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1. Introduction

Large-scale network operation has become a more demanding task over the recent years. The increasing
reach and heterogeneity of these networks, commonly involving the integration of multi-vendor systems,
and the wide variety of services they support, boost the complexity of planning, operations, and
maintenance tasks [1]. Over the past decade, substantial efforts have been made to move away from
traditional approaches that rely on operator expertise, specific models, and vendor-specific tools [2], toward
advanced, flexible, standardized, and closed-loop management and control strategies [3], and toward
software-defined networks (SDN) [4], recently framed within the network digital twin (NDT) paradigm [5].

An NDT dynamically maintains a digital replica of the physical network, enabling real-time monitoring
and decision-making. As a result, operators can leverage digital twins to address the challenges of network
design, operation, and maintenance. This approach supports more comprehensive, integrated, automatable,
and resilient practices across all stages of the network lifecycle. It also facilitates optimization, what-if
analysis, troubleshooting, and impact assessment. Companies such as Ceragon [6], Nokia [7], Viavi [8],
Huawei [9], and Forward Networks [10] offer commercial products aligned with the NDT paradigm.

In our previous works [11], [12], we presented a comprehensive overview of building operator-centric
digital twins for optical transport networks (DTON), and analyzed in detail a soft failure detection case
study. In this article, we further investigate how a DTON can address the challenges posed by cutover
validation. We explore how a NDT can be leveraged to validate and approve planned network cutovers,
ensuring that maintenance actions neither affect paths within the same protection group nor impact the same
circuit multiple times within a maintenance window. In particular, a digital replica enables the integration
of multiple network layers, from fiber ducts to service paths, which can be used to determine potential
1mpacts.

This problem has previously been studied as the task of finding a schedule that maximizes total flow over
time [13], and as the challenge of minimizing outages while scheduling all maintenance tasks [14]. In [15],
the authors studied the task scheduling problem in optical networks focusing on finding algorithms to solve
it. In this work, we present a real-world case study where this capability was developed and deployed across
a large-scale optical network, using an operator-centric digital twin model enriched with geospatial,
relational, and historical data. We apply integer linear programming (ILP) to solve the maintenance task
scheduling problem and discuss the associated implementation challenges. Although our approach relied
solely on ILP formulations, which performed very well at the scale of the deployed network, we plan to
explore algorithmic, heuristic, and even artificial intelligence—based alternatives in future work.

We adopt the definition of a network digital twin consistent with [TU-T recommendations [16] [17] and
prevailing industry literature: a persistent, digital replica of a network that is continuously synchronized
with its physical counterpart, capable of simulating, analyzing, and predicting network behavior under
various scenarios. While an NDT can support all three of these capabilities, the presented use case focuses
primarily on the analysis. More specifically, evaluating the impact of planned maintenance cutovers on
network services and protection schemes. Simulation and prediction remain part of the broader NDT
framework and could be integrated into this workflow in future developments.

By integrating these kinds of scheduling capabilities, a NDT empowers operators to evaluate planned

changes, proactively flag potential risks, and make informed decisions. This results in enhanced network
stability and a significant reduction in service outages caused by misaligned maintenance.
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The remainder of this paper is structured as follows. Section 2 introduces the principal elements required
to model DTON and its implementation. Section 3 analyzes a real-world application focused on planned
cutover validation and approval. Section 4 discusses future perspectives, and section 5 summarizes the key
findings of our work.

2. Digital Twin for Optical Transport Network

One of the main challenges in designing a NDT is developing a data model that accurately represents the
network with sufficient detail while abstracting irrelevant particulars. Such a model should provide enough
detail to adequately document the network yet offer sufficient abstraction to facilitate effective problem
solving. Moreover, the data model significantly influences the types of problems that can be addressed and
solved using the NDT. An overly abstract model may result in poor network representation and solutions
that fail to meet operators’ actual needs. Conversely, excessive detail can limit the scope of solvable
problems. For example, highly detailed models can render the acquisition and maintenance of necessary
information impractical, while computational costs may also become prohibitive in some scenarios. In
general terms, the data model can be conceptualized as a large temporal multigraph. Addressing most of
the common problems requires sophisticated algorithms capable of leveraging multiple, often recursive
relationships and extensive historical data. Consequently, adopting computationally efficient data
representations is essential to ensure these problems remain tractable.

A second issue arises from the fact that the assumption of complete data availability is rarely satisfied in
the practice. Incompleteness can arise from various factors, such as the lack of integration with equipment
from specific vendors, the absence of critical information that must be gathered manually, or the inherent
complexity of modeling network segments not fully owned or managed by the operator. As a result, some
parts of the network are richly documented, while others remain sparsely described. Even though this
situation could be understood as a real-world limitation that could make the implementation of NDT at
optical networks unfeasible, designing a flexible and adaptable data model can help to overcome this
limitation. Moreover, the presence of incomplete data does not reduce the value of the digital twin. On the
contrary, it underscores the need for a flexible and adaptive data model, one that can accommodate varying
levels of detail and still extract meaningful insights from the available information. This adaptability is key
to ensuring the digital twin remains a useful tool for network simulation, analysis, and management, even
in the face of persistent data gaps. Using such a data model can cope with ideal scenarios where the full
network data is available or collectable, but also with real-world scenarios where some data might be
missing or not collectable at some point. For example, in a multi-layer representation of a network, a rigid
data model must rely on the underlying layers to compute interdependence of two network links at a top
layer. Therefore a data gap in a bottom layer could greatly limit the capabilities of the NDT. Instead, a
flexible and adaptable data model can accept abstract relationships between top-level entities that
temporarily replace dependence computation until the bottom layers data is retrieved, enabling the
application of NDT in this kind of situation.
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Figure 1 - Schematic Structure of the DTON Data Model

Regarding the first challenge, determining the optimal level of abstraction in optical networks is particularly
challenging due to the numerous physical, logical, and management entities involved. A common starting
point is the ITU recommendations for Optical Transport Networks (OTN) [18], [19], which offer a
hierarchical layer model ranging from optical sections at the bottom optical domain layer to fully digital
domain entities such as Optical Data Units (ODUs). Each layer acts as a transport layer for the one above
it, with relationships typically involving parallel and/or series multiplexing schemes. The use of this
standard presents an advantage because operators’ networks are primarily structured around entities that
can be mapped to it. Nevertheless, additional requirements remain unaddressed, necessitating extensions to
the model to include elements like cabling, communication devices, and their physical layouts, as well as
services delivered to end users and their corresponding management. This also includes interactions with
management system components from multiple vendors, end-to-end circuit configurations, protection
schemes, and related aspects.

Figure 1 presents a simplified schematic of the data model employed. Due to confidentiality constraints,
further details cannot be disclosed. The diagram centers on the OTN model layers and the aggregation
relationships among them, primarily capturing multiplexing structures. Below these layers are additional
ones illustrating the geolocated physical implementation of Optical Transmission Section (OTS) entities,
such as fiber optic cables and ducts, along with co-location and geographic proximity. Above, we
incorporate layers mapping customers’ end-to-end circuits, and redundancy relationships between them.
Given that operators often lack certain information, additional relationships bypassing intermediate layers
have been implemented. On the figure’s left side, administrative and organizational management entities
are shown, typically including Muliprotocol Label Switching (MPLS) domains, Open Shortest Path First
(OSPF) areas, and subnet divisions, which define routing scopes, fault isolation boundaries, and policy
enforcement zones.
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Every entity representing a communication link, at any layer, is delimited by sites. This structure aligns
perfectly with a graph representation, facilitating the integration of connectivity and routing algorithms.
However, communication links depend on the availability of physical communication equipment.
Therefore, the data model includes entities for actual devices, cards, ports, and so forth. Additionally, we
also model their organization within sites and the occupancy relationships with communication links. This
illustrates the coexistence of multiple redundant relationships—ranging from abstract to concrete—for
different purposes.

As we will see in the following section, modeling the interrelationships between network entities across
different layers is essential to accurately assess the impact of planned maintenance activities, which often
affect entities that are not only indirectly, but also distantly related through long chains of intermediate
dependencies.

While not directly tied to the approach proposed in this work, the entities comprising the NDT exhibit
additional dimensions—beyond their structural organization—that merit consideration. The temporal
(historical) dimension is especially relevant for operational and performance data of hardware components.
Capturing and storing time-series metrics enables both near-real-time monitoring of network state and the
addressing of problems relying on the temporal evolution of specific parameters. For instance, tracking
historical optical performance indicators, such as attenuation, is instrumental in detecting soft failures along
optical spans. Another dimension concerns representing the current network state and its temporal
variations. Maintaining records of active, decommissioned, and planned entities facilitates analysis of
hypothetical scenarios and testing of operational strategies. Incorporating these dimensions into the data
model enables the forward-looking perspectives outlined in Section 4.

3. Case Study: Cutover Validation

Cutover validation refers to the problem of verifying that a planned network change—such as the activation
of a new optical path, the migration of services, or a topology reconfiguration—has been executed
successfully and without unintended impact. The challenge arises from the complexity of modern networks
and the potential for indirect dependencies between entities. Effective cutover validation is critical to ensure
service continuity, minimize downtime, and maintain the integrity of the network after a transition. In this
context, the design of a working plan becomes critical to ensure that maintenance activities neither disrupt
paths within the same protection group nor result in multiple impacts on the same circuit during a single
maintenance window.

This key point can be illustrated better with an example. Consider the simple network shown in Figure 2,
which consists of five ROADM nodes (s, s2, s3, s4, and s5) connected by fiber optic spans made up of
multiple Optical Transmission Section (OTS) segments at the bottom layer. Above these Optical Multiplex
Sections (OMS) segments lies the lightpath topology, comprising three optical channels connecting s/ to
s4, s1 to s5, and 54 to s5. The network supports only two services (service I and service 2), each with one
working path and one protection path. These electrical paths are carried over Optical Channel Transport
Units (OTUs) shown in the third layer (for simplicity, the ODU layer is omitted). Service I’s working path
uses OTU [ exclusively, while its protection path is formed by OTU 2 and OTU 3. Service 2 follows a
similar configuration.
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Figure 2 - Simple Task Scheduling Example

Up to this point, we have only shown a multilayer description of a simple network. So, what happens when
maintenance tasks need to be performed? In this example, we assume there are two optical amplifiers and
one optical section requiring maintenance: task I targets an amplifier located at OMS I, task 2 targets a
fiber section at OMS 4, and fask 3 targets an amplifier at OMS 5. If all three tasks are executed
simultaneously, or even partially overlap, service I will experience downtime. This raises the question: is
it possible to schedule these three tasks in a way that avoids any service disruption?

In order to find such a schedule, maintenance windows are defined, and each task must be assigned to one
of them. In this case, a valid solution is straightforward: task I and task 2 can be scheduled in the same
window, as they affect exactly the same working and protection paths. Task 3, however, must be placed in
a separate window to prevent service disruption. A possible solution, as shown on the right side of the
figure, is to schedule zask 1 and task 2 in the first available window, and task 3 in the next.

It is worth noting that, although this example considers protection at the service level, the same approach
applies when protection is implemented at the optical layer (i.e., working and protection lightpaths). The
specific query used to identify dependencies in the NDT data model may differ, but the core problem
remains unchanged: finding a schedule that avoids simultaneous impact on both the working and protection
path or lightpath of a given service or OTU. While this example focuses on maintenance tasks involving
amplifiers or fibers, the problem formulation accommodates any type of maintenance activity. This
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flexibility is only achievable with a well-designed and adaptable data model, as presented in the previous
section.

3.1. Integer Linear Programming

Integer Linear Programming (ILP) serves both as a formalism for describing optimization problems and as
a method for solving them. It involves optimizing a linear objective function subject to a set of linear
equality and inequality constraints, where all variables are restricted to integer values. These constraints
define a feasible solution space, and the goal is to find the solution that maximizes or minimizes the
objective function.

ILP is a powerful tool for tackling optimization problems. However, since solving ILP instances is itself
NP-hard, scalability can become an issue. Over the years, a wide range of algorithms and heuristics have
been developed to address this, and there are several open-source and commercial solvers available. Some
commonly used ones include SCIP [20], HIGHS [21], CBC [22], IBM ILOG CPLEX [23], and GUROBI
[24]. In addition, many libraries simplify the definition and instantiation of ILP models in various
programming languages. Thanks to the optimizations implemented in these solvers, ILP models remain
applicable in many scenarios. Performance generally depends on the number of variables involved, as well
as the size of the feasible solution space.

In the following subsections, we present two ILP models for solving the task scheduling problem. These
models not only provide a formal definition of the problem but also offer a practical way to compute
solutions. We begin by defining the variables and coefficients, followed by the two model formulations.

3.2. Problem Definition

Leveraging the NDT and its efficiently implemented data model, the impact of planned maintenance tasks
on paths can be determined through straightforward queries. For example, it is possible to directly identify
all working and protection paths affected when a specific set of underlying resources is scheduled for
maintenance.

For instance, if there are N required tasks and M services, each with a defined working and protection path,
then we can determine whether the j-th working or protection path will be affected by the i-th task. For
modeling purposes, this information can be encoded as a set of coefficients:

W — 1 iff task i affects at least one resource serving the working path of service j
Y1 0 otherwise

po_ 1 iff task i affects at least one resource serving the protection path of service j
Y1 0 otherwise

with 1€ {1,2,.... N} and je€{1,2,...M}

The task scheduling problem can be addressed in multiple ways, depending on how its dimensions are
represented, for example, task duration, availability of technical personnel, or material stock. In our case,
we adopted two simple approaches based on slotting time in maintenance windows, under the assumption
that both technicians and materials are always available. This representation fits well with our application
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scenario, as the availability of stock and maintenance personnel can be verified beforehand. Consequently,
the scheduling process only needs to account for task interdependencies.

We solved the task scheduling problem with the following two approaches: in one hand scheduling all tasks
across multiple windows and, on the other hand, maximizing usage of the next maintenance window. In the
first case, the aim is to minimize the total number of windows needed to complete all planned tasks. In the
second, the objective is to fit as many tasks as possible into the next available window. When the full set
of maintenance tasks is known in advance, the multi-window scheduling approach is generally preferred,
as it can yield shorter overall completion times. However, in more dynamic scenarios—where new tasks
may arise at each maintenance window—it may be more practical to focus on one window at a time,
prioritizing maximum task execution within it.

Given N required tasks, M services and K maintenance windows (with X < N), we can define the following
variables:

] 1 iff task i is scheduled for the window k
Tk =10 otherwise

| 1 iff window k has at least one task scheduled
T 0 otherwise

S 1 iff the working path of service j is affected in window k
%71 0 otherwise

~_J 1 iff the protection path of service j is affected in window k
Pi* =1 0 otherwise

3.2.1. Task Scheduling Problem

The first approach can be formulated as follows: given a set of required maintenance tasks, schedule all
tasks while minimizing the number of maintenance windows needed, ensuring that no service experiences
disruption. In terms of ILP, it can be stated as:

Minimize:
N
z= Z kxy (1)
k=1
Subject to:

N
wp=1 Vie{L,2,..N} (2
k=1

T = Tik Vk € {1,2, ,N} Vi € {1,2, ,N} (3)

© 2025 Society of Cable Telecommunications Engineers, Inc. All rights reserved. 103



a subsidiary of CableLabs®

Wyzw <wp Vi€ {1,2,.,N},Vje{l,2,...M}Vke {1,2,..,N} (4
Pijxik S Djk Vi € {1,2, ,N},Vj S {1,2, ,M},Vk S {1,2, ,N} (5)
Wik +pir <1 Vk € {1,2, ,N},Vj € {1,2, ,M} (6)

Equation 1 defines the objective: minimizing the number of maintenance windows required. Since Tk
indicates whether window £ is used, the goal is to minimize the sum of all these variables. The sum is
weighted by the position & to prioritize earlier windows over later ones. Equation 2 ensures that each task
is assigned to exactly one maintenance window. Equation 3 sets a window’s status to “used” whenever at
least one task is scheduled within it. Equations 4 and 5 indicate whether the working or protection path of
service j is affected by any task scheduled in maintenance window k. Finally, Equation 6 prevents both the
working and protection paths of a service from being affected simultaneously in the same maintenance
window.

3.2.2. Next Window Maximum Usage Problem

The second approach can be described as follows: given a set of required maintenance tasks, schedule the
maximum possible number within the next maintenance window, ensuring no service disruption. Since only
one window is considered, K equals 1, and the following ILP formulation is sufficient:

Maximize:

N
=1

Subject to:
Wyan <w;  Yie{1,2,.,NLVje{1,2,..M}  (8)
Pjxn <pp Vie{l,2,...N}Vje{l,2, ..., M} (9)
wi +pjp <1 vjie{l,2,...,M} (10)

The objective now is to maximize the number of tasks scheduled within the next maintenance window. The
coefficients Ci in Equation 7 represent task priorities; if all coefficients are equal, all tasks are treated with
the same priority. Equations 8 and 9 indicate whether the working and/or protection paths of service j are
affected by any selected task. Finally, Equation 10 restricts the solution to prevent simultaneous impact on
both the working and protection paths of a service.

It is worth noting that the window duration can be adjusted according to the operator’s needs. Although in
our application scenario a fixed window duration is sufficient, the models can be easily extended to allow
multiple slot allocations per task, providing a more flexible and efficient representation. However, we
discarded this option because task duration is highly unpredictable; consequently, maintenance planners
within the operators prefer to allocate an entire maintenance window to each task.
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The first model ensures that all tasks are scheduled, but in the second case a task can remain unscheduled
for multiple windows and potentially for ever. This is an unwanted behaviour and we cope with it by
computing the Ci priority coefficients after each assignment in order to prioritize tasks that have been
unscheduled for more consecutive windows.

3.3. Application Scenario and Results

Although the previous example might suggest that this problem is straightforward, the scale of a real-world,
nation-wide network makes finding solutions by intuition or simple tools very challenging. We applied the
described models to a network with 1,100 optical nodes, 849 optical sections, and over 2,500 protected
services. Prior to implementing the DTON equipped with the ILP models, the complexity had grown so
much that maintenance management limited itself to scheduling only one task per maintenance window,
which caused significant delays and prioritization problems. Although in some cases the scale of the
problem can be reduced by solving it for specific sections of the network, obtaining an optimal solution
without proper modeling becomes highly challenging. As a result, operators often prefer conservative,
suboptimal solutions in order to minimize the risk of unexpected behavior.

Our initial approach relied on the task scheduling model, which produced very good results. However, as
new tasks continued to emerge before previously scheduled ones were completed, the solution quickly
became outdated. Currently, both models are available, and their use depends on the task flow. For instance,
the second model is preferred during periods of high task volume, whereas the first is applied when the task
flow is lower and a global optimal solution can be achieved.

Integrating these models into the DTON has provided maintenance managers with a reliable tool, enabling
better, data-driven decisions that reduce risks, minimize service disruptions, and shorten the time required
to complete all maintenance tasks.

4. Future Perspective

Following the definitions provided in the ITU-T recommendations [16][17] we cover the representation
level and partially the optimization level of NDTs. Looking forward to covering all five levels, the use case
presented in this article paves the way toward a fully automated maintenance planning ecosystem that
encompasses failure and anomaly detection, required actions definition, task scheduling, and post-execution
validation.

The data collection capabilities enabled by the DTON allow for the continuous monitoring of network
elements, supporting the early detection and prediction of soft failures, degradations, and anomalies in both
optical equipment and fiber infrastructure. In previous work [8, 9], we demonstrated a specific use case that
validates this potential. Nonetheless, there remain numerous open challenges, both in research and in
implementation, particularly around the integration of more sophisticated artificial intelligence techniques
for reliable and scalable forecasting.

Transitioning from anomaly and failure prediction to automated task planning becomes feasible when the
DTON also integrates contextual information about available resources, such as personnel, spares, and
operational constraints. Once the required actions are defined, scheduling models, such as the ones
presented in this work, can be used to optimize execution while minimizing service impact. The cycle is
completed with a post-maintenance validation process, where the digital twin can be queried to assess
whether the intervention effectively addressed the issue and improved network health.
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Artificial intelligence can play a central role throughout this process. In terms of failure prediction, anomaly
detection and degradation prediction can be achieved over fiber spans attenuation time series. A
comprehensive survey of deep learning applied to time series anomaly detection can be found in [25]. Also,
machine learning can enhance task planning and scheduling strategies. For example, ILP formulations
provide a valuable ground truth that can be used to generate real or synthetic datasets representing
scheduling scenarios in complex networks. These datasets could be leveraged to train machine learning
models capable of approximating optimal scheduling decisions with significantly reduced computational
cost. In large-scale networks where solving ILP models becomes intractable in real time, such models could
offer high-quality heuristic alternatives.

Moreover, reinforcement learning could be explored for adaptive scheduling in dynamic environments,
where tasks and network states evolve over time. In this case, one or more heuristic can be learned in order
to schedule tasks in a per window fashion. The use of reinforcement learning in generic task scheduling
problems has been widely studied. A comprehensive review of related works can be found in [26]. Given
the high availability requirements of communication networks, learning-based approaches can and should
be complemented with feasibility checks and optimization models in order to guarantee no service
affectation. Such integration would enable hybrid systems that balance precision and scalability, ultimately
leading to more resilient and autonomous network operations.

In summary, this work lays the baseline for future developments that can couple the rigorous modeling
capabilities of digital twins with the predictive and adaptive strengths of artificial intelligence, aiming to
build a proactive, efficient, and fully closed-loop maintenance framework.

5. Conclusion

In this work, we presented a practical application of the DTON in the context of maintenance task
scheduling and validation. By integrating a flexible multilayer data model with ILP optimization
techniques, we demonstrated how a digital twin can be used to systematically plan maintenance windows
while avoiding service disruptions.

Although the scheduling problem could be approached using a static representation of network routing, our
implementation operates on a continuously updated, multi-layer digital model of the actual network,
integrating physical topology, logical paths, protection relationships, and service configurations. This
dynamic aspect, together with its ability to ingest live operational data and historical trends, aligns with key
characteristics of a NDT as defined in ITU-T and industry practice. The scheduling models are not
standalone algorithms but are embedded within this dynamic environment, allowing them to reflect the
current state of the network and assess maintenance risks in near-real time. This distinction is critical: it
transforms the solution from a one-time network map into an ongoing operational tool that evolves
alongside the physical network.

This case study showed that leveraging a digital twin not only enables impact analysis of maintenance
activities but also supports optimal scheduling decisions. Decisions that would be nearly impossible to
reach by intuition alone due to network complexity. The combined use of the two scheduling models,
minimizing the total number of windows versus maximizing task execution within the next window, proved
to be an effective and adaptable strategy in real-world, dynamic operational environments.
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Moreover, the implementation of these methods significantly improved the efficiency of maintenance
planning, reducing risk and delays, and enabling operators to carry out more tasks in less time without
compromising service availability.

Looking ahead, this work lays the groundwork for a broader and more integrated maintenance ecosystem.

Future developments may include predictive analytics, Al-assisted planning, and fully automated validation
workflows, reinforcing the central role of digital twins in modern network operations.

6. Abbreviations

NDT network digital twin

DTON digital twin for optical networks
OTN optical transport networks

ODU optical data unit

OTS optical transmission section
OMS optical multiplex section

OTU optical channel transport unit
Och optical channel

ILP integer linear programming
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