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Model networks and their underlying topologies have been used as a reference for techno-economic studies
for several decades. Existing reference topologies for optical networks may cover different network segments
such as backbone, metro core, metro aggregation, access, and/or data center. While telecommunication oper-
ators work on the optimization of their own existing deployed optical networks, the availability of different
topologies is useful for researchers and technology developers to test their solutions in a variety of scenarios and
validate the performance in terms of energy efficiency or cost reduction. This paper presents an open-source
tool, MoleNetwork, to generate graphs (backbone, metro core, and metro aggregation) inspired by real network
topologies of telecommunication operators that can be used as benchmarks for techno-economic studies. A new
topology, to our knowledge, Italy2k, is generated based on the structure of a real operator’s network. Then, the
tool is tested by validating that the expected operator parameters are matched in the generated topology and by
using the topology to forecast technical demands in a 10-year period in one of its metro regions (core and aggre-

gation networks). © 2025 Optica Publishing Group. All rights, including for text and data mining (TDM), Artificial Intelligence

(Al) training, and similar technologies, are reserved.
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1. INTRODUCTION

Future generation services are expected to have very highly
demanding requirements in terms of bandwidth and delay
for fixed and mobile networks. As an example, ITU-T
Focus Group NET-2030 introduced several use cases for
next-generation services [1], including holographic-type com-
munication, Tactile Internet for remote operations, intelligent
operation networking, network and computing convergence,
digital twins, space—terrestrial integrated networks, and the
industrial Internet of Things with cloudification. They were
later extended with five additional use cases [2]. These use cases
have different requirements in terms of bandwidth (e.g., capac-
ity and QoS), time (e.g., latency and synchronization), security
(e.g., privacy and trustworthiness), artificial intelligence (data
computation and storage), or ManyNets (e.g., addressing and
mobility).

Providing resources for these increasing demands implies
having a network planning strategy considering different
scenarios depending on the expected market penetration of
the services throughout a period of time. Network operators
can use their internal topologies and models to forecast the

required investments to support these services. Researchers
and technology providers have to verify the advantages of their
solutions (architectural or technical) under different conditions
and topologies (e.g., [3]).

Network topologies have been used as models for resiliency
evaluation and techno-economic studies for some decades
(e.g., [4-6]). Depending on the goal, they may cover different
segments of the network, including backbone, metro core,
metro aggregation, access, and/or data center. For most of these
segments, they are usually based on ring-based or mesh-based
strategies [7,8].

In this work, topology means the physical layout of the
network, i.e., the adjacencies between the nodes equipped
with fiber. Fiber adjacencies allow the creation of optical line
systems (OLSs). In the state of the art, OLSs typically, but not
exclusively, rely on dense wavelength-division multiplexing
(DWDM) systems in the C-band. In the future, it is expected
that multiband systems will be introduced (C+L systems are
actually already commercial products) or high-capacity sys-
tems that use special fibers such as multicore or hollow-core
fibers. Nodes are physical places where equipment of different
network layers can be installed, such as optical equipment
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(e.g., ROADMEs), OTN switches, packet layer switches (e.g., IP
routers), and servers that host data center applications and
virtual functions (for both telecommunications and service
purposes). The topology of higher logical layers, such as OTN
or IP, implies further assumptions in a multilayer perspective
that is not considered in this paper. The nodes in the topo-
logical models presented in this paper are therefore the places
where the multiplexing/demultiplexing and optical switching
functionalities are carried out, at a minimum.

This paper presents MoleNetwork, an open-source tool to
generate reference backbone and metro physical topologies
to be used as a basis for techno-economic studies. While our
main objective is to introduce and validate the tool through a
representative use case (Italy2k), we also recognized that the
resulting topology could serve as a valuable resource for the
research community. As such, the paper contributes both the
tool and a reusable dataset that can be used independently in
future optical network planning, simulation, and Al-based
studies. The rest of the paper is organized as follows. Section 2
presents some background and the state of the art in terms of
topologies, structures, and methodologies to generate them.
Section 3 describes part of the statistical information provided
in the context of some European projects. Section 4 introduces
the tool and the different parameters and possibilities to use it.
Section 5 presents a topology, Italy2k, based on the statistical
information, covering from the backbone to the metro aggre-
gation segments. Section 6 uses Italy2k in a study to validate
the utility of the tool and its results. Finally, Section 7 presents
the conclusion.

2. BACKGROUND

In recent decades, there have been several efforts to provide
topologies for research and innovation studies.

Real topologies (or an approximation to them) have been
published in several studies, mainly for backbone networks
(e.g., Italy [9], Germany [10], or Portugal [11]) or research net-
works (e.g., [12]). Many of them were collected in the Internet
Topology Zoo [13], last updated in 2013, or in the Survivable
Network Design Library (SNDIib) [14].

The generation of realistic synthetic topologies has also been
an interesting field of study. Numerous studies have focused on
generating topologies that mimic the structure of the Internet,
e.g., [15,16]. In [17], random graph generation is completed
by allocating nodes in a plane and creating links between two
nodes based on a probability distribution that considers the
Euclidean distance between them. These models typically
adhere to a power-law degree distribution, similar to that
observed in the Internet [18] and other scale-free networks.

Optical transport networks with survivable topologies differ
from scale-free networks [19] in several characteristics, mak-
ing these Internet-based models inaccurate. Specific research
has been carried out for these types of networks. In [19], a
method is proposed to generate realistic optical transport
topologies with an average nodal degree within a particular
range. The total area of the plane is divided into regions, and
the minimum distance between nodes and the total number
of nodes, which are input parameters, are used to allocate
nodes within the regions. Connections between nodes (within

regions and between regions) in the topology follow specific
rules to ensure survivability, delegating to the Waxman method
[17] to complete the network connections. The authors of [5]
define a methodology based on the information of regional
railways to create the geometric structure of a metropolitan
area network (MAN) topology as there is a strong correlation
with population densities. They create a MAN model with 23
nodes for Tokyo (Tokyo23) and a compression algorithm to
reduce the number of nodes, which results in another topol-
ogy, Tokyol2. They compare the results with another model
design using communication network information. Gabriel
graphs (GGs) [20] have also been applied to the generation of
optical backbone networks [21] showing that they effectively
represent the grid-like structure of physical-level backbone
topologies. However, they introduce unnecessary ladder-like
cross-connections between parallel linear segments to enhance
grid-like structures and leave stub links that fail to biconnect
edge nodes to the rest of the graph. The signal-to-noise ratio-
aware Barabasi-Albert (SNR-BA) graph method for graph
generation [22] takes into account the physical properties of
the links. In particular, the SNR of a given transmission edge
is used in the definition of the probability function, when
choosing edges in the graph generation process.

Real-world optical backbone networks have recently been
collected in [23], where the authors also generated a set of
270,900 synthetic backbone networks of up to 100 nodes. An
analysis of parameters of existing real networks is also done
in that work, extracting statistics that are later used to group
those networks based on similar structural, spatial, and spectral
properties.

Recently, machine learning-based approaches such as
Topology Architect [24] have been proposed to generate syn-
thetic backbone topologies using graph generative models.
While these methods demonstrate the potential of data-driven
design, they remain limited to the backbone layer.

Some papers also focused on generating 5G infrastructures.
5GEN [25] starts from active antenna units (AAUs) and creates
clusters of six AAUs based on their location (or population
density [26]) connecting them to a switch. Then, it creates
access and aggregation rings grouping switches from differ-
ent hierarchical levels. INFRASYNTH [27] defines random
populations and deploys radio access network nodes to serve a
number of cells following existing specifications and grouping
traffic in access rings and aggregation rings. Both approaches
are more oriented to a greenfield scenario.

The main contributions of this paper are (i) MoleNetwork,
a tool that is capable of generating backbone, metro core, and
metro aggregation structures based on real topology informa-
tion, as the one provided by operators in the context of the
EU-funded ALLEGRO [28] and SEASON [29] projects, and
(ii) a synthetic topology Italy2k that mimics the network of one
of the operators based on provided statistics.

3. TOPOLOGY DATA

The implemented MoleNetwork tool takes advantage of sta-
tistical and topological information to generate the network
graphs. To be able to represent synthetic networks mimicking
real-world networks, the tool design was fed with information
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defined within the ALLEGRO and SEASON European-
funded projects. Operators taking part in the project described
some guidelines for backbone, metro core, and metro aggrega-
tion structures to perform techno-economic studies covering
increased demands in terms of capacity and latency due to
next-generation services being deployed into the networks [8].
Figure 1 gives an overall view of an operator’s physical
network, from the access to interconnections with other net-
works and with the Internet, highlighting the optical layout
topologies typical of each segment. Starting from the bottom,
the access collects the FT'TX-type fiber bindings (fiber to the
home, curb, antenna, etc.) relying on point-to-multipoint
passive optical networks (PONs) and through the direct fiber
links of the radio mobile sites and business customers. Access
is divided into areas. Each area (gray ellipses in Fig. 1) is col-
lected by a local node. This network segment (the access) is
not considered in the paper and is the subject of future devel-
opments of MoleNetwork. Above the access, Fig. 1 shows the
metro-regional segment, which, in this particular but highly
representative example, is divided into two segments: an aggre-
gation segment, which collects the access devices (e.g., PON
OLTs, switches aggregating mobile traffic), and a core segment.
The aggregation segment is typically composed of double-
ended horseshoes (as can be seen in the left part of the figure,
where each extreme of a curved line of nodes, the horseshoe,
gets connected to a red node in the metro core mesh), which
guarantees good survivability in the case of single link or node
failures, as can be seen in the left part of the figure. Other struc-
tures, such as trees, meshes, or hybrid topologies, imposed by
infrastructural or economical constraints (e.g., it is not always
possible to deploy fiber to make horseshoes or rings), are also
possible, as shown on the right. The metro aggregation struc-
tures are connected to the metro core network which, as shown
in the central band of the figure, can be a mesh (on the left) or
a ring (on the right). The third and higher network segment
is the national backbone, represented in the upper part of the
figure. In this case, the typical topology is a mesh, and some
variants are possible, such as the presence of twin nodes (which
refer to the pair of national-level nodes located within the same
region where the metro rings or regional nodes are hubbed)
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and parallelized topologies (which provide redundancy and
support regional survivability by enabling dual access points
to the backbone), which guarantee a high level of geographic
survivability. Finally, above the national backbone, the external
networks are represented, including the Internet: they are
connected to the backbone with a few specific interconnection

links.

A. Backbone

Information about two backbone topology structures was
defined by two operators (TIM and Telefdnica). Both of them
are implemented as a mesh network with multiple nodes.

In the first case, inspired by the TIM national backbone,
the topology is composed of national nodes (mainly), some
regional nodes (while they primarily aggregate metro-level
traffic, they are also connected via long-haul optical links and
participate in the national-level transport of traffic), and some
transit/pass-through nodes. These transit nodes do not serve
as traffic sources or sinks but are used to relay optical signals
between distant parts of the network. They improve path diver-
sity and allow for longer optical reaches, maintaining signal
integrity across large distances. With about 50 nodes and 80
links, the statistics about the topological degree (connectivity
of the nodes) and the link lengths are defined in Tables 1 and
2. Notice that, to avoid disclosing all the network information,
the percentages are based on 44 out of the 52 nodes and 71
out of 80 links. We assume that the other eight nodes and nine
links will follow the same statistical distributions.

The other structure, modeled on the Telefénica long-
distance network topology, includes distributing two nodes per
region (we can call them twin nodes), with some exceptions in
highly populated regions, which would require a higher num-
ber of nodes. Nodes are divided into hierarchical levels (L1, L2,
and L3) with pass-through nodes also included. With more
than 125 nodes and about 190 links, additional information
about this topology is provided in [30] (dataset available at

[31]).

Table 1. Topological Degree Statistics of the First
Backbone Structure

Topological Degree Occurrence Nodes
1 0 0

2 22.7% 10
3 40.9% 18

4 27.3% 12

5 9.1% 4

6 0 0
Table 2. Link Length Statistics of the First Backbone
Structure

Link Length Range (km) Occurrence Links
0-50 15.5% 11
50-100 16.9% 12
100-200 33.8% 24
200-400 25.4% 18
400-600 8.5% 6
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B. Metro Core

For the regional metro core structure, there are again two dif-
ferent structures reflecting TIM and Telefénica deployments,
respectively. One is, again, based on mesh networks, and it can
include a variable number of nodes depending on a specific
metro region. An example of a metro regional mesh for a big
macro-region is included in Fig. 2. In this sample network,
whose network diameter is approximately 400 km, the major-
ity are regional nodes (red squares both in Figs. 1 and 2) that
play the role of a hub for aggregation structures (double-ended
horseshoes). There are other regional nodes that take part in
the core mesh even if they do not act as a hub for any of the
aggregation horseshoes (orange squares in both Figs. 1 and 2).
Five national nodes (green hexagons in both Figs. 1 and 2) take
part in the metro core mesh, assuring the interconnection with
the backbone, and there is also a special node hosting a big
data center (polygon in violet Fig. 2). Regional metro networks
smaller than the one illustrated in Fig. 2, with a few dozen
nodes, or even much smaller (around twenty nodes), with
network diameters in the range of 100-300 km, are typical
of regions less extensive than that of the example shown in
the figure. The above-discussed meshed metro networks are
inspired by TIM regional topologies.

Statistics about link lengths and types of nodes in this
TIM-inspired type of metro-regional meshed core network are
included in Tables 3 and 4.

The second design for the regional metro core structure is
based on ring structures (Fig. 3) as in [30]. Green nodes are
national nodes terminating the metro rings, blue nodes are
regional nodes taking part of the rings and used as hubs for
metro aggregation structures, while triangles represent ampli-
fication sites. This second design option reflects the Telefénica
metro-regional structures.

In particular, structures are defined with 1, 2, 3, 4, and
6 rings with different probabilities (a three-ring structure
is shown in Fig. 3). For each of these structures, several

Network diameter ~ 400 km

@ 66 Regional nodes with hub role

© 23 Regional nodes without hub role
@ 5 National nodes (with hub role)
© Data Center

Fig.2. Sample of a large-size metro-regional meshed core network.

Table 3. Link Length Statistics for Metro-Regional
Meshed Core Structures

Link Length Range (km) Occurrence Links
0-10 39% 248
10-40 37% 235
40-80 21% 133
80-120 3% 24

Research Article

Table 4. Node-Type Statistics for Metro-Regional
Meshed Core Structures

Node Type Occurrence Nodes
Data Center 1% 5
National Central Office 5% 24
Regional Central Office 70% 336
Regional Central Office (no hub) 24% 115

R33C

R
R35A R36A R34C

Fig. 3. Example of a regional metro core three-ring structure
(national nodes in green and regional nodes in blue).

parameters can be defined, including the average length of
each ring in the structure and the average number of local
nodes per ring.

C. Metro Aggregation

Finally, the metro aggregation networks are designed based
on a horseshoe structure where its ends are nodes from the
regional metro core structure. The number of nodes com-
posing the horseshoe may vary (including both regional end
nodes—in blue—and local nodes—in yellow—as shown in
Fig. 4), with up to nine nodes in some of them. Statistics for
the number of nodes and the metro aggregation design from
one of these operators are shown in Tables 5 and 6.

This information is useful in order to create different topol-
ogies that represent realistic scenarios for techno-economic

Rxyz
A4l A42 A43 A44

® @ @ ®

15.2 10.9 10.7

(Densely populated area)

36.5 301 23.6 (Sparsely populated area)

Fig. 4. Example of regional metro aggregation horseshoe (regional
end nodes in blue and local aggregation nodes in yellow).

Table 5. Statistics for the Number of Nodes in a
Metro Aggregation Horseshoe (Numbers Include End
Nodes)

Number of Nodes Occurrence
3 10%
4 19%
5 21%
6 27%
7 14%
8 5%
9 4%
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Table 6. Statistics for the Length of the Horseshoes
in the Metro Aggregation Network

Length of Horseshoes (km) Occurrence
15-50 25%
50-100 40%
100-200 29%
200-302 6%

studies. They are the basis for the design of our proposed
solution, i.e., the MoleNetwork tool.

4. PROPOSED SOLUTION

The MoleNetwork tool is split into several modules that can
be combined together. It follows a modular infrastructure so
different strategies for backbone/metro network generation
and clustering can be added. It is written in Python and is
supported by widely used libraries such as Matplotlib, NumPy,
Sklearn, SciPy, or NetworkX, among others. The tool is open
source, and it is publicly available [32]. The workflow to
create a topology is described in Fig. 5, where the different
steps (backbone generation, clustering, metro core and metro
aggregation generation) are shown with their respective inputs.

A. Backbone Generation and Clustering

In this subsection, different algorithms for backbone genera-
tion are explained. Then, a description of the method to cluster
backbone nodes into groups to create the reference nodes for
the different metro core regions is presented.

Node, type and link statistics
Layout strategy Backbone
Generation
Coordinate of nodes
Algorithi H -
gorithm & Hyperparameters Clustering

Metro Core Region
Generation

*@

Metro Aggregation
Reglon Generation

s

Backbone + Metro Core +
Metro Aggregation Topology

Node, type and link statistics
Layout strategy

Node, link and horseshoe statistlcs

Fig.5. MoleNetwork generation workflow.

1. Backbone Generation

Backbone generation is provided using a generic abstract
model that can be implemented following different strategies.
The tool brings by default three possible options: (1) generat-
ing a mesh network based on statistical values of parameters,
(2) creating a set of interconnected twin nodes (as in [30])
close to each other, and (3) using an approach similar to the
region-based distribution proposed in [19] with connectivity
based on Waxman that was described in Section 2. Additional
strategies can be added in a modular way (e.g., Gabriel graphs).

For the mesh network strategy, the user provides statistics
regarding degree connectivity such as the ones in Table 1
(degree, probability), percentage of nodes perc_type per type
(e.g., national or regional central offices), the strategy str_zype
to assign types to nodes (e.g., random, degree connectivity),
the total number of nodes nodes in the network, and a set of
distance ranges and proportions as an expected statistical dis-
tribution for the links (see link length range and occurrence in
Table 2). It also selects one of the available topology placement
(layour) strategies (e.g., Spring or Kamada—Kawai [33]) from
the underlying libraries.

It is also possible to make the program automatically run a
number of iterations, and a combination of the existing genera-
tion and topology placement strategies and return the one that
better fits the statistics for link length.

The algorithm is presented in Algorithm 1. Five inputs
are expected: the degree connectivity statistics (i.e., degree,
probabiliry), the total number of nodes (nodes), the percentages
for each type of node (perc_type), and the selected strategy
to generate the node positions (strategy). With this informa-
tion, the first step is to generate the degree connectivity of
the nodes (line 31), i.e., the number of links to be created
from each node, based on the statistical information (degree
and probability) provided as input (lines 2-3). The total sum
of degrees should be even as each link has two ends. In case
this does not hold, one of the nodes with the lowest degree
increments its value by one (lines 4-6). A valid graph is then
created, achieving the expected connectivity degree of the
nodes by using the configuration model [34,35], removing
parallel edges and self-loops and validating that the graph is
connected and has node survivability (lines 7-16). Edge sur-
vivability is ensured by applying k edge augmentation [36] if
needed (lines 13-16). Types are assigned to nodes according to
the strategy defined in sz7_gype (currently supporting between-
ness centrality, node degree, or random assignment) based
on the proportions specified in perc_type, using this assign-
ment to rename the nodes by including their type as a prefix
(lines 17-20). The layout is applied and optimized in several
steps (lines 21-27): (i) generating the coordinates of the nodes
based on szraregy, (ii) defining actual distances diszs by scaling
up the existing layout using the defined distance ranges (and,
in particular, the maximum distance), (iii) assigning colors for
the graph based on the assigned types, (iv) optimizing by incre-
mentally rearranging the position of the nodes to match the
expected distance statistics, and (v) testing possible re-scaling
based on different maximum lengths. If several iterations or
strategies are selected, compare the mean absolute percentage
error metric (MAPE) [37] over the expected distances and
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Algorithm 1.
Process

Network Generation and Optimization

Require: Degree statistics (degree, probability), number of nodes
(n_nodes), node type percentages (perc_ype), strategy (layout),
distance ranges (ranges), type assignation method (sz7_gype)

Ensure: Connected, survivable, and optimized network graph

1: function GENERATEDEGREES(degree, probability, n_nodes)

2: for ; = 1 to n_nodes do
3: degree, <— RandomDegree (degree, probability)
4: if ), degree, is odd then
5: Increase degree of the lowest degree node by 1
6: return {degree, }
7:  function CREATEVALIDGRAPH (degrees)
8: while True do
9: graph < ConfigurationModel(degrees)
10: Remove parallel edges and self-loops from graph
11: if IsConnected (graph) and
NodeSurvivability(graph) then
12: return graph
13:  function ENSUREEDGESURVIVABILITY (graph)
14: if NotEdgeSurvivable (graph) then
15: graph < ApplyKEdgeAugmentation(graph)
16: return graph
17:  function AssioNTYPESNAMES(graph, perc_type, str_type)
18: for each graph.node 7 do
19: Assign type based on perc_type and str_type
20: Rename node (e.g., NCO14)
21:  function OPTIMIZELAYOUT (graph, strategy, ranges)
22: pos < AssignCoordinates(straregy)
23: dists < ScaleDistances(pos, ranges)
24: AssignColors(graph. nodes)
25: while NotOptimized(pos, dists) do
26: RearrangeNodesToMinimizeDistanceError (pos, dists)
27: PerformRescaling(pos, ranges)
28: function SELECTBESTITERATION (iterations)
29: Compute MAPE for each iteration
30: return iteration with minimum MAPE

31:  {degree;} <= GENERATEDEGREES(degree, probability, nodes)
32:  graph < CrEATEVALIDGRAPH ({degree,})

33:  graph <— ENsUREEDGESURVIVABILITY(graph)

34:  graph < AssiGNTYPESNAMES(graph, perc_type, str_type)
35:  graph <— OrTIMIZELAYOUT(graph, strategy, ranges)

36:  if Multiple iterations selected then

37: SELECTBESTITERATION (iterations)

select the best fit. The twin-node strategy uses the same input
parameters, just forcing the total number of nodes to be even.
The process will place half of the nodes with a reduced topol-
ogy, including all links, and then create the twin nodes next
to the original ones and split the original links between both
twins.

The strategy based on [19] uses the average degree connec-
tivity instead of the whole distribution to build a network.
As previously explained, the nodes are allocated in regions,
and some rules are applied to the connections within a region
and between regions, also using Waxman [17] probability to
complete the link distribution. The original paper provides a
more detailed description.

Mesh & Twin-Based Topologies Waxman-Based Topologies & number of regions

0.008

n —— Spectral -~ Waxman 12 Regions

—— Spring —-— Waxman 14 Regions
—— Waxman 15 Regions

/
0.007 Y
—— Kamada

--- Twin_Spectral
! -- Twin_Spring
0.005 h --- Twin_Kamada

0.006 —

0.004

0.003

0.002

0.001

0.000

o 100 200 300 400 500 600 o 100 200 300 400 500 600
Distance Distance

Fig. 6. Distribution of distances for a 100-node architecture and
different layout strategies previous to optimization.

To help guide the selection of the appropriate backbone
generation strategy, we compare the distance distributions
produced by different algorithms (previous optimization step)
for a 100-node topology within a 600 km spatial boundary
(see Fig. 6). Mesh-based approaches (Spectral, Spring, and
Kamada) tend to yield a more uniform distribution of link
lengths, making them suitable for topologies that span large
geographic areas with a mix of long-haul and regional links.
Twin-node variants of these layouts concentrate links over
shorter distances due to the close placement of node pairs,
mimicking highly redundant regional designs. In contrast,
the Waxman algorithm emphasizes intraregional connectiv-
ity, resulting in a higher proportion of short-distance links.
This makes Waxman especially suited for topologies reflecting
clustered or hierarchically structured networks. These char-
acteristics can help users align the topology generator with
expected physical infrastructure constraints or operator design
philosophies.

As previously pointed out, MoleNetwork supports executing
multiple iterations of the topology generation process, not as
a convergence algorithm but as a sampling-based approach.
The instance that best matches the expected link-length dis-
tribution is selected using the MAPE as the evaluation metric.
For example, using the spectral layout with a 100-node topol-
ogy designed to reflect TIM-like characteristics, the MAPE
improved from 9.93% in the first iteration to 4.79% after five
iterations and down to 2.16% by the sixteenth. This demon-
strates that, while early iterations often yield reasonably good
matches, executing more iterations increases the likelihood of
producing a statistically accurate topology aligned with target
distribution profiles.

2. Clustering of Backbone Nodes

An additional functional component is available in order to
cluster the backbone nodes to create the metro regions for
later metro core network generation. Two different implemen-
tations have been completed, i.e., clustering based on only
the distance between nodes, and another option taking into
account the distance and connectivity (existing edge between
nodes). Both of them use a “density-based spatial clustering of
applications with noise” (DBSCAN [38]) clustering algorithm,
which groups nodes based on spatial density, requiring two key
parameters: the € parameter (maximum neighborhood radius)
and min_samples, the minimum number of neighbors a point
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needs to have to be considered a core point (the tool sets it to
one so isolated clusters could be created). The user can force
avoiding leaving single nodes avoid_single (pairing them with
existing ones). An alternative bisecting K-Means clustering
option [39] has been included for those who prefer to select the
number of clusters. Both DBSCAN and bisecting K-Means
offer useful advantages depending on the clustering scenario.
DBSCAN is particularly well suited for geographic clustering
tasks where the number of clusters is unknown or variable, as
it does not require this to be specified in advance. It can iden-
tify clusters of arbitrary shape and handle outliers naturally,
which is beneficial in topologies with irregular population
distribution or isolated backbone nodes. In contrast, bisecting
K-Means offers more control and consistency when a fixed
number of clusters is desired. It is computationally efficient
and tends to produce balanced cluster sizes, making it useful
for synthetic studies or comparative scenarios where uniform
metro coverage is needed. By supporting both methods, the
framework allows users to choose the clustering strategy best
suited to their planning needs. An example of the result of the
process of creation of metro regions is included in Fig. 7.

The detailed process for the distance-only-based clustering is
presented in Algorithm 2. Four parameters are required: (1) the
nodes of the graph and related coordinates (nodes, coord),
(2) the € parameter for the DBSCAN algorithm or the number
of clusters n_clus for the bisecting K-Means algorithm, (3) a
flag (avoid_single) to indicate if single nodes are allowed after
the clustering process, and (4) the selected clustering algo-
rithm (e.g., DBSCAN) algo_clust. First (lines 26 and 1-2),
nodes from the topology are split between those that will take
part in the metro regions (filtered) and those (other) that only
belong to the backbone network (e.g., transit nodes). Then the
coordinates coord of the filtered nodes are used to cluster the
nodes into labels (line 27) using either the DBSCAN algorithm
based on the Euclidean distance or the bisecting K-Means
based on the number of expected clusters (and lines 3-9). All
the other nodes are grouped into a virtual cluster with a new
label label, . (lines 28 and 10-13). When no single nodes
are allowed (lines 29-30), a function is run to reassign them
(lines 18-24) to existing clusters using the nearest neighbor
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Algorithm 2.
Creation

Require: Set of nodes (70des), coordinates (coord), DBSCAN
parameter (€)/BisectingKMeans parameter 7_clus, flag
(avoid_single), selected algorithm algo_clust

Ensure Cluster assignments for nodes, with or without single-node

Node Clustering for Metro Region

adjustment

1:  function FILrTERNODES(n20des)

2: return nodes excluding transit-only nodes

3:  function AppLYCLUSTERING (filtered, € [n_clus, algo_clust)

4: coord < Coordinates(filtered)

5: if algo_clust is DBSCAN then

6: labels < DBSCAN (coord, €, Euclidean)

7: else

8: labels < BisectingKMeans(coord, n_clus)

9: return /abels
10: function VIRTUALCLUSTEROTHER (n20des, labels)
11: label,,,. < max(labels) + 1
12: Assign label,,, to all transit-only nodes
13: return updated labels
14:  function NEARESTNEIGHBOR(720de;, nodes)
15: Build K-D Tree with nodes(excluding node;)
16: node,y, < KDTREE_Query(node;)
17: return 70de,,
18:  function REAsSIGNSINGLENODES(n20des, labels)
19: for each node node; with cluster label label; do
20: if ClusterSize (label;) = 1 then
21: node,y, < NEARESTNEIGHBOR(node;, nodes)
22: label, g, <— Cluster label of node,g,
23: Assign label,y, to node;
24: return updated labels

25: [/ Main Algorithm Flow

26:  filtered, other < FILTERNODES(n0des)

27:  labels < AppLYCLUSTERING (filtered, € [n_clus, algo_clust)
28:  labels < VIRTUALCLUSTEROTHER (other, labels)

29:  if avoid_single is true then

30: labels <— REAsSIGNSINGLENODES(fr/teredNodes, labels)
31: return labels

algorithm (lines 14—17) to find the nearest cluster (the nearest
node and the associated cluster).

For the distance and connectivity-based clustering, the
previous process is specialized so only the elements that are
connected to each node are considered in order to build the
cluster, i.e., two nodes node; and node; can belong to the same
cluster only if there is an edge edge, j between them or they
are connected through other nodes from the same cluster
(e.g., edge;k and edge, j with node, also belonging to the clus-
ter). This is done for the original construction (separating those
nodes that are not connected) and also for the reassignment
of single nodes (considering only the nodes connected when
finding node,).

Taking into account that the user might want to custom-
ize the structure, a graphical user interface has been created
(manuals available at [40]). In this interface, users can fine-
tune the specific input parameters and choose the appropriate
implementation of the backbone generator and clustering
mechanisms (with the related constraints), but they can also
create and drop links from the generated architecture and rede-
fine the link length ranges (setting the longest link distance)
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to re-run the process with different statistics for the generated
lengths.

The results (nodes, links, and additional information) are
currently being written to an Excel file (and the topology to an
image file) to be used as input for other tools.

Notice that this Excel file can then be manually modified or
adapted to change any information as desired (e.g., modify-
ing the metro regions, dropping nodes or links, or changing/
swapping node types) and can be reloaded into this module for
further process.

B. Metro Core Generation

Two options are provided in the tool to generate metro core
structures: generating a specific metro core network by defining
only statistical parameters (not based on a previously created
backbone) or reading clusters created by the backbone module.

Metro generation is also driven by a generic model that is
implemented through different strategies. In this case, it is
possible to create a metro mesh or a ring-based topology for a
metro region following the structures defined in Section 3.

When creating a metro mesh structure, it requires similar
parameters as in the backbone, i.e., degree connectivity statis-
tics, number of nodes per type, the strategy to assign types to
nodes (e.g., random, degree connectivity), the total number of
nodes, the link length distribution, and the algorithm for lay-
out. The behavior of this part is similar to the mesh generation
for backbone networks.

If information is read from the previously generated back-
bone network, it is possible to choose one of the created metro
regions and build a mesh network based on it. In this case, the
previously commented parameters are also considered. The
only change has to do with the percentage of national central
offices that were defined in the “number of nodes per type.”
This value is no longer used and, instead, the actual nodes
defined within the cluster are utilized.

The process for creating a single metro core mesh structure
is described in Algorithm 3. The program can iterate over the
previous backbone clusters and call this algorithm for each of
the regions if required. It receives as parameters the main nodes
from the backbone network that take part in the metro region,
the types of nodes and proportions gpes (including national,
regional, and regional non-hub), the total number of nodes
to include in the topology (7_nodes), the statistics about the
degree connectivity (degree, probability), and the strategy for
layout and the expected lengths and proportions (ranges).

First, the main nodes of the region are selected independ-
ently (one by one) to generate subnets within the metro region
where several regional offices are placed around each national
node in the cluster. Let us call these parts of the region as
subregions. A distribution for the types, degree connectivity,
and a number of nodes is assigned to each subnet (line 11) to
specify the subsets of regional nodes/non-hub nodes that will
be created for that subregion. An empty graph is initialized
(line 10), and each subregion represented by a main node is
processed independently calling GenerativeDegrees (line 12),
CreateValidGraph (line 13), EnsureSurvivability (line 14),
and AsignTypesNames (line 15) in the same way as we did in

Algorithm 3. Metro Core Region Generation

Require: Main nodes (mmain), node type distribution (#pes), number
of nodes (n_nodes), degree statistics (degree, probability), node
type percentages (perc_type), strategy (strategy), distance ranges
(ranges), type assignation method (sz7_gype)

Ensure: Final merged topology with expected connectivity

1: function MERGESUBNETS (t0pologyl, topology2)

2: Rename nodes to avoid conflicts and maintain sequence

3: Select random edges: ¢, from fopologyl and e, from
topology2

4: Identify nodes: s1,, 51, from e and s4,, 525 from e,

5: Merge topology2 into topologyl

6: Remove e and ¢, from merged topology

7: Create new links: 51, <> 55, and 51, <> 525

8: return merged topology

9: dist < Evenly distribute ypes and n_nodes among main
subnets

10: graph < @

11: fori =1 to main do
12: deg < GENERATEDEGREES(degree, probability, disti])

13: subnet; < CREATEVALIDGRAPH (degs)

14: subnet; < ENSURESURVIVABILITY (subnet;)

15: subnet; < AsSIGNTYPESNAMES (subnet;, perc_type, str_type)
16: if ; =1 then

17: graph <— subnet

18: else

19: graph <— MERGESUBNETS(graph, subnet;)

20: if Multiple iterations selected then

21: SELECTBESTITERATION (Zterations)

22: graph <— OpTIMIZELAYOUT(graph, strategy, ranges)
23: return graph

Algorithm 1. Each subregion is added to the graph (lines 16—
19 and 1-8), renaming the nodes to avoid conflicts (line 2),
and then merging the subnets by selecting one link from each
of the subregions (line 3) and the corresponding nodes (line 4),
breaking those links (line 6) and connecting together the ele-
ments from the old topologies (line 7). For instance, assume
office REG011 was connected to REG012 in one subregion
topology, and REG021 and REG022 were connected within
another subregion, and those links have been selected. The
links are dropped, and new links are created between REGO011
and REG021 and between REG012 and REG022 so the sub-
regions are now joined with survivability and the offices keep
their connectivity degree.

It is also possible to define a ring-based approach for metro
core generation. For this, the particular implementation uses
the definition of different ring-based structures and statistics
made by Telefénica in the context of the European ALLEGRO
and SEASON projects and in [30], and it ignores any of the
parameters defined for metro mesh generation.

These structures use two nodes from the backbone as
the main nodes and one or several (1, 2, 3, 4, or 6) rings are
deployed between them. The main inputs for this approach
are the number of rings nrings composing the structure (1-6)
and the names of the two backbone nodes (endl and end?2)
used as ends of the rings (e.g., NCO15 and NCO15_TW).
Optionally, a prefix (pref) and an initial index (init_idx) can
also be provided to customize the name of the newly generated

Authorized licensed use limited to: UNIVERSIDAD CARLOS IlIl MADRID. Downloaded on October 08,2025 at 08:07:40 UTC from IEEE Xplore. Restrictions apply.



RCOB

.KOnM mala
ek - ns;n VJg‘l
s
NCOL
w [ 3 RCONh2 3318
8 ® lugsn
RCO1 RCOnh3
[y ®eo3
v *
wcos gt R ragen L) negao
o
RCO4
S
RConhe o - a‘c n:asc
Rco11Rc017 RCQ16 7
[ ] 01 e
RCO1S o
3 K??hg AW ngsc
. ¢
W B—Agvsc
R3-33C
“ﬁ;ﬂ ® LP28
Fig. 8. Examples of metro core structures generated by

MoleNetwork. Left: meshed structure, right: ring-based structure
with three rings of regional nodes ended on two backbone nodes.

nodes (e.g., to associate them with the cluster they belong to or
the end nodes). Although average lengths are defined for the
different segments of the rings, a variability parameter (var) is
also optionally provided to introduce some noise in the actual
length value for each segment of every ring. The algorithm to
generate the ring structures is simple and, consequently, is not
detailed in this paper, but it basically takes the reference ends
of the horseshoes and generates lengths and nodes based on the
statistics similar to the metro aggregation algorithm that will be
presented in later sections.

Examples of a metro mesh structure and a three-ring-based
structure generated by MoleNetwork are shown in Fig. 8.

The generation of metro core networks also provides a
graphical user interface that lets the user parameterize the
system but also read the backbone-generated Excel file, retrieve
the clusters, and choose one of them to generate the metro core
network. Additionally, if a single metro region is to be created,
the GUI makes it possible to define the names of the national
nodes instead of generating them sequentially.

The information can be stored in an Excel file (that can be
the same as the backbone one, merging some information)
with the image stored as a file as well.

It is possible to modify this file to adapt information if
required and load it again into the application for visualization
purposes.

C. Metro Aggregation Segment

MoleNetwork also provides a way of generating metro aggre-
gation networks mapping them to horseshoe/ring structures.
The program receives by default a set of possible length ranges
length_ranges for the horseshoes together with their probability
length_prob, as well as the possible number of hops hops_nums
also with a probability distribution hops_prob.

The GUI also requires loading a previously generated metro
core structure to use their elements as ends for the horseshoes.

In this case, when a structure is created, it is drawn as a
straight line (Fig. 9), with specific regional nodes used as ends.
They are split into different segments corresponding to the
hops, with specific lengths based on a selected range. The

R3-31A LCO_R3-31A R3-32A_1 LCO_R3-31A _R3-32A2 R3-32A
® L L L ]

Fig. 9. Example of a metro aggregation horseshoe drawn as a
straight line.

actual shape of the structure would be, as previously com-
mented, a ring or horseshoe, but in terms of representation, all
the information is provided by the specific hop distances.

The parameters provided to the algorithm for the generation
of a single horseshoe are the initial and final node names (end1
and end2) selected from the metro core topology, an initial
index 7dx that will be used to name the nodes sequentially, and
the number of hops for the horseshoe Aops. The user can then
select a specific length range length_range or let the algorithm
choose one based on statistics. Optional parameters include a
prefix for the node names pref (that may be used to include the
number of the horseshoe or its ends) and a mapping from node
types to colors for the graphical representation dict_colors.

The process works as described in Algorithm 4. The algo-
rithm chooses one range from the existing length_ranges based
on length_prob and defines a total length len_horseshoe for the
horseshoe based on a uniform distribution on the chosen range
(lines 30 and 1-4). Then, the local node (hops — 1) locations
are selected by generating random values within the horseshoe
length (lines 31 and 5-8). A graph is created by placing the end
nodes and the local nodes based on the position, creating links
between contiguous nodes, and assigning their types (lines 32
and 9-17). Then colors are assigned to the nodes based on
their type (lines 33 and 18-20), positions are defined based
on the location values (line 34), and a graphical representation
is generated (line 35). Finally, the reference regional COs are
computed, looking for the nearest one to each node (lines 36
and 25-29).

In the GUI for metro aggregation generation, apart from
uploading the previously commented metro core Excel file, the
user can choose the parameters for the horseshoe generation
and run the algorithm.

Additionally, it is possible to change the statistics for length
ranges and number of hops.

There is also a function to generate a set of horseshoes in one
operation, without requiring doing it one by one. This is done
by including the number of subnetworks to create and letting
the program dynamically select the length, number of nodes
(based on the statistics), and both ends of each subnetwork
(randomly choosing the first end and selecting the second end
based on some requirements).

The process for bulk horseshoe generation is detailed in
Algorithm 5. First, it removes all the nodes that are not tak-
ing part in metro aggregation networks based on their types,
and their related links (e.g., regional non-hub/transit nodes,
lines 25 and 1-4). Then, it validates that there are at least two
candidates in the metro core network that can have the role of
end nodes in the horseshoe (lines 26 and 5-7). The number
of hops for all the # horseshoes is generated using a random
function based on the statistics (lines 27 and 8—10). The first
ends of the 7 horseshoes are randomly allocated among the
candidates (lines 28 and 11-13), but ensuring that candidates
from the metro network take part at least in one horseshoe.
The second ends are selected as the closest (linked if the rest
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Algorithm 4. Metro Aggregation Topology Generation

Require: Length ranges (length_ranges), length probabilities
(length_prob), number of hops (hops), color mapping
(dict_colors), initial and final ends of the horseshoe (end1, end2),
naming index (idx).

Ensure: Generated horseshoe graph with node positions, colors, and

reference nodes
1: function SELECTRANGE (length_ranges, length_prob)
2:  chosenRange <— Random selection from length_ranges based on
length_prob
len_horseshoe <— UniformRandom (chosenRange)
return len_horseshoe

: function LocaLNoDELocATIONS (lern_horseshoe, hops)

Generate hops — 1 random values in [1, len_horseshoe]

loc_local <— Sort the generated values in ascending order

return loc_local
9: function CREATEHORSESHOEGRAPH (loc_local)

10:  Initialize empty graph horseshoe

11:  Add node endl with type “regional”

12:  for each location in loc_local do

PN D W

13: Add node with type “local” CO at the location
14: Create edge from the previously added node to the
currentnode

15:  Add node end2 with type “regional” CO

16:  Connect the last local node to end2

17:  return horseshoe

18: function TyresToCoLors(horseshoe, dict_colors)

19:  for each node in horseshoe do

20: Assign color based on node type using dicz_colors
21: function DErFINEPOSITIONS (loc_local, horseshoe)

22:  Assign positions to nodes in horsehoe based on loc_local
23: function GENERATEGRAPH VISUALIZATION (horseshoe)
24:  Prepare graphical representation of horseshoe

25: function REFERENCERCOSs (horseshoe, endl, end2)

26:  Add dummy node connected to endl and end2

27:  for each node in horseshoe do

28: Compute shortest path to endl and end2

29: Assign reference regional node as the closer end
30: len_horseshoe <— SELECTRANGE(length_ranges, length_prob)
31: loc_local < LocaLNoDELoCATIONS (len_horseshoe, hops)
32: horseshoe < CREATEHORSESHOEGRAPH (loc_local)

33: horseshoe <— TyresToCovLoRs(horseshoe, dict_colors)

34: horseshoe < DEFINEPOSITIONS(loc_local, horseshoe)

35: GENERATEGRAPH VISUALIZATION (horseshoe)

36: horseshoe < RErFERENCERCOs(horseshoe, endl, end?2)
37: return horseshoe

restriction is applied) nodes from the first ends (lines 29 and
14-20). Then, for each horseshoe, a prefix is created including
both end names as part of the string (lines 31 and 21-22),
and Algorithm 4 is called for each one of them, passing all the
required parameters.

D. Algorithmic Complexity and Performance
Evaluation

This section analyzes the computational complexity of the
topology generation modules in MoleNetwork. The values
were validated by empirical execution times across different

Algorithm 5. Multiple Horseshoe Generation in a
Metro Core Network

Require: Metro core network (metroNetwork), number of horseshoes
(n), hop statistics (hopSatatistics), valid node types
(validNode Tjpes), link restrictions (7esz), horseshoe generation
parameters
Ensure: Generated 7 horseshoes connected within the metro core
network
1: function FILTER (metroNetwork, validNode Types)
nodes <— nodes of metroNetwork with types in validNode Types
edges < edges connecting only valid nodes

function VALIDATEMETRONETWORK (m2etroNetwork)
if NumberOfNodes(metroNetwork) < 2 then
Abort: Metro network must have at least two nodes.

8: function SELECTHOPSFORHORSESHOES(72, hopStatistics)

9:  Select 7 hop values using provided statistics
10:  return list_hops_horseshoes
11: function FIRSTENDNODES(n0des, )
12:  Randomly select 7 nodes from nodes
13:  return list_firstend_horseshoes
14: function SECONDENDNODES (ends; , nodes, validEdges, rest)
15:  for each firstEnd in ends; do

2:
3:
4:  return nodes, edges
5:
6:
7:

16: if rest is true then

17: Select closest linked node as second end
18: else

19: Select closest node as second end

20:  return list_secondend_horseshoes

21: function DEFINEPREFIX (en2d], end2)

22:  return Prefix string(e.g., LCO1_endl_end2)

23: function GENERATEHORSESHOE(end1, end2, hops, prefix, ...)

24:  Call previously defined horseshoe generation algorithm
(Algorithm 4) with provided parameters

25: nodes, edges <— FILTER (metroNetwork, validNode Tjpes)

26: VALIDATEMETRONETWORK (72¢troNetwork, nodes)

27: hops < SeLecTHOPSFORHORSESHOES (72, hopStatistics)

28: ends, < FIRSTENDNODES(#0des, )

29: ends, <— SECONDENDNODES(ends; , nodes, edges, rest)

30:fori=11to n do

31: prefix <— DEFINEPREFIX(ends, [1], ends,[7])

32: horseshoel 7] <~ GENERATEHORSESHOE

(ends,[1], ends,[1], hopsli], prefix, ...)

network sizes, using an Apple M2 with 64 GB RAM and
Python 3.12.

1. Backbone Generation

The backbone generation process involves multiple steps.
Although the force-directed layout algorithm (e.g., Kamada—
Kawai or Spring layout) contributes to the overall computa-
tional cost, its impact is relatively minor, accounting for only a
small fraction of the total execution time.

The dominant cost, exceeding 97% of the total genera-
tion time, comes from an optimization step, RearrangeNodes
ToMinimizeDistanceError (see Algorithm 1). This function
adjusts node positions to better align the distribution of link
lengths with predefined distance targets. Despite its compu-
tational intensity, this step substantially improves accuracy,
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Nodes versus time for backbone generation.

reducing the MAPE from 12% (the best result after 30 itera-
tions using the spectral layout alone) to as low as 2.22% after
optimization. The method performs matrix-based coordinate
optimization, with a potential computational complexity
approaching O(#7?). Due to its performance impact, this
component is a primary candidate for optimization in future
versions.

Empirical tests confirm a cubic growth trend. As shown
in Fig. 10, MoleNetwork generates backbone networks with
execution times that closely follow cubic approximations on
the tested hardware.

2. Clustering

The clustering process runs in the experimental environment
in less than a millisecond. The DBSCAN algorithm has an
average-case complexity of O(7 *logn), while bisecting K-
Means have a complexity of O(k* 7% d) with % being the
number of clusters and 4 the dimensionality (two dimensions
in our case), so we can assume it is linear with 7. The experi-
mental results (omitted here for brevity) support this behavior.

3. Metro Core Generation

Metro core regions are generated independently for each clus-
ter of backbone nodes. In the case of mesh-based generation,
the computational cost is similar to the backbone one.

For ring-based generation (as used in Telefénica-style topol-
ogies), the process is deterministic and sequential, with a time
complexity of O(#). In practice, runtimes are typically below
one hundredth of a second per region.

4. Metro Aggregation Generation

The metro aggregation networks follow a horseshoe structure
with a small, fixed number of nodes (typically 3-9, including
the end nodes) with linear complexity. However, the bulk gen-
eration uses a KDTree algorithm to select the nearest ends to
create the horseshoes, resulting in a O(4 * log /) complexity,
where /4 is the number of horseshoes. In practice, generating
100 horseshoe structures takes only a few seconds.

5. TOPOLOGICAL VALIDATION

A topology, Italy2k, has been created based on the statistics
in Tables 1 and 2 for the backbone network, Tables 3 and 4
for the metro core structure, and Tables 5 and 6 for the metro
aggregation horseshoes. The Excel file with information for
the topology is available at the GitHub repository [41]. A ver-
sion with only the backbone information has also been made
available [42].

Figure 11 shows the backbone network that was generated
using MoleNetwork, with 52 nodes (43 national nodes and 9
transit nodes) and 14 metro core regions (clusters excluding
transit nodes) with different numbers of reference nodes (from
1 to 6). There are 86 links, with 13 of them in the range of
0-50 km (15.1% versus 15.5% expected), 15 in the range of
50—100 km (17.4% versus 16.9% expected), 29 in the range of
100-200 km (33.7% versus 33.8% expected), 22 in the range
of 200—400 km (17.4% versus 16.9% expected), and 7 in the
range of 400-600 km (8.1% versus 8.5% expected). In terms
of degree connectivity, there are 11 nodes with 2 connections
(12 expected), 21 with 3 connections (21 expected), 13 with
4 connections (14 expected), and 7 with 5 connections (5
expected), which are also acceptable values. For this part of
the network, the MAPE for link length distribution is 2.7%,
confirming excellent alignment with expected distance classes.
The degree distribution yields a MAPE of 13.87%, with the
largest deviation caused by overrepresentation of nodes with
five connections, a small category where minor differences are
magnified (notice that the original percentages were calculated
with a reduced number of nodes and links). Overall, the results
show that the generated backbone closely follows the expected
structural properties. To create the clusters, we used DBSCAN.
Although it does not require specifying the number of clusters
directly, we empirically tuned the eps parameter to obtain a
number of metro regions consistent with known deployment
expectations. This approach allowed flexibility in cluster shape
while maintaining realism in metro region counts. Notice that,
if required, the Excel file can be fine-tuned to correct a specific
node position and reloaded into the application to generate
the clusters. In addition, links can be added or deleted in the
application if required.

The 14 metro core networks were generated, and one exam-
ple is presented in Fig. 12 (region with 5 national nodes and 65
total nodes).

Table 7 shows the statistics for the degree of connectivity of
nodes in the generated clusters. With a total number of 460
nodes in the different regions (between 11 and 77 depending
on the region), the percentages for the different link length
ranges are similar to the expected values with a small variation
for the 2-degree and 3-degree connectivity. Looking at the
actual numbers, the difference translates into only 12 nodes
out of the 460 that have a higher connectivity degree than
expected. The reason behind this difference is that the regions
are created separately with a fixed number of nodes in each
cluster, which makes it difficult to fine-tune the exact percent-
ages per region. The number of reference nodes per region can
be found in the last column of the table, summing up to the 43
non-transit nodes from the backbone network.
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Fig. 11.  Synthetically generated backbone based on statistics.

Table 8 shows the statistics for the link lengths of the gener-
ated clusters. With a total number of 649 links in the different
regions, the percentages for the different link length ranges
are quite close to the expected values even with the difficulty
introduced by the reduced number of links in many of the
regions.

We also calculated the MAPE metric for both node degree
distribution and link length distribution. The MAPE for the
node degree distribution is 4.23%, indicating strong alignment
with the statistical targets. Similarly, the link length distribu-
tion across metro core regions shows a MAPE of 4.57%, with
the majority of the variation coming from the 80-120 km
range. These results confirm that the generative process pro-
duces topologies that closely follow the intended structural
characteristics.

For the metro aggregation horseshoes, as previously pointed
out, the number of hops per horseshoe is generated following
a given distribution of probabilities. Table 9 shows the result

Research Article

Fig. 12.  Sample region with five national nodes and a high num-
ber of nodes.

of applying that distribution to the 605 horseshoes gener-
ated. In addition to qualitative agreement, we calculated the
MAPE between expected and generated hop counts across all
horseshoes. The result is a MAPE of 9.53%, with the largest
deviations observed in the tail categories (7 and 8 hops), where
sample sizes are smaller. This shows that the generated data are
generally accurate while showing expected variation in sparse
categories. The same pattern is applied for the length of the
horseshoes and the expected length ranges (see Table 10). A
total of 2117 local nodes are generated in the 605 horseshoes,
using the 460 nodes from the metro core network as ends of
the horseshoe. The generated horseshoe lengths match the
expected statistical ranges closely, as confirmed by a MAPE of
3.25%. Most of the minor variation occurs in the shortest and

Table 7. Node Statistics for the Generated Metro Core Regions
Degree Connectivity

Region 2 3 4 5 6+ Nodes BB Nodes
Expected 53% 28% 12% 5% 2% - -
R1 46% 34% 12% 6% 2% 65 5
R2 34% 31% 19% 9% 5% 77 6
R3 55% 36% 9% 0% 0% 11 1
R4 43% 38% 11% 5% 3% 37 4
R5 61% 24% 9% 6% 0% 33 3
R6 56% 26% 9% 9% 0% 34 3
R7 55% 36% 9% 0% 0% 22 2
R8 59% 24% 18% 0% 0% 17 2
R9 64% 29% 7% 0% 0% 28 3
R10 57% 29% 14% 0% 0% 14 2
R11 57% 24% 16% 3% 0% 37 3
R12 43% 36% 14% 7% 0% 14 1
R13 61% 27% 9% 3% 0% 33 3
R14 50% 29% 11% 5% 6% 38 5
Total 50% 30% 13% 5% 2% 460 43
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Table 8. Link Length Statistics for the Generated Metro Core Regions
Link Length Ranges
Region 0-10 10-40 40-80 80-120 Links
Expected 38.6% 36.6% 20.8% 4% -
R1 37% 35% 24% 4% 92
R2 38% 37% 21% 5% 125
R3 39% 36% 21% 4% 14
R4 40% 38% 19% 4% 53
R5 37% 37% 21% 5% 43
R6 37% 37% 22% 4% 46
R7 39% 36% 21% 4% 28
R8 36% 36% 23% 5% 22
R9 38% 38% 21% 3% 34
R10 39% 33% 22% 6% 18
R11 39% 37% 20% 4% 49
R12 38% 38% 19% 6% 20
R13 38% 36% 19% 7% 42
R14 38% 36% 22% 4% 55
Total 37.83% 36.43% 21.18% 4.56% 641
Table 9. Hop Statistics for the Generated Metro Aggregation Horseshoes
Number of Hops
Region 2 3 4 5 6 7 8
Expected 10% 19% 21% 27% 14% 5% 4%
Total % 10% 19% 18% 29% 14% 6% 3%
Total # 59 117 110 177 87 34 21
Table 10. Horseshoe Length Statistics for the additional node with two links was manually added via the
Generated Metro Aggregation Horseshoes GUIL. This resulted in a topology [43] that closely matches the
oo egth Fage sl ik g dibion (e s o 050

. - > - > - > . > an . m),
Region 15-50 >0-100 100-200  200-302 with a MAPE of 3.15%. The degree distribution was also well
Expected 25% 40% 29% 6% preserved, with a MAPE of 6.06%, which is slightly higher
Total % 27% 38% 29% 6% due to some degree values being very small. Additionally,
Total # 163 229 174 39

mid-length categories, while longer distances are reproduced
exactly.

In summary, the Iraly2k topology has a total of 2602 nodes
(43 national, 9 transit, 417 regional, and 2155 local nodes).
The network obtained is inspired by the TIM deployed net-
work; it mimics real topological statistics very accurately (i.e.,
Tables 7-9), but it does not coincide with the real network
(locations, real link lengths, etc.), making it possible not to vio-
late operator confidentiality issues. Overall, the use of MAPE
confirms the statistical validity of the generated topology.
Across all validation dimensions (node degree, link lengths,
hop counts, and horseshoe lengths), the MAPE values remain
under 10%, which indicates a strong fidelity to the defined
statistical models. The Excel file with the topology is available
in the repository.

Two other topologies were generated using MoleNetwork
to validate the capabilities of the tool. First, the approach for
creating twin nodes in the backbone network was applied
to generate a topology based on the information extracted
from TEFNET24 [30], consisting of 105 nodes. Since the
twin-node structure produces an even number of nodes, an

the Telefonica topology MAN157 used in [8] was also repli-
cated [44] using length ranges of [0-5, 5-10, 10-15, 15-30,
and 30-66] with resulting MAPEs of 3.72% for link length
distribution and 4.92% for the degree distribution.

6. APPLICATION TO TECHNO-ECONOMIC
STUDIES

To show an example of the application of the topology for a
technical study, a simulation was conducted for three of the
metro core and metro aggregation regions of the Italy2k topol-
ogy. The three regions analyzed differ significantly in scale and
structural complexity. Region 2 represents a large and dense
network, with a higher number of national (6) and regional
(77) nodes, as well as a rich presence of local central offices
(359) and horseshoe structures (100). Region 13 is a medium-
sized topology, with a moderate number of nodes (3 national
and 33 regional) and intermediate metro aggregation infra-
structure (147 offices in 42 horseshoes). In contrast, Region 10
is the smallest, featuring only a few national (2) and regional
(12) nodes, along with a limited presence of horseshoes (18)
and local central offices (68). These differences reflect varying
levels of network hierarchy and access density, which influence
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the planning and scaling strategies required for each region. In
the study, we consider a 100G license pay as you grow (PAYG)
scheme and using the C-band in the metro aggregation and
the C+L-band in the metro core network. The methodology
assumes 400 Gbps transceivers per channel, a channel sep-
aration of 50GHz with 96 channels in the C-band reaching
120 channels when including the SuperC-band, with another
additional 120 channels in the L-band. The traffic information
and main parameters were generated using the approach and
simulation tool from [8]. The traffic matrix used in the BVT
simulation was synthetically generated, with traffic demands
randomly assigned to each local central office in the range of
20-200 Gbps. Traffic is aggregated at each level (regional and
national) and groomed. A 10-year period is analyzed with a
compound annual growth rate (CAGR) of 40% to calculate
the additional required bandwidth/bitrate variable transceivers
(BVTs) per year. A BVT is a flexible optical transceiver capable
of dynamically adjusting its transmission parameters, such as
modulation format, symbol rate, and bandwidth, based on the
quality of the optical path and network conditions. To estimate
BVT requirements over time, traffic demand is projected annu-
ally for each network node using the previously commented
CAGR. The traffic matrix for each year is then mapped to opti-
cal demands between node pairs. These demands are grouped
by volume and distance, and the appropriate modulation
format and slot width are selected according to distance-reach
tradeoffs. The number of required BVTs is computed by aggre-
gating all optical channels needed to carry the yearly traffic,
factoring in equipment modularity (e.g., 100G, 200G, and
400G) and accounting for grooming efficiency. This approach
is repeated year by year to evaluate the scalability and upgrade
paths of the optical infrastructure. Additional information is
provided in [8].

The increase in traffic generated at the horseshoes, consid-
ering the CAGR, is presented in blue in Fig. 13. With this
increase in traffic, the requirements in terms of BVTs for the
horseshoes are presented in the same figure with dashed lines,
where the C-band is capable of providing enough channels to
carry this traffic in all regions, supposing that traffic from the
nodes is optically transmitted through the horseshoes to both
ends.

Considering that all the traffic is aggregated at the end of
the horseshoes and moved toward the national nodes in the
metro core network, Fig. 14 shows the required BVTs for the

Traffic and C-Band BVT Comparison

—8— Region 10 Traffic
Region 13 Traffic

—e— Region 2 Traffic

—»~- Region 10 C-Band BVTs
Region 13 C-Band BVTs

10000

800000
8000

’g -%- Region 2 C-Band BVTs
2 600000 J f
E P
= 7 6000 8
= b/ 5
= 400000 S 0
= - 4000 O
] -
IS oSS

200000 4 ’x//,x 2 {5000

Fig. 13. Required BVTs at the horseshoes for the increase of traffic

in the three regions for a 10-year period.

BVT Deployment Comparison Across Regions and Bands
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Fig. 14. Required BVTs in the metro core mesh for the increase of

traffic in the three regions for a 10-year period.

three regions in the C-, SuperC-, and L-bands. In the selected
approach, the C+L-band is supposed to be available since
year 1, but the use of the C-band is preferred over the SuperC-
and L-bands, using those only when C-band channels are not
available to traverse all the links in the path from a horseshoe
end to the national nodes. Additionally, when all the channels
are busy in some links of a path, new fiber pairs are deployed.
Notice that, in the real deployment, part of the traffic may
be dropped at the regional central offices if telecommunica-
tions and service edge capabilities are allocated at those nodes,
reducing the requirements in terms of channels.

Figure 14 shows that the C-band is enough to cover the
demand up to year 6 in the three regions (up to year 7 in
Region 2). From year 7 (or 8 in Region 2) on, the SuperC-band
is required as some of the links in a subset of the required paths
have exhausted the C-band channels. In year 8 (year 7 for
Region 13), the L-band starts to grow and keeps increasing
significantly, while the SuperC-band has a slower trend. This
indicates that there are links shared by many paths that have
a high demand for channels to transport traffic. In terms of
number of BVTs, the deployment across regions reflects the
underlying network topology and metro aggregation infra-
structure. Region 2, with the highest number of national and
regional nodes and a dense distribution of horseshoe structures,
exhibits significantly greater BVT growth, including higher
usage of extended bands (SuperC and L) to accommodate
rising capacity demands. In contrast, Region 10’s limited
hierarchy and smaller scale result in much lower transceiver
requirements. These patterns demonstrate the tool’s ability to
adapt transceiver deployment to the structural and topological
characteristics of each region.

In terms of fiber pair deployment trends, Region 2, the
largest and most complex, shows almost flat behavior in fiber
deployment due to its rich mesh connectivity, which enables
efficient traffic distribution across multiple paths and mini-
mizes the need for additional physical links. Region 13 exhibits
a sharp increase in later years, suggesting that spectral capacity
was eventually exceeded, requiring physical expansion. In
contrast, Region 10’s minimal size and traffic result in a nearly
flat deployment curve, indicating that its initial infrastructure
remained sufficient throughout. While adding FPs locally on
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these links could theoretically free up C-band capacity for new
channels, the original FPs on other links remain unchanged.
To ensure end-to-end connectivity, the SuperC-band and L-
band must be used for new channels traversing the entire path.
This avoids conflicts with pre-existing C-band allocations on
unchanged FPs in other network segments.

7. CONCLUSION

This paper has described an open-source tool for developing
backbone, metro core, and metro aggregation networks based
on statistical parameters that can be customized by the user. It
enables the creation of a flow to define the complete backbone
to metro aggregation segments of a particular topology. A new
topology, Italy2k, was created based on operator statistics pro-
vided in the context of two European Union-funded research
projects. The tool and the topology are available at the GitHub
repository.

The different algorithms used to generate the various
network segments have been detailed.

Finally, experiments were completed to check (1) that the
generated topology matches the expected statistics and (2) that
the generated topology can be used in network planning stud-
ies by means of a simple use case based on the use of BVTs as
photonic devices for traffic transportation.

While MoleNetwork provides a modular framework for
the generation of synthetic optical networks, several limita-
tions remain. The current version uses randomly generated
geographic coordinates, which do not reflect real-world pop-
ulation or terrain constraints. Additionally, the validation
presented focuses primarily on an Italian network scenario, and
comparisons with the corresponding real network topologies or
datasets have not been included due to data access limitations.

Future work includes covering the previously commented
limitations and also the incorporation of the access segment
and the definition of new strategies for topology generation
based on artificial intelligence (e.g., machine learning). Recent
advancements in synthetic data generation, such as CTGANs
[45], have demonstrated high accuracy in generating realistic
traffic matrices. Incorporating such machine learning-based
techniques into the MoleNetwork framework could improve
the realism of generated traffic patterns and support more
sophisticated network planning studies.

Moreover, while the current implementation of
MoleNetwork is based on statistical inputs from large
European operators, its modular architecture and customizable
parameters make it adaptable to a wide range of deployment
scenarios. However, further validation and tuning are needed
to ensure its applicability to other geographic and economic
contexts such as less densely connected or developing regions
(e.g., rural Africa or South America). We consider this an
important direction for future work, particularly for studying
cost-efficient network planning strategies in underserved areas.

In addition, MoleNetwork guarantees basic survivabil-
ity by ensuring connectedness and single-failure resilience.
Future work can also explore advanced resilience features,
such as A-link and A-node fault tolerance for £ > 1, as well
as the integration of optimization objectives or constraints
over structural metrics like average path length, betweenness

centrality, and network diameter. These enhancements would
improve the applicability of MoleNetwork for network design

in mission-critical scenarios.
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