3. Approximate Pareto front 

 

(a) c = 0.1 (b) c = 12 (d) c = 550 (c) c = 37 

Figure 2. Four Pareto optimal paths obtained by the FMM-based method. The path segments adopt Level 1 

are represented by magenta curves and those adopt Level 2 are represented by the black curves.  

Table 1. The two objectives of eight Pareto optimal paths. 



4. CONCLUSIONS 

We have provided a method of path optimization for a submarine cable between two given points on the Earth’s 

surface with consideration of high risk areas. Our aim is to minimize the laying cost as well as the total number of 

repairs of the cable that accommodates multiple design levels. The problem has been formulated as a multi-objective 

optimization problem and solved leveraging the FMM, with models to represent the Earth’s surface as a continuous 

manifold and calculate the repair rate from ground motion data taking into account multiple design levels. We have 

presented a specific example and compared the performance between the FMM-based method and the Dijkstra’s 

algorithm. The results have demonstrated the key advantage of the FMM-based method over the Dijkstra’s algorithm 

in terms of better cable path planning solutions, but the runtime of the Dijkstra’s algorithm is lower.  
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