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CABLE NETWORK REGIONAL
CONNECTIVITY PLANNING METHOD AND
APPARATUS

COPYRIGHT NOTICE

[0001] A portion of the disclosure of this patent document
contains material, which is subject to copyright protection.
The copyright owner has no objection to the facsimile
reproduction by anyone of the patent document or the patent
disclosure, as it appears in the Patent and Trademark Office
patent file or records, but otherwise reserves all copyright
rights whatsoever.

FIELD OF THE INVENTION

[0002] The present invention generally relates to cable
network planning. More specifically, the present invention
relates to cable network regional connectivity planning.

BACKGROUND OF THE INVENTION

[0003] Submarine internet optical cables play an impor-
tant and crucial role in global communications. Submarine
cable systems typically have a trunk-and-branch tree topol-
ogy as illustrated in FIG. 1. To be taken into account in their
optimal design are cable laying costs (including terrain
slope, materials, alternative protection level, labor, and cable
survivability), installation costs of the submarine cable
branching units (BUs), and the choice of locations of the
submarine cable landing stations (CLSs).

[0004] A submarine optical cable system is conveniently
divided into two parts: underwater equipment and onshore
equipment. The underwater equipment includes submarine
optical cables, repeaters, and BUs, whereas the onshore
equipment includes CLSs. Submarine BUs are used to fork
cables, allowing traffic to be routed to (or merged from) two
or more different locations thus permitting a diversity of
connections for the cable system.

[0005] Some earlier works of path planning optimization
have been concentrating on point-to-point connectivity. For
example, a raster-based method has been proposed to use the
Dijkstra’s algorithm for path planning to obtain the cable
path with least cost. More recently, fast marching method
(FMM)-based method was applied to cable path planning for
designing a cable path from a start node to an existing cable
network which may include a set of nodes at a minimal cost.
For example, some FMM-based methods are proposed to
achieve a trunk-and-branch tree network topology for sub-
marine cable systems that connect multiple landing stations.
However, these methods did not take account of installation
costs of BUs and location choices of the CLSs in every
region.

SUMMARY OF THE INVENTION

[0006] One objective of the present invention is to provide
a method for planning regional connectivity of a cable
network on a surface of the earth in a bounded closed region
which can take account of installation costs of BUs and
location choices of the CLSs.

[0007] According to one aspect of the present invention,
the provided cable network planning method comprises:
modelling the surface of the earth in the bounded closed
region as an irregular two-dimensional manifold comprising
a plurality of grid nodes in a three-dimensional Euclidean
space; prespecifying a topology for the cable network;
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modelling the prespecified topology as a Steiner tree includ-
ing a plurality of terminal nodes representing a plurality of
cable landing stations (CLSs) to be installed respectively in
a plurality of destination regions connected by the cable
network, a plurality of Steiner nodes presenting a plurality
of branching units (BUs) to be installed in the cable network,
and a plurality of edges connecting the terminal nodes and
Steiner nodes; finding a Steiner minimal tree (SMT) with the
least cost in the Steiner tree by applying a DAG-Least-Cost-
System algorithm; returning coordinates of Steiner nodes,
terminal nodes of the SMT as locations of the BUs and the
CLSs; and finding geodesics corresponding to edges of the
SMT as cable paths between the BUs and CLSs.

[0008] The DAG-Least-Cost-System algorithm enables
the inclusion of weights (costs) of the Steiner nodes by
taking account of Steiner nodes with degree in excess of
three. The DAG-Least-Cost-System algorithm can also be
used to optimize not only connections between points, but
also connections between regions.

[0009] Compared with existing methods, the provided
cable network planning method can provide a computation-
ally effective approach which can minimize the construction
and installation costs of an entire cable system with consid-
eration of more flexible BU branching structures and CLS
locations alternatives.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Embodiments of the invention are described in
more detail hereinafter with reference to the drawings, in
which:

[0011] FIG. 1 depicts an outline of an optimization prob-
lem for planning regional connectivity of a cable network in
accordance with a preferred embodiment of the present
invention;

[0012] FIG. 2 shows a Steiner topology (tree) representing
the cable network of FIG. 1;

[0013] FIG. 3 shows how a new Steiner node is formed by
combining two Steiner nodes with lower degrees;

[0014] FIG. 4 shows how a new Steiner node is formed by
combining three Steiner nodes with lower degrees;

[0015] FIG. 5 shows how a skeleton tree is defined in the
Steiner tree of FIG. 2;

[0016] FIG. 6 shows how the skeleton tree of FIG. 5
becomes a directed rooted tree;

[0017] FIG. 7 shows how a plurality of directed acyclic
graphs are constructed on basis of the directed rooted tree of
FIG. 6;

[0018] FIG. 8 depicts a flowchart of a method for planning
regional connectivity of a cable network on a surface of the
earth in a bounded closed region in accordance with a
preferred embodiment of the present invention;

[0019] FIG. 9 shows an exemplary implementation of
DAG-Least-Cost-System algorithm; and

[0020] FIG. 10 shows an exemplary apparatus for per-
forming or implementing the method for planning regional
connectivity of a cable network in various embodiments of
the invention.

DETAILED DESCRIPTION

[0021] In the following description, a method and an
apparatus for planning regional connectivity of a cable
network and the likes are set forth as preferred examples.
Specific details may be omitted so as not to obscure the
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invention; however, the disclosure is written to enable one
skilled in the art to practice the teachings herein without
undue experimentation.

[0022] FIG. 1 depicts an outline of an optimization prob-
lem for planning regional connectivity of a cable network in
accordance with a preferred embodiment of the present
invention. Referring to FIG. 1, the cable network may
connect a plurality of destination regions on a surface of the
earth in a bounded closed region D. The destination regions
are denoted as R;, R,, . . . , RxcD (R is the number of
regions) which are connected via a trunk and branch topol-
ogy. It should be noted that although that each Ri is depicted
as a region, the present invention can also be applicable to
the case where some or all of the R is correspond to a
specific point.

[0023] The cable network may include one or more
branching units (BUs), denoted as BUS, to reduce total cable
length of the network and influence the overall construction
cost and one or more cable landing stations (CLSs), denoted
as CLS,;, within the destination regions respectively. The
construction costs of the cable network may include the
costs of submarine cables, BUs and CLSs. Therefore, an
optimal arrangement for the cable network would include
number of BUs in the network and locations of CLSs.
[0024] Under different seabed conditions, the type and
cost of a BU may vary. The cost of a BU is mainly
determined by the number and complexity of fiber pairs in
the cables. The choice of location (or even existence) of BUs
needs to take account of, not only total cable length, but also
overall network cost, water pressure and depth, topography,
etc.

[0025] In each of the destination regions R,, there may be
more than one potential sites, 1;;, I;5, . . . , I;;, for the location
of a CLS in each region Ri. Construction cost of CLS may
vary from region to region and depend on many factors
including, but not limited to:

[0026] 1) Marine zoning and compatibility with different
development and planning activities;

[0027] 2) Easy access to landing points by the submarine
cable installation vessel for installation and maintenance;
[0028] 3) Terrain risks for cables at landing points, for
example, avoidance of steep rocky coasts and areas of
subsidence as well as steep, sandy or silty seafloors;
[0029] 4) Environmental risks for cables such as storm
surges and other marine disasters;

[0030] 5) Avoidance of areas where corrosion (chemical
pollution) of cables is likely;

[0031] 6) Avoidance of areas of risk of cable damage by
anchors and trawling nets.

[0032] Therefore, different locations may have different
construction cost of CLS and result in different lengths of
cables in the network.

[0033] The bounded closed region D may be modeled as
a 2-dimensional manifold, where any pair of grid nodes in
this region can be connected by a path on the 2-dimensional
manifold. A triangulated piecewise-linear 2-dimensional
manifold M may be used to model the region D. The
“smoothly” continuous area D can be rendered as a trian-
gulated manifold M, each grid node X on the manifold M
being represented by coordinates (x; y; z); where z=£(x; y)
is the altitude of (x; y).

[0034] For a cable represented by a Lipschitz continuous
curve Y connecting two grid nodes in the manifold M, the
total construction cost (based on the length) of the cable vy
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may be denoted by H(y), as shown in Eq. (1), where f(x) is
the laying (construction) cost per unit length of the cable
passing through point X on the cable.

HOp=lo"Vfp(s)ds )

[0035] The value of f(x) may be obtained under an addi-
tive assumption that the cable laying cost accommodate
several factors, including soil type, elevation, labor, licenses,
protection level and the direction of the path.

[0036] The topology of the cable network T may be
modelled as a Steiner topology (tree) V with Steiner nodes
s; (=1, 2, . . ., M, M is the number of Steiner nodes)
representing locations of BUs and terminal nodes t; (j=1, 2,
..., N, N is the number of terminal nodes) representing
locations of CLSs within the destination regions respec-
tively.

[0037] FIG. 2 shows a Steiner topology (tree) representing
the cable network of FIG. 1, where the Steiner nodes s, to
s, representing locations of BU, to BUj, and terminal nodes
t; to t5 representing locations of CLS, to CLS;, respectively.

[0038] When a new Steiner node has the same location as
one of the destination regions, the cost of the Steiner node,
i.e., installation cost of the BU, can be ignored.

[0039] While in most cases, a BU is a Y-shaped cable
connector connecting three terminal nodes, the present
invention allows a cable network to have an optimal topol-
ogy with BUs having number of branches greater than 3.

[0040] A single BU can be represented by a combination
of a number of 3-branch BUs have the same location. In
other words, in a Steiner tree representing a cable network,
a K-degree Steiner node can be split into a (K—2) number of
linked 3-degree Steiner nodes, with zero cost (and, thereby,
zero length) edges joint them. The reverse conversion is also
valid. That is, a (K-2) number of linked 3-degree Steiner
nodes can be combined to form a K-degree Steiner node. For
example, a combination of two 3-degree Steiner nodes will
produce a 4-degree Steiner node, three linked 3-degree
Steiner nodes will produce a 5-degree Steiner node, and so
on.

[0041] FIG. 3 shows that a new Steiner node S,; is
combination of the Steiner nodes S, and S;. FIG. 4 shows
that the new Stiner node S, ,; is a combination of the Steiner
nodes S,;, S, and S;.

[0042] By imposing the constraint that all terminal nodes
and all Seiner nodes are grid nodes X on manifold M, the
shortest path between every terminal node and Steiner node
in the manifold M may be obtained by applying a fast
marching method (FMM) using Eq. (1).

[0043] 1In particular, a cable v, segment that connects two
grid nodes Xi, Xj, corresponding to a cable path between
every terminal node and Steiner node, on the manifold M, a
cumulative weighted cost, c(X,, X;), over the cable path can
be obtained using a cost model:

X 2
X, Xj) = f ! Fxds @

Xi

[0044] Note that the cable is not required to traverse edges
of triangles of the manifold M and it is assumed that the
cable can pass through the interior of triangles of the
manifold M and FMM optimizes the path accordingly.
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[0045] The total cost of the physical cable network T, as
denoted by W(T), may be minimized by solving a Steiner
tree problem:

. . . 3)
min¥(X, ) = mln[zjes 2+ Zi’ﬁdz rryl;_nc()(i, X,-)]

where 2(X;) = Z mine(X;, X;)

EN.G.JEEL vy

is the sum of the minimum cost from each terminal that is
a neighbor of X; to X; itself, which can be calculated using
FMM with the terminal being the source node (if no terminal
is adjacent to the Steiner node X E(Xj)=0); N={1,2,...,
N1 is the index set of terminal nodes, S={N+1, N+2, . . .,
N+M} is the index set of Steiner nodes (M<N-2); V=NUS
represents the set of all terminal and Steiner nodes; X is the
set of all grid nodes on manifold M; I'={y(e)lee E} is set of
all cable paths; E=E,UE, is the set of all edges, where
E,={@.j)lieN, je S} and E,;={(i,j)lieN, je S}.

[0046] By solving the Steiner tree problem of Eq. (3), a
Steiner minimal tree (SMT) may be found, the coordinates
of the Steiner nodes of the SMT may be returned as the
locations of the BUs and the coordinates of the terminal
nodes of the SMT may be returned as the locations of the
CLSs, and the geodesics corresponding to edges of the SMT
may be found and returned as cable paths between the BUs
and CLSs.

[0047] For solving the Steiner tree problem of Eq. (3), a
skeleton tree T, is defined to be the subtree T.=(S, E,)
composed of only Steiner nodes and the edges connecting
them to each other as illustrated in FIG. 5. For a tree with a
Steiner topology, that is, with each Steiner node having three
branches and each terminal node having three or less
branches, an arbitrary Steiner node s, is chosen as the root
of its skeleton tree Ts, s, T,. Next, the edges of the skeleton
tree T, are assigned with an orientation towards the root s,.
As a result, the skeleton tree T, becomes a directed rooted
tree (i.e., anti-arborescence) as shown in FIG. 6. Then, the
nodes of the skeleton tree T, are topologically ordered so
that children of a given node s, appear in the list earlier than
the given node (that is, with arrows from them to s;). Without
loss of generality, the reordered Steiner node sequence may
be denoted as X=X, i=1, 2, . . . , M, where M corre-
sponding to the root s, of the skeleton tree T,. The Steiner
tree problem of Eq. (3) may be rewritten as:

min¥(X,T) = min (X, Xnet, o 5 X1) @
X Xy Xy X1
where
S(Xpr, Xty oo, X1) = ®)
(X ap) + ZU’M)eEZ’jec(M) fyfjl_ll‘?c(Xj, X))+ O(Xn, Tnro1s - X1)

[0048] where C(M) is the children set of node M.
[0049] For any leaf i of the skeleton tree, $(X,)=c(X).

Let CI)*()_(M,)_(Mfl,..A i _CI)()_(M,)?Mfl,..A ,71) (6)
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[0050] Then, the problem shown in Eq. (3) is converted to
a dynamic programming problem with Bellman equation:

M

& (X, Xaret, -on » X1) =
%?[E(YM) + Z@-,M)dz,,-ecw) ryr]g;g(y,-, X)) ++0" (Tpra, .., X1)

[0051] To solve this dynamic programming problem, a
plurality of directed acyclic graphs (DAGs), denoted as
G=(V', E'), based on the skeleton tree is constructed, as
shown in FIG. 7. Each Steiner node ie T is associated with
a subset A; of V', where A, are grid nodes of the manifold M
and the weight on each node is c/(X). It follows that
V'=U,_4A;; that is, V' is composed of m copies of the grid
nodes of the manifold M.

[0052] For an arc e=(i, j)eE,, where s; is the parent of s,
a complete connection from node set A, to node set A; for the
DAG is constructed, that is, an arc e=(p, q) from every node
X,€ A, toevery node X € A; in the DAG. The cost of the arc
€ is defined as the minimum cost from node X, tonode X,
which can be calculated by FMM, i.e., w(e)=w(p, q)=min
¢(X,, X,). The minimum cumulative cost (MCC) for a node
X,€A; may be defined by:

min(w(X,, X,) +¢]) ®

! =T(X,) +
Py =) GieC() ge;

[0053] For the problem of Steiner tree total cost optimi-
zation taking into account the cost of Steiner nodes (i.e.,
BUs in the cable system), the Bellman equation as shown in
Eq. (7) may be extended to a new Bellman equation:

B N . ®
, X1) = min| @50 (T -1, ..., X1)+
Xy

CI)}}U()_(M, )TM—I,

(e Cae) + ) + Z@M)eEzJeC(M) rvrjlzl\? X X)

[0054] FIG. 8 depicts a flowchart of a method 800 for
planning regional connectivity of a cable network on a
surface of the earth in a bounded closed region in accordance
with a preferred embodiment of the present invention.
Referring to FIG. 8. The method 800 may comprise: a step
802: modelling the surface of the earth in the bounded closed
region as an irregular two-dimensional manifold comprising
a plurality of grid nodes in a three-dimensional Euclidean
space; a step 804: prespecifying a topology for the cable
network; a step 806: modelling the prespecified topology as
a Steiner tree including a plurality of terminal nodes repre-
senting a plurality of CLSs to be installed respectively in a
plurality of destination regions connected by the cable
network, a plurality of Steiner nodes presenting a plurality
of BUs to be installed in the cable network, and a plurality
of edges connecting the terminal nodes and Steiner nodes; a
step 808: finding a Steiner minimal tree (SMT) with the least
cost in the Steiner tree; a step 810: returning coordinates of
Steiner nodes of the SMT as locations of the BUs; a step
812: returning coordinates of terminal nodes of the SMT as
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locations of the CLSs; and a step 814: finding geodesics
corresponding to edges of the SMT as cable paths between
the BUs and CLSs.

[0055] The SMT may be found by defining a subtree
consisted of only Steiner nodes and edges connecting the
Steiner nodes to each other in the Steiner tree as a skeleton
tree; choosing an arbitrary Steiner node in the skeleton tree
as a root node of the skeleton tree; assigning an orientation
to each of the edges toward to the root node; topologically
ordering the Steiner nodes to obtain a sequence of the
Steiner nodes so that children Steiner node of a given Steiner
node appear in the sequence earlier than the given Steiner
node; associating each of the Steiner nodes with a subset of
grid nodes; constructing a directed acyclic graph (DAG)
containing a plurality of directed paths, each consisted of
grid nodes associated with different Steiner nodes and ended
at a grid node associated with the root node; finding an
optimal DAG with the least cost; and returning the optimal
DAG as the SMT.

[0056] The optimal DAG by applying a DAG-Least-Cost-
System algorithm as illustrated in FIG. 9. The DAG-Least-
Cost-System algorithm may include: initializing a plurality
of minimum cumulative costs (MCCs) corresponding to the
grid nodes associated with the Steiner nodes respectively;
updating a plurality of initialized MCCs for the grid nodes
associated with the root node; finding a grid node with the
smallest MCC among the grid nodes associated with the root
node as an optimal root node; returning the DAG containing
the optimal root node as the optimal DAG.

[0057] Preferably, each of the plurality of MCCs corre-
sponding the grid nodes associated the Steiner nodes is
initialized by: determining if the Steiner node is a leaf node
of the skeleton tree; if the Steiner node is a leaf node of the
skeleton tree, initializing a MCC for the grid node to be a
sum of one or more minimum costs from neighboring
terminal nodes to the grid node; and if the Steiner node is not
a leaf node of the skeleton tree, initializing a MCC for the
grid node to be zero.

[0058] Preferably, each of the minimum costs from neigh-
boring terminal nodes to the grid node is obtained by
applying a fast marching method. The fast marching method
may comprise: generating one or more potential paths from
the neighboring terminal to the grid node; calculating one or
more costs for the one or more potential paths based on a
cost model; and returning the smallest cost as the minimum
cost for from the neighboring terminal to the grid node. The
cost model may be modelled with a set of cost factors
includes cable laying cost, BU construction cost and CLS
construction costs.

[0059] Preferably, the plurality of initialized MCCs for the
grid nodes associated with the root node may be updated by
performing a plurality of iteration in the topological order
for each of the grid nodes associated with each of the Steiner
nodes in the skeleton tree.

[0060] Preferably, each of the iterations may comprise:
determining if the Steiner node is a leaf node of the skeleton
tree; if the Steiner node is not a leaf node of the skeleton tree,
updating the initialized MCC for the grid node associated
with the Steiner node by adding one or more MCC incre-
ments, each derived from a grid node associated with a child
node of the Steiner node.

[0061] Preferably, each of the one or more MCC incre-
ments may be derived by: determining if the child node has
the same location as the Steiner node; if the child node has
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the same location as the Steiner node, determining the MCC
increment to be equal to a MCC for the grid node associated
with the child node; and if the child node has a different
location from the Steiner node, determining the MCC incre-
ment to be equal to a sum of the MCC for the grid node
associated with the child node and a BU construction cost at
the grid node associated with the Steiner node.

[0062] FIG. 10 shows an exemplary apparatus 1000 for
performing or implementing the method for planning
regional connectivity of a cable network in various embodi-
ments of the invention. For example, the apparatus 1000
may be computing devices including server computers,
personal computers, laptop computers, mobile computing
devices such as smartphones and tablet computers. Prefer-
ably, the apparatus 1000 may have different configurations,
and it generally comprises suitable components necessary to
receive, store and execute appropriate computer instructions
or codes. The main components of the apparatus 1000 are a
processing unit 1002 and a memory unit 1004.

[0063] The processing unit 1002 is a processor such as a
CPU, an MCU or electronic circuitries including but not
limited to application specific integrated circuits (ASIC),
field programmable gate arrays (FPGA), and other program-
mable logic devices configured or programmed according to
the teachings of the present disclosure.

[0064] The memory unit 1004 may include a volatile
memory unit (such as RAM), a non-volatile unit (such as
ROM, EPROM, EEPROM and flash memory) or both, or
any type of media or devices suitable for storing instruc-
tions, codes, and/or data.

[0065] Preferably, the apparatus 1000 further includes one
or more input devices 1006 such as a keyboard, a mouse, a
stylus, a microphone, a tactile input device (e.g., touch
sensitive screen) and a video input device (e.g., camera). The
apparatus 1000 may further include one or more output
devices 1008 such as one or more displays, speakers, disk
drives, and printers. The displays may be a liquid crystal
display, a light emitting display or any other suitable display
that may or may not be touch sensitive. The apparatus 1000
may further include one or more disk drives 1012 which may
encompass solid state drives, hard disk drives, optical drives
and/or magnetic tape drives. A suitable operating system
may be installed in the apparatus 1000, e.g., on the disk drive
1012 or in the memory unit 1004 of the apparatus 1000. The
memory unit 1004 and the disk drive 1012 may be operated
by the processing unit 1002.

[0066] The apparatus 1000 also preferably includes a
communication module 1010 for establishing one or more
communication links (not shown) with one or more other
computing devices such as a server, personal computers,
terminal nodes, wireless or handheld computing devices.
The communication module 1010 may be a modem, a
Network Interface Card (NIC), an integrated network inter-
face, a radio frequency transceiver, an optical port, an
infrared port, a USB connection, or other interfaces. The
communication links may be wired or wireless for commu-
nicating commands, instructions, information and/or data.
[0067] Preferably, the processing unit 1002, the memory
unit 1004, and optionally the input devices 1006, the output
devices 1008, the communication module 1010 and the disk
drives 1012 are connected with each other through a bus, a
Peripheral Component Interconnect (PCI) such as PCI
Express, a Universal Serial Bus (USB), and/or an optical bus
structure. In one embodiment, some of these components
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may be connected through a network such as the Internet or
a cloud computing network. A person skilled in the art would
appreciate that the apparatus 1000 shown in FIG. 10 is
merely exemplary, and that different apparatuses 1000 may
have different configurations and still be applicable in the
invention.
[0068] In some embodiments, the method in the invention
may also be implemented in distributed computing environ-
ments and/or Cloud computing environments, wherein the
whole or portions of machine instructions are executed in
distributed fashion by one or more processing devices
interconnected by a communication network, such as an
intranet, Wide Area Network (WAN), Local Area Network
(LAN), the Internet, and other forms of data transmission
medium.
[0069] The foregoing description of the present invention
has been provided for the purposes of illustration and
description. It is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. Many modifica-
tions and variations will be apparent to the practitioner
skilled in the art.
[0070] The embodiments were chosen and described in
order to best explain the principles of the invention and its
practical application, thereby enabling others skilled in the
art to understand the invention for various embodiments and
with various modifications that are suited to the particular
use contemplated.
What is claimed is:
1. A computer-implemented method for method for plan-
ning regional connectivity of a cable network on a surface of
the earth in a bounded closed region, comprising:
modelling the surface of the earth in the bounded closed
region as an irregular two-dimensional manifold com-
prising a plurality of grid nodes in a three-dimensional
Euclidean space;

prespecifying a topology for the cable network;

modelling the prespecified topology as a Steiner tree
including a plurality of terminal nodes representing a
plurality of cable landing stations (CLSs) to be installed
respectively in a plurality of destination regions con-
nected by the cable network, a plurality of Steiner
nodes presenting a plurality of branching units (BUs) to
be installed in the cable network, and a plurality of
edges connecting the terminal nodes and Steiner nodes;

finding a Steiner minimal tree (SMT) with the least cost
in the Steiner tree;

returning coordinates of Steiner nodes of the SMT as

locations of the BUs;

returning coordinates of terminal nodes of the SMT as

locations of the CLSs; and

finding geodesics corresponding to edges of the SMT as

cable paths between the BUs and CLSs.
2. The computer-implemented method according to claim
1, wherein the SMT is found by:
defining a subtree consisted of only Steiner nodes and
edges connecting the Steiner nodes to each other in the
Steiner tree as a skeleton tree;

choosing an arbitrary Steiner node in the skeleton tree as
a root node of the skeleton tree;

assigning an orientation to each of the edges toward to the

root node; and

arranging the Steiner nodes in a topological order to

obtain a sequence of the Steiner nodes so that children
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Steiner node of a given Steiner node appear in the
sequence earlier than the given Steiner node;
associating each of the Steiner nodes with a subset of grid
nodes;
constructing a directed acyclic graph (DAG) containing a
plurality of directed paths, each consisted of grid nodes
associated with different Steiner nodes and ended at a
grid node associated with the root node; and
finding an optimal DAG with the least cost;
returning the optimal DAG as the SMT.
3. The computer-implemented method according to claim
2, wherein the optimal DAG is found by applying a DAG-
Least-Cost-System algorithm comprising:
initializing a plurality of minimum cumulative costs
(MCCs) corresponding to the grid nodes associated
with the Steiner nodes respectively;
updating a plurality of initialized MCCs for the grid nodes
associated with the root node;
finding a grid node with the smallest MCC among the grid
nodes associated with the root node as an optimal root
node;
returning the DAG containing the optimal root node as the
optimal DAG.
4. The computer-implemented method according to claim
3, wherein each of the plurality of MCCs corresponding the
grid nodes associated the Steiner nodes is initialized by:
determining if the Steiner node is a leaf node of the
skeleton tree;
if the Steiner node is a leaf node of the skeleton tree,
initializing a MCC for the grid node to be a sum of one
or more minimum costs from neighboring terminal
nodes to the grid node; and
if the Steiner node is not a leaf node of the skeleton tree,
initializing a MCC for the grid node to be zero.
5. The computer-implemented method according to claim
4, wherein each of the minimum costs from neighboring
terminal nodes to the grid node is obtained by applying a fast
marching method comprising:
generating one or more potential paths from the neigh-
boring terminal to the grid node;
calculating one or more costs for the one or more potential
paths based on a cost model; and
returning the smallest cost as the minimum cost for from
the neighboring terminal to the grid node; and
wherein the cost model is modelled with a set of cost
factors includes cable laying cost, BU construction cost
and CLS construction costs.
6. The computer-implemented method according to claim
5, wherein the plurality of initialized MCCs for the grid
nodes associated with the root node are updated by perform-
ing a plurality of iteration in the topological order for each
of the grid nodes associated with each of the Steiner nodes
in the skeleton tree.
7. The computer-implemented method according to claim
6, wherein each of the iteration comprises:
determining if the Steiner node is a leaf node of the
skeleton tree;
if the Steiner node is not a leaf node of the skeleton tree,
updating the initialized MCC for the grid node associ-
ated with the Steiner node by adding one or more MCC
increments, each derived from a grid node associated
with a child node of the Steiner node.
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8. The computer-implemented method according to claim
7, wherein each of the one or more MCC increments is
derived by:
determining if the child node has the same location as the
Steiner node;

if the child node has the same location as the Steiner node,
determining the MCC increment to be equal to a MCC
for the grid node associated with the child node;
if the child node has a different location from the Steiner
node, determining the MCC increment to be equal to a
sum of the MCC for the grid node associated with the
child node and a BU construction cost at the grid node
associated with the Steiner node.
9. The computer-implemented method according to claim
1, wherein the irregular two-dimensional manifold is a
triangulated piecewise-linear two-dimensional manifold.
10. The computer-implemented method according to
claim 1, wherein each Steiner nodes of the SMT have a
number of branches equal or greater than three.
11. A non-transitory computer readable medium for stor-
ing computer instructions that, when executed by one or
more processors, causes the one or more processors to
perform a method for planning regional connectivity of a
cable network on a surface of the earth in a bounded closed
region, the method comprising:
modelling the surface of the earth in the bounded closed
region as an irregular two-dimensional manifold com-
prising a plurality of grid nodes in a three-dimensional
Euclidean space;

prespecifying a topology for the cable network;

modelling the prespecified topology as a Steiner tree
including a plurality of terminal nodes representing a
plurality of cable landing stations (CLSs) to be installed
respectively in a plurality of destination regions con-
nected by the cable network, a plurality of Steiner
nodes presenting a plurality of branching units (BUs) to
be installed in the cable network, and a plurality of
edges connecting the terminal nodes and Steiner nodes;

finding a Steiner minimal tree (SMT) with the least cost
in the Steiner tree;

returning coordinates of Steiner nodes of the SMT as

locations of the BUs;

returning coordinates of terminal nodes of the SMT as

locations of the CLSs; and

finding geodesics corresponding to edges of the SMT as

cable paths between the BUs and CLSs.
12. The non-transitory computer readable medium
according to claim 11, wherein the SMT is found by:
defining a subtree consisted of only Steiner nodes and
edges connecting the Steiner nodes to each other in the
Steiner tree as a skeleton tree;

choosing an arbitrary Steiner node in the skeleton tree as
a root node of the skeleton tree;

assigning an orientation to each of the edges toward to the

root node; and
arranging the Steiner nodes in a topological order to
obtain a sequence of the Steiner nodes so that children
Steiner node of a given Steiner node appear in the
sequence earlier than the given Steiner node;

associating each of the Steiner nodes with a subset of grid
nodes;

constructing a directed acyclic graph (DAG) containing a

plurality of directed paths, each consisted of grid nodes
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associated with different Steiner nodes and ended at a
grid node associated with the root node; and

finding an optimal DAG with the least cost;

returning the optimal DAG as the SMT.

13. The non-transitory computer readable medium
according to claim 12, wherein the optimal DAG is found by
applying a DAG-Least-Cost-System algorithm comprising:

initializing a plurality of minimum cumulative costs

(MCCs) corresponding to the grid nodes associated
with the Steiner nodes respectively;

updating a plurality of initialized MCCs for the grid nodes

associated with the root node;

finding a grid node with the smallest MCC among the grid

nodes associated with the root node as an optimal root
node;

returning the DAG containing the optimal root node as the

optimal DAG.

14. The non-transitory computer readable medium
according to claim 13, wherein each of the plurality of
MCCs corresponding the grid nodes associated the Steiner
nodes is initialized by:

determining if the Steiner node is a leaf node of the

skeleton tree;

if the Steiner node is a leaf node of the skeleton tree,

initializing a MCC for the grid node to be a sum of one
or more minimum costs from neighboring terminal
nodes to the grid node; and

if the Steiner node is not a leaf node of the skeleton tree,

initializing a MCC for the grid node to be zero.

15. The non-transitory computer readable medium
according to claim 14, wherein each of the minimum costs
from neighboring terminal nodes to the grid node is obtained
by applying a fast marching method comprising:

generating one or more potential paths from the neigh-

boring terminal to the grid node;

calculating one or more costs for the one or more potential

paths based on a cost model; and
returning the smallest cost as the minimum cost for from
the neighboring terminal to the grid node; and

wherein the cost model is modelled with a set of cost
factors includes cable laying cost, BU construction cost
and CLS construction costs.

16. The non-transitory computer readable medium
according to claim 15, wherein the plurality of initialized
MCC:s for the grid nodes associated with the root node are
updated by performing a plurality of iteration in the topo-
logical order for each of the grid nodes associated with each
of the Steiner nodes in the skeleton tree.

17. The non-transitory computer readable medium
according to claim 16, wherein each of the iteration com-
prises:

determining if the Steiner node is a leaf node of the

skeleton tree;

if the Steiner node is not a leaf node of the skeleton tree,

updating the initialized MCC for the grid node associ-
ated with the Steiner node by adding one or more MCC
increments, each derived from a grid node associated
with a child node of the Steiner node.

18. The non-transitory computer readable medium
according to claim 17, wherein each of the one or more
MCC increments is derived by:

determining if the child node has the same location as the

Steiner node;
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if the child node has the same location as the Steiner node,
determining the MCC increment to be equal to a MCC
for the grid node associated with the child node;

if the child node has a different location from the Steiner

node, determining the MCC increment to be equal to a
sum of the MCC for the grid node associated with the
child node and a BU construction cost at the grid node
associated with the Steiner node.

19. The non-transitory computer readable medium
according to claim 11, wherein the irregular two-dimen-
sional manifold is a triangulated piecewise-linear two-di-
mensional manifold.

20. The non-transitory computer readable medium
according to claim 11, wherein each Steiner nodes of the
SMT have a number of branches equal or greater than three.
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