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Abstract

Rapid urban growth is putting pressure on metro systems to remain safe, efficient,
and sustainable. Digital Twin technology, implemented with Autodesk Tandem, links
Building Information Modeling (BIM) with live data streams, creating a dynamic model
that can adapt to changing conditions. For example, a Digital Twin model can be
applied throughout the whole project life cycle, starting from planning and construction
and continuing through operation and maintenance.

This thesis develops a workflow for the pragmatic application of Digital Twins
in collaboration with Infra.To, the concessionaire of the Turin Metro. To predict
maintenance events, monitor system behavior, and visualize performance, the workflow
connects [oT sensors, REST APIs, and Python scripts. Sensors measure environmental
parameters, and the information is structured into datasets and uploaded into Autodesk
Tandem. Inside Autodesk Tandem, the data are displayed using dashboards and
heatmaps. Alerts pop up in real time whenever unusual conditions appear, allowing
operators to step in quickly before issues escalate.

To broaden the perspective, studies of the Istanbul and Delhi Metros were reviewed.
According to the case studies, digital twins contribute effectively to operational man-
agement and to the preliminary phases of design and construction. The research also
identifies challenges in integrating data from different sources, maintaining system
security, scaling the system, managing costs, and ensuring good governance and ethics.

The thesis concludes with recommendations for greater use of AI/ML, stronger IoT
networks, better integration with smart city strategies, and the adoption of AR/VR,
predictive maintenance, and sustainability principles. Overall, the findings suggest that
Autodesk Tandem-based digital twins can make metro systems more efficient, safer,
sustainable, capable of predicting failures, and better prepared for future demands.



Chapter 1

Introduction

1.1 Background of Metro Rail Projects in Urban
Transport

Urban transport is the backbone of modern cities. As populations grow and private
cars become less practical, mass rapid transit systems (MRTS)—especially metro rail
networks—are increasingly vital for moving millions of people each day. Cities from
Delhi to Istanbul and from London to Singapore demonstrate how metro systems
can reshape urban life by reducing travel times, easing congestion, and promoting
sustainability [19, 67, 26, 61, 71].

However, bringing these systems to reality is no easy task. Metro projects are
complex, requiring coordination across many stakeholders, years of development, major
financial commitments, and constant operational oversight. In the past, they relied on
paper records, static design drawings, and manual oversight. The adoption of computer-
aided design (CAD) and building information modeling (BIM) has improved planning
and project management |22, 28|. Still, challenges remain in areas such as real-time
monitoring, predictive maintenance, cost control, and passenger safety [41, 44].

To bridge these gaps, digital twin technology is emerging as a game-changer. By
developing a virtual model of the physical infrastructure and linking it with live
data from sensors and IoT devices, engineers and operators can simulate processes,
monitor performance in real time, and make more informed decisions across the full
lifecycle—from design and construction to operation and long-term maintenance |68,
72, 55]. However, there is limited documented evidence on the practical application of
Digital Twin technology in real-world metro rail operations [27].

What Are Digital Twins?

A digital twin can be described as a virtual copy of a physical object, process, or system.
What makes it different from a traditional model is that it does not stay fixed. Instead,
it evolves in real time because it is constantly fed with data from sensors, [oT devices,
and other connected sources. In this way, the digital version mirrors the real asset by
showing its actual condition, tracking performance, and pointing out issues as they
arise |9, 67, 61, 69].



Figure 1.1 illustrates the core components of the Digital Twin technology ecosystem
and their interaction through data integration.

Physical entities
v

Figure 1.1: Digital Twin Technology Ecosystem [9]

Figure 1.2 presents the operational framework of Digital Twin technology, showing
the connection between physical assets, data acquisition, and digital models.

Physical Space Virtual Space

User
Feedback

Figure 1.2: Operational Framework of Digital Twin Technology [9]

Within a metro system, digital twins can be applied in different areas:



Infrastructure: tunnels, stations, tracks, and bridges.

Rolling stock: trains, carriages, and signaling systems.

Operations: passenger movement, ticketing, and train scheduling.

Maintenance: anticipate wear and plan repairs before breakdowns happen.

By integrating all these components, the digital twin provides a comprehensive view
of metro system performance, improving safety, operational efficiency, and maintenance
management [63, 69, 50, 37|. Despite these advantages, metro projects still face several
challenges

Metro Project Challenges

e Costs often rise due to design changes or unexpected delays.
e Safety risks during construction and daily operations.

e Managing multiple stakeholders—contractors, engineers, authorities, and the
public.

e Maintenance difficulties due to unpredictable faults.

Digital Twin technology helps address these challenges by enabling real-time moni-
toring, predictive maintenance, and enhanced stakeholder coordination [67, 64, 69, 37|.

Benefits of Digital Twins

e Testing and performance checks before system operation.
e Real-time safety monitoring through IoT-enabled sensors.

Scheduled maintenance alerts based on IoT data.

Better communication and transparency among stakeholders.

Support for sustainable expansion in rapidly growing metro networks.

These benefits illustrate why digital twin technology is increasingly considered essential
for the efficient management of urban metro systems [31].

Case Relevance to Metro Projects

Digital Twin applications are particularly relevant in metro systems:

e Delhi Metro: Predictive maintenance and passenger flow management across a
complex multi-line network.

e Istanbul Metro: Enhanced safety and efficiency in large-scale underground
construction and operation.



e Denver International Airport: Use of digital twins for real-time facility
monitoring, operational efficiency, and predictive maintenance across a large
airport terminal and infrastructure network.

These cases, discussed in detail in Chapter 5, demonstrate how Autodesk Tandem
addresses real-world metro challenges.

Delhi Metro (391 km) Istanbul Metro (241 km)

— Predictive Maintenance — Autodesk Tandem implementation
— Operational Optimization Integrated Asset Model

Impact: Impact:

Rs. 8M Savings 25% O0&M Reduction

Reduced Downtime and energy optimization 37.5% Efficiency increased

Digital Twin
Data Integration
Real-Time Modeling
Analytics

System-Level Outcomes: Efficiency | Cost Optimization | Lifecycle Extension

Figure 1.3: Metro System Metrics and Digital Twin Benefits [19, 31, 61, 71]

As Figure 1.3 shows, digital twins are already delivering measurable improvements
in operational efficiency and cost savings in metro systems around the world. Detailed
case study analysis is presented in Chapter 5.

Introduction to Autodesk Tandem

Autodesk Tandem is a cloud-based platform created by Autodesk that integrates IoT,
lifecycle management, and BIM data in a single environment [4].

Key Characteristics of Autodesk Tandem
e Works smoothly with BIM processes.

Provides centralized data access for all stakeholders.

Updates models with real-time IoT sensor data.

Supports 3D digital visualization of assets.

Enables full lifecycle management (design, build, operate, maintain).



Other digital twin platforms, such as Bentley iTwin, provide similar BIM integration;
however, Autodesk Tandem is preferred due to easier accessibility, simpler licensing,
and a user-friendly interface [50, 61].

1.2 Research Questions

e How do digital twins compare with traditional approaches (BIM/CAD)?

How does Autodesk Tandem, integrating BIM and IoT, enhance project manage-
ment, and why might it be preferred over other platforms?

What benefits and challenges have metro systems faced in adopting digital twins?

How might digital twins, supported by IoT, shape the future of urban transport
and smart cities?

1.3 Research Objectives

The primary objective of this research is to investigate the practical application of Digital
Twin technology in metro rail systems using Autodesk Tandem as a case study platform.
The study aims to evaluate how the integration of Building Information Modeling
(BIM) and Internet of Things (IoT) technologies can enhance lifecycle management,
operational efficiency, and decision-making in urban metro projects.

Specifically, the objectives of this research are:

e To evaluate the effectiveness of Digital Twin technology in improving monitoring
and management of metro infrastructure.

e To assess the role of Autodesk Tandem in integrating BIM and IoT for lifecycle
management.

e To analyse the benefits and challenges of implementing Digital Twin solutions in
metro systems.

e To identify best practices and strategic recommendations for future metro digital-
ization.

1.4 Research Gap

Although Digital Twin technology has gained significant attention in recent years, there
is limited documented research focusing on its practical implementation in operational
metro rail systems. Most existing studies concentrate on conceptual frameworks or
isolated pilot projects, with relatively few investigations examining real-world integration
of BIM, IoT, and lifecycle management platforms in large-scale metro infrastructure.
Furthermore, there is a lack of structured evaluation of Digital Twin platforms
in terms of operational performance, stakeholder coordination, and long-term asset
management. This thesis addresses these gaps by providing a practical case-based

8



analysis of Digital Twin implementation in metro systems using Autodesk Tandem,
contributing empirical insights into its effectiveness and limitations |71, 69, 50].

1.5 Scope of the Study

This study focuses on the application of Digital Twin platforms in metro rail projects,
with primary emphasis on Autodesk Tandem and comparative reference to Bentley
iTwin. Case studies are drawn from metro systems in Delhi, Istanbul, and Turin. The
research examines the full lifecycle of metro infrastructure, including design, construction,
operation, and maintenance. While the study concentrates on metro rail systems, other
transport modes such as buses and monorails are outside its scope.

Study Limitations

This study is subject to several limitations. The analysis focuses primarily on selected
metro case studies and on a single Digital Twin platform (Autodesk Tandem), which
may limit the generalizability of findings to other platforms or transport systems. In
addition, some operational data are based on case study documentation and simulated
scenarios rather than full-scale long-term operational datasets. Simulated scenarios were
used in instances where real-time operational data was unavailable, providing a practical
means to assess Digital Twin implementation. These limitations are acknowledged while
interpreting the results and recommendations.

Significance of the Study

e Academic contribution: insights on digital tools in large-scale infrastructure.
e Practical contribution: guidance for metro authorities and planners.

e Policy contribution: supports policies for smarter and more sustainable metro
systems.

e Industry contribution: demonstrates Autodesk Tandem as a practical tool for
improving costs, safety, and efficiency.

Overall, this chapter has introduced the background of metro rail systems, outlined
the concept of Digital Twin technology, and discussed the role of Autodesk Tandem in
modern metro projects. It has also presented the research objectives, questions, scope,
and significance, establishing a foundation for the subsequent chapters. As illustrated in
Figure 1.4, design methodologies in metro projects have evolved from traditional CAD
through BIM to Digital Twin platforms integrated with IoT. The roadmap highlights key
stages including Autodesk Tandem implementation, results and discussion, case studies
and research gaps, governance and ethical frameworks, and finally future directions.
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Figure 1.4: Roadmap of the thesis showing the progression of chapters following the
Introduction. Each chapter highlights the key focus areas, from literature review to
methodology, results, case studies, discussion, and the final recommendations and
conclusion.

The next chapter presents the literature review, examining the evolution of metro
project management, BIM, Autodesk tandem and Digital Twin technologies, and
identifying research gaps that this study addresses.
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Chapter 2

Literature Review

Introduction

A literature review is a key step in placing this study within the wider field of research.
It helps to trace how digital tools have developed over time, showing both the theoretical
foundations and the practical applications of Digital Twins in metro projects [22, 9, 36,
57|. The review not only summarizes what has been achieved so far but also highlights
the gaps that remain—gaps which this research aims to address.

This chapter reviews how tools for managing and designing infrastructure projects
have evolved over time. It begins with traditional methods, then examines the impact
of Building Information Modelling (BIM), and finally explores the more recent shift
toward Digital Twins. The role of Autodesk Tandem within this technological transition
is also discussed. Among global examples, metro projects in India and Turkey receive
particular attention. Comparing these two contexts provides a useful perspective for
the case studies presented later in this thesis.

2.1 Evolution of Project Management in Metro In-
frastructure

Metro rail projects are among the most complex forms of infrastructure development.
They involve large investments, multiple stakeholders, and long operational lifespans.
As a result, project management approaches have continuously evolved to respond to
increasing technical and organizational challenges.

Initially, metro projects relied heavily on paper-based documentation such as
blueprints, sketches, and written reports. While these methods were standard at
the time, they made information sharing slow and error-prone. The introduction of
Computer-Aided Design (CAD) improved drafting accuracy and allowed faster revisions.
However, CAD remained largely a two-dimensional representation tool and did not
integrate cost, time, or performance data.

The adoption of Building Information Modelling (BIM) marked a major shift. BIM
enabled three-dimensional modelling enriched with detailed information, improving
coordination between disciplines and reducing design conflicts. In metro projects, BIM
supported better visualization and constructability analysis. Despite these advantages,

11



BIM models remained largely static and focused on design and construction phases |9,
48, 38, 11].

As noted by Azhar [9], BIM significantly improved collaboration but did not fully
address the dynamic nature of infrastructure systems. Metro projects evolve continu-
ously during construction and operation, requiring tools that can respond to real-time
conditions. This limitation has driven the increasing interest in Digital Twin technology,
which integrates live data to support monitoring, prediction, and decision-making
throughout the asset lifecycle.

Figure 2.1 shows the traditional CAD vs BIM process.

MEP Engineer Structural Engineer MEP Engineer Structural Engineer

BIM Coordinat@ Q Architect BIM Coordinat

Project Manager : : Owner Project Manager I

Contractor Facility Manager Contractor Facility Manager

Figure 2.1: Traditional CAD vs BIM [48]

Architect

SHARED

2.2 Evolution from BIM to Digital Twin

For many years, metro projects relied heavily on Building Information Modelling (BIM)
during planning and design. BIM enabled detailed three-dimensional models containing
both geometric and descriptive information. However, its application was largely limited
to the design and construction phases, and models often became static after project
completion.

The emergence of Digital Twin technology extends BIM into a dynamic environment
where digital and physical systems interact continuously.

Figure 2.2 illustrates the core formula of BIM. BIM modelling is defined as the
combination of a BIM model and interoperability between systems and software. For
the model to be effective, interoperability must be non-zero, meaning that the model
must be able to exchange and integrate data across platforms [46].

12



model

BIM BIM ™ + Interoperability

l

#0

modeling

Figure 2.2: Formula of BIM [46, 49|

Figure 2.3 illustrates the different BIM dimensions, ranging from 3D geometric
modeling to advanced dimensions such as 4D (time), 5D (cost), 6D (sustainability), up
to 10D, showing how various aspects of building information are integrated for design,
construction, operation, and maintenance.

3D: MODELLING

4D: TIME J L 5D: COST

8D: SAFETY : 10D: INDUSTRIAL

Figure 2.3: BIM Dimensions from 3D to 10D [47]

BIM = (D + C + M) x (T +Q) x (I +C,) (2.1)

13



where:

e D = Design (conceptual and technical designs, including 3D modeling)

e C' = Coordination (MEP coordination, clash detection, interdisciplinary collabo-

ration)

e T = Time (scheduling, project timelines, phasing)

M = Management (data management, project documentation)

Q) = Quality (design quality, adherence to standards, value engineering)

e [ — Information (material properties, energy analysis, cost estimates)

e C, = Collaboration (communication among stakeholders, Lean construction
principles)
i=Aspect ©BIM a5 Digital Twin
Representation Static 3D / 4D / 5D model | Dynamic real-time model
Data input Design and construction Continuous [oT and sensor
data data
Updates Manual or periodic Automatic real-time

synchronization

Lifecycle coverage

Design to construction

Full lifecycle including
operation and maintenance

Predictive capability

Limited and reactive

Strong predictive and
analytical capabilities

Table 2.1: Conceptual comparison between BIM and Digital Twins [47, 36, 57, 24]

BIM is often described as a digital prototype, whereas a digital twin is considered
a living model that evolves alongside the physical asset [25, 13, 39, 33|. According to
Grieves [25], digital twins represent the next stage in engineering digitalization. By
integrating Internet of Things (IoT) devices, artificial intelligence, cloud computing, and
data analytics, digital twins enable improved efficiency, resilience, and sustainability in

infrastructure systems.

Key Differences Between BIM and Digital Twin

e BIM: Primarily static, focused on design and construction coordination.

e Digital Twin: Dynamic and real-time, integrating BIM with live operational
and sensor data for monitoring, analysis, and predictive management.

14




Digital Twin

In essence, Digital Twins represent the next evolutionary step of BIM by combining IoT
connectivity, analytics, and continuous feedback to transform static models into living
systems that mirror real-world performance. In recent years, the concept of Digital
Twins has gained significant attention in the fields of transportation and infrastructure
planning. Although the idea itself is not entirely new, its application has expanded
rapidly as cities seek smarter and more integrated approaches to managing public
systems. In metro networks, where design, construction, and daily operation often
overlap, a Digital Twin functions as a live digital representation of real-world conditions.
Engineers can observe asset behaviour, compare real-time data with design intent, and
adjust operational strategies while the system remains in service [63].

Among the companies advancing this approach, Autodesk has played a key role
in transforming the Digital Twin concept into a practical engineering tool. Autodesk
Tandem connects information generated during design and construction with operational
and maintenance data. The following sections explain how this technology works in
practice and how it can support safer, more efficient, and more manageable metro
systems [4, 60, 3].

Theoretical Framework of Digital Twins

A Digital Twin is generally defined as a digital replica of a physical object, system,
or process that continuously evolves based on incoming data. Unlike static drawings
or conventional BIM models, a Digital Twin remains synchronized with its physical
counterpart through constant data exchange. Information from sensors, IoT devices,
and control systems ensures that both the digital and physical systems remain aligned.

This dynamic nature allows engineers to monitor system behaviour, simulate alter-
native scenarios, and optimize performance while the physical asset continues operat-
ing |63, 64].

Main Elements of a Digital Twin

The core components of a Digital Twin include:

e Physical asset: The real-world infrastructure element, such as tunnels, tracks,
trains, or stations.

e Digital model: A virtual representation developed using BIM, CAD, or GIS
tools that reflects geometry, materials, and asset condition.

e Data link: Continuous data flow from sensors, SCADA systems, and maintenance
records connecting the physical and digital environments.

e Analysis and prediction: Performance trends are analysed using simulations
and analytics to anticipate failures and optimize responses.

e Feedback mechanism: Insights from the digital model support operational
adjustments and proactive maintenance planning |63, 65, 67, 64].
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Conceptual Framework for Digital Twins

The Digital Twin framework is typically described using three interconnected layers [57,
24, 10, 20]

e Physical layer: Represents the real metro system, including stations, tunnels,
tracks, and rolling stock.

e Digital layer: A virtual representation consisting of 3D models, design data,
and engineering information.

e Connection layer: Links the physical and digital layers through sensors, IoT
devices, and cloud platforms, ensuring continuous data flow.

In metro systems, these layers support several key functions:

e Simulation: Testing operational scenarios such as train schedules, passenger
flow, and emergency responses.

e Monitoring: Real-time tracking of system performance, energy consumption,
and asset condition.

e Prediction: Early detection of faults to enable predictive maintenance.

e Optimization: Identification of opportunities to improve safety, efficiency, and
user experience.

Key Functions of Digital Twins in Metro Projects

Digital Twin technology supports all phases of metro development, from early design to
long-term operation and maintenance.

e Design validation: Designers can test station layouts, passenger circulation, and
ventilation strategies virtually, reducing the likelihood of costly design changes
during construction.

e Construction monitoring: Real-time data from sensors and drones allows
project teams to compare actual progress with planned schedules and identify
deviations early.

e Operations management: Digital Twins integrate signalling, train scheduling,
and passenger information systems, improving service reliability and responsive-
ness.

e Predictive maintenance: Continuous monitoring of assets such as escalators,
HVAC systems, rolling stock, and tracks enables early fault detection.

e Energy optimization: Real-time observation of lighting, ventilation, and train
operation supports energy efficiency improvements.
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e Emergency preparedness: Virtual simulations of emergency scenarios enhance
evacuation planning and safety procedures.

RESOURCE
MANAGEMENT

PROCUREMENT PLANNING &
CONTROL

DIGITAL TWIN
APPLICATIONS

EXECUTION
MANAGEMENT

SAFETY
MANAGEMENT

Figure 2.4: Operational parameters and workflow of Digital Twin integration in metro
systems [63, 14]
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Figure 2.5: Multidimensional impacts of transport infrastructure [63|
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Figure 2.4 shows the operational workflow of Digital Twin integration in metro
systems, highlighting data-driven design, construction, and operational monitoring
to enhance reliability, safety, and passenger experience [63, 14, 70|. Figure 2.5
illustrates the multidimensional impacts of transport infrastructure on society,
space, politics, environment, and economy, emphasizing the interconnected effects
of metro projects [63].

As shown in Figure 2.6, Digital Twin (DT) technology spans across diverse
domains. In Building Construction, it facilitates progress monitoring and safety
assessments, while in Urban Management, it supports city planning and HVAC
control. The technology further extends into specialized sectors such as Aerospace
for failure analysis and Health Care for patient management and heart disease
research [63].

Electricity
&
Energy

Advanced
Manufacturing

Oil
&
Gas
Systems

DIGITAL TWIN

Building
&
Infrastructure

Maritime

Systems

Figure 2.6: Conceptual overview of Digital Twin (DT) application areas across multiple
sectors [63]

Together, these capabilities improve system reliability, safety, and passenger
experience [63, 70, 14].
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2.3 Literature on Autodesk Tandem

Since Autodesk Tandem was introduced in 2021, academic literature on the platform
remains limited. Most available information comes from Autodesk publications, industry
reports, and early project implementations.

Autodesk [4, 3, 50, 61] describes Tandem as a platform that bridges BIM models
and operational data, facilitating smoother handover from construction to operation. A
collaborative case study by Autodesk [3] reported improvements in data continuity and
efficiency during project handover. Industry reports also suggest that Tandem reduces
information loss between lifecycle stages, a common issue in traditional project delivery.
Although peer-reviewed studies are scarce, early adoption by major AEC firms indicates
strong potential for long-term asset management.

Autodesk Tandem: Overview

Autodesk Tandem is a cloud-based Digital Twin platform designed to operationalize
digital asset management. It provides a shared environment where information from
design, construction, and operations is integrated into a single, evolving digital record.
Autodesk Tandem bridges the gap between building services and digital twins to improve
operational efficiency [3, 7, 60].

Figure 2.7 demonstrates the integration of building and services with a Digital Twin
framework. In this ecosystem, physical assets like Smart Meters, IoT Devices, and BMS
(Building Management Systems) feed data into a Normalized Data Layer, enabling
Contextual Visualization, dashboards, and metrics. This transforms a static BIM model
into a dynamic operational tool.

Building &
Services

Figure 2.7: Overview of how Autodesk Tandem modernizes operations through Digital
Twin integration [4]
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e Unified data environment: Single, consolidated view integrating BIM, GIS,
[oT, and enterprise systems.

e High-quality asset and system data: Accurate, structured, and up-to-date
information for assets, spaces, and systems.

e Actionable decision support: Transforms data into insights for proactive
operational decisions.

e Cloud-native architecture: Secure, scalable, and remote access for stakeholders.

e Asset-centric representation: Each asset has associated performance, condi-
tion, and maintenance data.

e Lifecycle information continuity: Preserves information flow from design
through construction to operations.

e Open and interoperable standards: Supports formats such as [FC and COBie
for cross-platform interoperability.

Figure 2.8 illustrates the primary outcomes of implementing Digital Twin technology
in building systems. The integration of real-time monitoring, data analytics, and simula-
tion capabilities contributes to improved operational efficiency, reduced utility costs, and
supports the achievement of net-zero energy objectives. These outcomes demonstrate
the strategic value of Digital Twin adoption in sustainable building management.

Improve
Efficiency

Reduce
Utility Costs

Y

( Outcomes

Achieve
Net Zero

Figure 2.8: Key outcomes of Digital Twin applications in buildings

Architecture of Autodesk Tandem

Autodesk Tandem functions as a centralized hub where multiple data streams converge.
Its architecture consists of the following layers:

1. Data input: BIM models (Revit, Civil 3D, InfraWorks), IoT sensors (temperature,
vibration, passenger density), and legacy systems such as SCADA and maintenance
logs.

2. Data integration: APIs and connectors unify real-time and historical data.

3. Core Digital Twin model: Cloud-hosted dynamic models linking physical and
digital assets.
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4. Analytics and visualization: Dashboards, KPIs, simulations, and predictive
analytics.

5. User interaction: Web and mobile interfaces for engineers, operators, and
decision-makers.

Traditional building management systems often rely on fragmented data workflows
and manual coordination processes. In contrast, digital twin platforms such as Autodesk
Tandem provide an integrated, data-centric environment. Table 2.2 presents a structured
comparison between traditional systems and Autodesk Tandem.

Traditional Systems vs Autodesk Tandem

S Traditional Systems Autodesk Tandem (Digital
Twin)

Data scattered across multiple tools Centralized, integrated data
environment

Manual coordination between teams Cloud-based, real-time collaboration

Limited visibility of asset status Continuous monitoring via sensors /
[oT

Reactive maintenance Predictive, data-driven maintenance

Decisions based on fragmented reports Analytics-supported, data-driven
decisions

Updates applied manually Automatic synchronization with latest
data

Table 2.2: Comparison between Traditional Systems and Autodesk Tandem (Digital
Twin) [63]
Benefits of Using Autodesk Tandem in Metro

e Holistic asset management: Full visibility of stations, tunnels, and rolling
stock.

e Reduced lifecycle costs: Predictive maintenance can reduce overall costs by
approximately 15-20%.

e Improved safety: Faster emergency simulations and enhanced response planning.

¢ Enhanced passenger experience: Optimized crowd flow and reduced conges-
tion.

e Sustainability: Continuous energy monitoring supports sustainability targets.
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Challenges in Implementation

Despite its advantages, several challenges remain:
e Complexity in integrating legacy SCADA systems with modern IoT platforms.
e High initial investment costs.
e Skill gaps requiring training for engineers and operators.

e Cybersecurity risks associated with cloud-based systems.

2.4 Global Adoption of Digital Twin Technologies

Digital Twin technologies are increasingly being explored and adopted across metro
systems and transportation infrastructure worldwide. Singapore MRT has implemented
IoT-based monitoring to support predictive maintenance, while the London Underground
uses digital models to optimize signalling upgrades and station refurbishments. Hong
Kong MTR integrates Al-driven Digital Twins for real-time crowd management, and
the Grand Paris Express leverages Digital Twin elements alongside BIM to coordinate
large-scale construction activities [63].

Beyond metro systems, other transportation networks have also embraced Digital
Twin technology. The Las Vegas Monorail, a high-speed system connecting major
tourist attractions, introduced a digital twin in 2019 to monitor train speed and location
in real time, enhancing operational efficiency and reducing passenger wait times. The
Hong Kong-Zhuhai-Macao Bridge employs a digital twin to simulate events such as
earthquakes, typhoons, and traffic accidents, enabling authorities to assess structural
performance and mitigate risks. European systems such as the Paris Metro, London
Underground, and Amsterdam’s Schiphol Airport utilize predictive maintenance through
sensor data and machine learning, reducing downtime and improving reliability |63, 62].
Collectively, these examples demonstrate the versatility and global adoption of Digital
Twin technologies for improving operational efficiency, safety, and maintenance planning
across diverse transportation systems.

In developing contexts, adoption remains uneven. Delhi Metro has begun integrating
BIM-based tools with limited Digital Twin functionality, while Istanbul Metro authorities
are exploring Digital Twin platforms to improve operational efficiency [19, 31, 15].
According to Autodesk [4] and Bentley [50], key drivers for adoption include rising
passenger demand, increasing maintenance costs, sustainability targets, and smart city
initiatives. Figure 2.9 shows the global adoption of Digital Twin technologies in metro
projects.
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Figure 2.9: Global Adoption of Digital Twin Technologies in Metro Projects [63]

Research Gaps Identified

The literature review reveals several gaps:
e Digital Twin research in infrastructure is still emerging compared to BIM.

Metro-specific Digital Twin studies are limited.

Autodesk Tandem has received little academic attention.

Comparative studies between developing and developed metro systems are rare.

Operational and maintenance phases are often underexplored.

Practical workflows linking BIM, IoT, and lifecycle data are insufficiently docu-
mented.

Addressing these gaps, this study focuses on the Delhi and Istanbul Metro systems
and evaluates Autodesk Tandem as a Digital Twin platform [36, 11, 38, 50, 4].
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2.5 Synthesis

The reviewed literature shows that BIM has enhanced coordination, visualization, and
constructability analysis in metro projects but remains largely static and focused on
design and construction phases [9, 47|. Digital Twins extend BIM by incorporating real-
time IoT and sensor data, enabling continuous monitoring, predictive maintenance, and
lifecycle decision-making [57, 25, 20]. However, metro-specific research and platform-
focused case studies, particularly on Autodesk Tandem, remain limited [24, 10, 4].
These gaps justify the relevance of this research and highlight the need for empirical
studies examining practical implementation in operational metro systems.

2.6 Summary

Digital Twins represent a fundamental shift in infrastructure management. With
Autodesk Tandem, this approach is no longer theoretical but practically achievable.
By providing a living digital representation of metro assets, Tandem supports safer
operations, improved efficiency, and enhanced passenger satisfaction. This technological
foundation prepares the ground for the case study analysis presented in the next chapter.

Digital Twins also represent a significant advancement by connecting design intent
with real-world operations [57, 24]. While BIM laid the groundwork for 3D modeling
and collaborative planning, platforms such as Autodesk Tandem are transforming how
metro systems are planned, constructed, and maintained [4, 38]. Given the limited
availability of detailed metro case studies, this research contributes valuable insights by
examining practical applications in the Delhi and Istanbul Metro systems, addressing
gaps in operational integration, platform evaluation, and lifecycle management.

Building on the insights from the literature, the next chapter outlines the methodol-
ogy adopted in this study, including the integration of Digital Twin technologies and
Autodesk Tandem in metro projects.
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Chapter 3

Methodology

3.1 Research Framework and Approach

This research adopts an experimental and data-driven methodology integrating sensor-

based environmental monitoring, Python-based data simulation, and Digital Twin (DT)

implementation using Autodesk Tandem. The approach evaluates the integration of

physical and synthetic data streams to support smart infrastructure management, specif-

ically focusing on Indoor Environmental Quality (IEQ), scalability, and interoperability.
The methodology is structured into four distinct phases:

1. Phase I: Sensor Monitoring and Data Acquisition
Establishment of the physical layer to capture real-time environmental metrics
(e.g., temperature, VOC, humidity).

2. Phase II: Data Simulation and Processing
Utilization of Python-based scripts to generate synthetic datasets, ensuring the
model’s robustness across various edge-case scenarios.

3. Phase I1I: Digital Twin Integration and Data Exchange
Mapping of data parameters onto the Autodesk Tandem platform, focusing on
schema alignment between physical sensors and digital assets.

4. Phase IV: Visualization, Alerting, and Performance Evaluation
Analysis of the Shadow Object performance and the triggering of automated
responses based on predefined threshold values.

This multi-stage framework ensures a continuous data flow from the physical envi-
ronment to the digital model, enabling real-time analysis and informed decision-making.

Project Context: Infra.To Metro Line 2 (Turin)

The Infra.To Metro Line 2 project in Turin (Figure 3.1) serves as the primary case
study for this research. The planned metro line extends approximately 27 km in a
Y-shaped configuration and includes 32 stations, divided into a 16 km central section
between Rebaudengo and Anselmetti (23 stations), a 6 km southern extension toward
Orbassano (5 stations), and a 6 km northern branch reaching Pescarito/San Mauro (4
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stations) [29]. Notably, Certosa station is located along the northern branch and serves
as a key node connecting the surrounding urban area to the metro network. Within this
research, Certosa is considered as part of the Digital Twin implementation, providing a
representative segment for workflow validation [29].

breto

SanMauro - Pra Grands 1),

Lotto funzionale 2
Porta Nuova - Politecnico

Deposito

Orbassano Centro Ricerche

< Pasta diRivalta

() Orbassano Centro

Figure 3.1: Map of Infra.To Metro Line 2 in Turin, showing central section, northern
and southern branches, and key stations including Certosa [29]

The project improves connectivity to key urban areas and integrates with the existing
public transport network through major interchange stations. Supporting infrastructure
includes park-and-ride facilities, cycling infrastructure, and the redevelopment of a
former railway corridor into a 67,000 m? green boulevard, contributing to sustainable
urban mobility. Due to its scale and complexity, the Infra.To project provides a suitable
environment for implementing and evaluating a Digital Twin using Autodesk Tandem.
The integration of infrastructure and asset data within a digital platform supports
visualization, management, and lifecycle analysis in a metro infrastructure context.

Comparison of Commercial Digital Twin Platforms

Several commercial platforms are available for implementing Digital Twins, with Au-
todesk Tandem and Bentley Systems being among the most widely used. Table 3.1
summarizes key features of both platforms relevant to metro and infrastructure projects.
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Autodesk Tandem

Bentley Systems

User-friendly, intuitive interface

Complex interface, requires special-
ized training

Strong interoperability and seamless
BIM workflows

Robust but steeper learning curve for
BIM workflows

Cloud-based, multi-stakeholder col-
laboration

Primarily engineering-focused collab-
oration

Easy licensing access

Licensing can be restrictive and less
accessible

Metro, buildings, general infrastruc-
ture projects

Infrastructure, transport, civil engi-
neering projects

Table 3.1: Comparison of Autodesk Tandem and Bentley Systems for Digital Twin
Implementation [1]

In this study, Autodesk Tandem was selected for its ease of use, cloud-based
collaboration capabilities, and strong interoperability with BIM workflows. Based
on previous experience with Bentley STAAD.Pro [1], Autodesk (via Revit workflows)
provides a significantly easier and more efficient environment for metro infrastructure
modeling, avoiding the steeper learning curves, limited compatibility, and restrictive
licensing associated with Bentley products. The study focuses on the methodological
workflow for Digital Twin development rather than software features.

3.2 Phase I: Sensor Monitoring and Data Acquisition

Sensor Principles Sensors monitor physical or environmental parameters by trans-
lating changes in physical states—such as temperature, humidity, or air quality—into
electrical signals, typically voltage variations. Due to calibration limitations, environ-
mental interference, and connectivity constraints, sensor measurements are inherently
subject to inaccuracies.

Despite these limitations, sensors play a critical role in smart infrastructure systems.
Their simulation is particularly valuable for:

e Generating synthetic datasets for machine learning and system testing

e Developing and validating Building Management Systems (BMS) under controlled
conditions

Sensor Accuracy and Calibration:
e Temperature sensors: £0.5°C

e Humidity sensors: +3% RH

e VOC sensors: 0.1 ppm

Sensors were calibrated according to manufacturer specifications prior to deployment.
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Sensor Deployment Strategy Environmental monitoring was conducted in two
stages:

1. Short-term deployment: 10 days in a residential environment
2. Long-term deployment: 1 month in an office environment [21]

Sensors were placed at four locations to capture spatial variability, considering room
layout, proximity to heat/ventilation sources, and occupied zones.

i Sensor Type / Quantity as Deployment Details /
Connectivity

M Temperature (3 sensors, °C / °F) | Various locations, including near
heat sources

& VOC (1 sensor, ppm) General indoor area

» Temperature (1 sensor, °C / °F) Central location

& Humidity (1 sensor, %) Central location

Table 3.2: Deployed sensor details for environmental monitoring. Note: All deployed
sensors are battery-powered and connect via Hoboware software to read measurements.

Figure 3.2: Wired (left) and wireless (right) sensors deployed for environmental moni-
toring [45]

In this study, the sensors were not connected to the Internet; data was collected
via cable after 1 month. With current IoT sensors, real-time online collection can be
performed directly.
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Climatological and Air Quality Baseline of Turin Figure 3.3 shows the monthly
climatological averages of maximum and minimum temperature and relative humidity
in Turin, based on 30-year records. These data provide insight into seasonal trends and
extremes in the local climate. The corresponding historical climate parameters and air
quality baselines are summarized in Table 3.3, which highlights typical summer and
winter conditions relevant for environmental analysis.
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Figure 3.3: Monthly climatological averages of maximum and minimum temperature
and relative humidity in Turin based on 30-year meteorological records [40]

8 Climate Parameter (Turin) [~2 Historical Range / Baseline
Details

Summer Temperature (Jun—-Aug, Typically 18 — 25.5; extreme

°C) heatwaves reach up to 30.

Winter Temperature (Dec—Feb, °C) Averages around 0.5; extreme cold

spells drop to -5.

Relative Humidity (Year-round, %) Annual average of 72; peaks at 80+
in winter, 6075 in summer.
Air Quality Index (AQI) Generally Good (0-50); degrades to

Unhealthy (101-150) in winter due
to urban heating.

Table 3.3: Historical climate and air quality baseline for the study area (Turin, Italy) [40,
59, 2|

Overview of IoT in Metro Infrastructure

The Internet of Things (IoT) connects everyday objects and industrial equipment to a
network, transforming them into intelligent devices capable of collecting, transmitting,
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and managing data. This connectivity enhances operational efficiency, enables new
services, and improves health, safety, and environmental performance.

In the context of Metro Line 2, IoT supports real-time monitoring of environmental
parameters, infrastructure assets, and operational systems, forming a critical backbone
for Digital Twin implementation. Figure 3.4 illustrates the evolution of traditional
objects into IoT-enabled devices, showing how ordinary tools are transformed into
smart, connected systems capable of monitoring, providing feedback, and supporting
decision-making [47, 48]. Table 3.5 compares traditional metro components with their
IoT-enabled functions, highlighting improvements in monitoring, maintenance, ticketing,
and passenger services [63, 31].

It used to tell you Now it tells And how you e

i ou what to do are doin,
the time y 9 They used to keep Now they help you keep you
and your feet fit

\ your feet warm

»00 — ’c“?r<

It used to remind Now it reminds  And exactly

you of someone you to take care what you They used to help you Now they help you
close to your heart of your heart doing see clearly to see more

- /

Figure 3.4: Conceptual evolution of everyday objects into loT-enabled devices [47, 48]
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Train Systems
e Conventional passenger trans- = Autonomous monitoring and
port smart train control
Ticketing Systems
e Paper-based ticket validation —> Digital contactless payment and
analytics
Metro Stations
Basic station infrastructure =—> Smart energy and crowd manage-
ment
Passenger Information
o Static timetables and announce- = Real-time predictive travel infor-
ments mation
Maintenance Systems
@ Periodic manual inspection —> [oT sensor-based predictive main-
tenance

Figure 3.5: Transformation of metro infrastructure toward IoT-enabled smart sys-
tems (63, 31]

Data Communication Protocols

[oT devices use messaging protocols designed for real-time communication and networks
with limited bandwidth:

¢ HTTP: Standard web-based communication for data requests and responses.

e MQTT: Lightweight publish/subscribe protocol optimized for low-bandwidth,
real-time data transmission.

e REST API: Facilitates integration between sensors, third-party systems, and
Autodesk Tandem, supporting bidirectional data exchange.
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The design principles of REST APIs define how IoT sensors interact with the
Autodesk Tandem system, ensuring standardized and efficient data communication.

REST API Integration

REST APIs (Representational State Transfer) allow standardized interaction with the
metro IoT ecosystem. Key aspects include:

e Resources: Each sensor or asset is represented as a resource with a unique
endpoint, e.g., /api/sensors.

¢ HTTP Methods:

— GET: Retrieve data
— POST: Create new records

PUT: Update existing records
— DELETE: Remove records

e Data Format: JSON is used for lightweight and structured data exchange.
Example:

{
"sensorId": "123",
"location": "Metro Station A - Platform 1",
"type": "Temperature",
"reading": 22.5,
"status": "Active",
"timestamp": "2024-11-07T14:30:00Z"
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POST /products HTTP /1|1
>

<€
—{—| HTTP/1.1 200 OK

Client Server

HTTP Status Code Reference:

200-level
400-level

500-level Something wrong at the server level

Figure 3.6: Client-server communication in the IoT system showing POST requests
via HTTP, JSON data transfer, and HT'TP status code responses for integration with
Autodesk Tandem.

Tandem API Integration

While the main methodology employs REST API for sensor data integration, Autodesk
Tandem also provides its own Tandem API. This API allows developers to:

e Push sensor data directly into the Tandem Digital Twin without an intermediate
server.

e Map sensor readings to specific assets and metadata within the Twin.
e Access historical datasets and real-time dashboards programmatically.

e Manage thresholds, alerts, and asset relationships within Tandem.

Using the Tandem API can simplify the integration workflow and reduce potential
points of failure, although the REST API approach remains fully compatible and flexible
for multi-system architectures|7, 6].

Postman for API Testing a

Postman was used to test, debug, and validate the REST API endpoints before inte-
grating with Autodesk Tandem. Features utilized include:

e Sending GET/POST/PUT/DELETE requests
e Inspecting JSON responses

e Automating tests to validate data correctness
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e Generating mock data to simulate real-time sensor feeds
Figure 3.7 illustrates the configuration of IoT devices, communication protocols, and
integration with Autodesk Tandem. This system was tested using Postman to validate

data flow and API responses, confirming that sensor readings were accurately transmitted
and received in real time.

CONFIGURE CONNECTIONS @ 0 ox

MAP CONNECTIONS  OFFLINE SETTINGS SUMMARY

Map incoming pa-_.-loads to your Tandem Parameters. Show steps

AV v
Payloads:
iy Parameter (i) JSON Path J50N Path (Timestamp) (i)
Sensor.
typ
unit: "AQ AIR QUALITY X
¥ data: [3]
Ya: {}
timestamp: "2024-12-18T06:80:007" HUMIDITY x
value: 185
Yi: {}
timestamp: "2024-12-18781:80: 807"
b SAEELE 10T TEMPERATURE b
value: 118
v2: {}
timestamp: “2824-12-18T82:00:807"
value: 188
?
cancel | TSN

Figure 3.7: Configuration of IoT device connections for Metro Line 2, showing sensors,
communication protocols, and integration with Autodesk Tandem.

Data Storage and Formats

Sensor data are initially stored in CSV(Comma-Separated Values) files, which offer a
lightweight, structured, and easily accessible format for processing in Python:

e Bach row represents a sensor reading
e Columns include: sensorId, location, type, reading, status, timestamp

e CSV files are compatible with Python scripts for simulation, aggregation, and
Digital Twin integration

JSON and XML formats are also supported for API exchanges, with JSON preferred
due to its simplicity and lightweight structure.
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IoT Challenges

The deployment and integration of IoT systems face several challenges:

e Timestamp Compatibility: During integration with Autodesk Tandem, some
sensors required timestamp reformatting to match Tandem’s accepted time format,
ensuring successful API communication and data synchronization.

e Connectivity Issues: Wired sensors can suffer from loose cables; wireless sensors
require reinitialization.

e Data Consistency: Synchronizing real-time streams with historical datasets.
e Scalability: Handling large numbers of sensors and frequent updates.

e Security: Ensuring encrypted data transmission (HTTPS, MQTT ) and secure
API access.

e Integration Complexity: Mapping sensor metadata correctly to the Autodesk
Tandem Digital Twin[48, 54, 51].

[Timestamp Compatibility]

[Integration Complexity] [Connectivity Issues]

IoT
Challenges

[ Security ] [ Data Consistency ]

[ Scalability ]

Figure 3.8: Key IoT Integration Challenges in Autodesk Tandem (Digital Twin)

Sensor Performance Evaluation

e Wired sensors: prone to connectivity disruptions due to loose cables

e Wireless sensors: stable, but required reinitialization after one month

Data Quality Measures:
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e Logged at 1-minute intervals
e Missing or erroneous readings filtered via linear interpolation

e Dail calibration checks

Monitored Parameters

8 Monitored Parameter L4 Details / Notes

Temperature (4 sensors) Measured in °C and °F; two near
heat sources showed higher values

Humidity (1 sensor) Measured in %; located centrally

VOC (1 sensor) Measured in ppm (0-10);
contributes to IEQ

Indoor Air Quality (AQI) Monitored via AIRVISUAL app;
AQI < 50; VOC included in analysis

Sampling Frequency 1-minute intervals for sufficient

temporal resolution

Table 3.4: Monitored environmental parameters and data collection details

5 4.41(27)20022421 55

Data is receive in every 1 min
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Figure 3.9: Real sensor data collected over 1 month of monitoring. Temperature (black)
and relative humidity (blue) variations highlight real-time environmental fluctuations.

Sensor Data Analysis: The graph illustrates temperature and relative humidity
variations over a one-month period, highlighting real-time fluctuations.
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Data-Driven Maintenance: Trend analysis in temperature and humidity enables
predictive maintenance, preventing system failures and enhancing operational efficiency.

3.3 Phase II:Data Simulation and Processing

Evaluation of Simulation Tools

EnergyPlus and Python were evaluated for environmental and energy simulation.
EnergyPlus is effective for static, predefined building energy simulations but lacks
flexibility for real-time data integration. Python was selected due to:

e Processing of real-time and historical sensor data
e Full control over simulation logic
e Compatibility with AI/ML models

e Seamless integration with Autodesk Tandem

@ EnergyPlus A Python
Requires IDF and weather files Works directly on CSV sensor data
Designed for static energy simulations Supports dynamic, real-time simulation

and sensor integration

Limited AI/ML and Digital Twin inte- | Fully compatible with AI/ML and Au-
gration todesk Tandem

Difficult for real-time updates Flexible and programmable, full control
over simulation

Suitable for predefined scenarios Suitable for scenario testing, anomaly
detection, and scalable datasets

Table 3.5: Comparison of EnergyPlus and Python for sensor-driven environmental
simulation

Sensor Data Simulation Workflow

1. Convert sensor data into CSV format
2. Simulate 12 days of sensor behavior using Python
3. Apply mean + standard deviation to generate realistic fluctuations

4. Run 20 simulations per sensor type
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Simulated Dataset Structure

The simulated outputs for Temperature (4 sensors), Humidity (1 sensor), and VOC (1
sensor) were merged to form a unified dataset named EnviroSense, consisting of 20 CSV
files resampled to hourly intervals for consistency. CSV files provide a straightforward
way to store large datasets in plain text.

Sensor Type Quantity / Simulations

M Temperature(°C / °F) 4 sensors, included in 20 simulated
datasets

&Humidity (%) 1 sensor, included in 20 simulated
datasets

AVOC( ppm) 1 sensor, included in 20 simulated
datasets

Table 3.6: Sensor types and number of simulations included in the EnviroSense dataset

3.4 Phase III: Digital Twin Integration and Data Ex-
change

Environmental Parameter Definition

These parameters were selected to capture key aspects of indoor air quality and passenger
comfort. Thresholds were established based on historical data trends and internationally
accepted standards, ensuring that deviations are detected before impacting safety or
comfort. Furthermore, these parameters were identified as critical through extensive
literature review, confirming their relevance for environmental monitoring in metro
infrastructure and smart buildings

Data Exchange and Integration Workflow

EnviroSense datasets were transmitted to Autodesk Tandem using a continuous Python-
based workflow designed for reliability and efficiency. The workflow performs the
following functions:

e Automated data transmission: Sensor readings are collected at regular inter-
vals and automatically pushed to the Digital Twin, minimizing manual interven-
tion.

e Historical data preservation: All incoming datasets are archived in a structured
database, enabling long-term trend analysis and model validation.

e Real-time monitoring: Continuous updates allow operators to visualize current
environmental conditions across all floors and respond promptly to anomalies or
threshold violations.
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The workflow incorporates data validation, error handling, and secure transmission
protocols to ensure the integrity and reliability of the datasets. This automated and
continuous data exchange forms the backbone of the Digital Twin, enabling both
real-time monitoring and data-driven decision-making for environmental management.

Sensor Representation in the Digital Twin

o, T

~ \ : ’//_.' ~d i S ¢ &5 .

Figure 3.10: Sensor place-filent on (j}ound Floor (O)
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Figure 3.11: Sensor placement on Floor -2.

)[29]

green dots

(

Figure 3.12: Metro line schematic showing sensor positions
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Figure 3.13: MEP layout showing HVAC infrastructure and environmental sensor

integration.

Representing each sensor as a 3D object within the Digital Twin allows accurate spatial
visualization, evaluation of coverage, and correlation of readings with specific zones.
This approach also enables simulation-based testing to optimize sensor placement and

ensure reliable environmental monitoring

Floor Number of Sensors Approx. Coverage (m?)
Ground Floor (0) 6 50-200
Floor -1 3 50-200
Floor -2 9 50-200
Floor -3 2 50-200

Table 3.7: Summary of sensor distribution across metro station floors

Placement Guidelines:

e Approx. 170 cm above floor level

e At least 1 m from doors, windows, and ventilation

e Minimum 50 c¢m from other electronics
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Optimal Sensor Placement Considerations The sensors in this study were
deployed based on practical considerations, such as room layout, proximity to heat or
ventilation sources, and occupied zones. However, formal approaches for optimal sensor
placement exist, aiming to maximize spatial coverage, reduce measurement uncertainty,
or improve data representativeness [34, 23, 62|. Techniques such as simulation-based
optimization, spatial interpolation, or information-theoretic methods could be applied in
future work to further enhance the accuracy and efficiency of environmental monitoring.

Outcome of Phase III
e Simulated environmental data fully synchronized with Autodesk Tandem
e Real-time visualization enabled
e Historical datasets retained for trend analysis

e Threshold-based alerts allow proactive monitoring

These outcomes provide a validated and synchronized dataset that forms the basis
for advanced analysis and optimization in Phase IV. Following the integration and
validation of sensor data in Phase III, Phase IV focuses on visualization, real-time
monitoring, and optimization using the Digital Twin platform

3.5 Phase IV: Visualization, Monitoring, and Opti-
mization

In this phase, Autodesk Tandem’s time navigation and analytical tools were employed
to explore both historical and real-time environmental data. The following techniques
were implemented:

e Heatmaps: Spatial representations of temperature, humidity, and VOC levels
across all floors were generated to quickly identify areas of concern or unusual
environmental behavior.

e Stream analysis: Continuous sensor data streams were monitored to track
dynamic changes over time and detect correlations between parameters, such as
temperature and humidity fluctuations.

e Time-based dashboards: Interactive dashboards allowed operators to monitor
key performance indicators (KPIs), view temporal trends, and receive automated
alerts when thresholds were exceeded.

By combining these techniques, the methodology enables:

e Proactive environmental management through early detection of anomalies.

e Optimization of HVAC and ventilation strategies to maintain comfort while
reducing energy use.

e Historical trend analysis to inform maintenance planning and infrastructure
upgrades.
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3.6 Summary

The methodology presented in this study integrates physical sensor monitoring, Python-
based data simulation, and Digital Twin implementation to enable comprehensive
environmental analysis in metro infrastructure and smart buildings. By combining real-
time sensor measurements with synthetic datasets, the framework ensures both accuracy
and robustness across a range of operational scenarios. The phased approach—from data
acquisition and preprocessing to Digital Twin integration and visualization—supports
continuous monitoring, historical trend analysis, and proactive decision-making.

Through careful sensor deployment, rigorous data validation, and automated data
exchange with Autodesk Tandem, the methodology provides a scalable and interoperable
system capable of optimizing indoor environmental quality, enhancing operational
efficiency, and facilitating predictive maintenance. Heatmaps, time-based dashboards,
and stream analysis further enable proactive environmental management and informed
operational strategies.

Overall, this integrated approach establishes a strong, validated foundation for
subsequent analyses, simulations, and optimization strategies, directly supporting the
research objectives of assessing environmental performance, improving comfort, and
guiding decision-making in smart infrastructure systems.

The next chapter presents the results of the study, including environmental data
visualization, Digital Twin system performance, and insights from the integration of
Autodesk Tandem in metro projects.
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Chapter 4

Results

This chapter presents and discusses the results obtained from integrating environmental
sensor data into the Autodesk Tandem Digital Twin platform. The evaluation focuses
on environmental data visualization, asset and data management capabilities, system
connectivity, and predictive monitoring potential. The results demonstrate how Digital
Twin technologies enhance environmental awareness, operational transparency, and
facility intelligence within complex infrastructures.

4.1 Environmental Data Visualization

4.1.1 Individual Sensor Visualization

Visualization of individual sensor streams provides detailed insight into localized en-
vironmental behavior within the monitored facility. Figure 4.1 presents time-series
plots of humidity, temperature, and volatile organic compound (VOC) measurements
acquired from selected EnviroSense sensors and visualized in Autodesk Tandem.

The results indicate stable environmental conditions throughout the monitored
period. Humidity values fluctuate within acceptable indoor comfort ranges (%RH), while
temperature measurements remain consistent and well regulated. VOC concentrations
exhibit only minor deviations, suggesting effective ventilation and air quality control
strategies. These observations confirm the reliability of individual sensor data streams
and the capability of the Digital Twin environment to represent real-time environmental
conditions accurately.

The integration of threshold indicators enables rapid identification of abnormal
conditions at the individual sensor level. In the analyzed dataset, no persistent threshold
violations were detected, confirming operational stability. This level of granularity
supports early fault detection and localized diagnostics, which are essential for large-scale
facilities where environmental conditions may vary spatially.
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Figure 4.1: Individual visualization of humidity, temperature, and VOC sensor data in

Autodesk Tandem.

Note: Each line represents a single sensor parameter over time. Fluctuations remain within
expected ranges, indicating stable environmental control.

4.1.2 Threshold Stream Visualization

Threshold stream visualization overlays operational limits on environmental data,
enabling immediate identification of excursions and near-critical conditions. Figure 4.2
shows the Autodesk Tandem Stream Value interface for the ENVIROSENSE system,
presenting synchronized VOC (ppm), humidity (%RH), and temperature (°C) data over
the monitored period together with defined warning and alert thresholds.

The threshold levels applied in this study are summarized in Table 4.1. These limits
were defined based on indoor comfort guidelines, sensor manufacturer specifications,
and operational best practices, ensuring that the monitoring framework aligns with
recognized environmental standards.

8 Parameter A Warning (Low / High) O Alert (Low / High)
Humidity (%RH) <25 / >65 <20 / >70
Temperature (°C) <14 / >27 <13/ >29

VOC (ppm) <38/ >5 <3.5/ >5.5

Table 4.1: Threshold levels for environmental parameters, including warning and alert

limits.

The visualization highlights periods during which environmental parameters ap-

proach predefined warning or alert thresholds. In the analyzed dataset, all parameters
remain within acceptable limits, indicating stable environmental performance. The
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integration of thresholds with historical data enables the foundation for predictive
monitoring, allowing operators to identify trends that may precede future threshold
violations.

MANAGE THRESHOLDS <nox
Thresholds
Parameter Name Threshold values Applied to
HUMIDITY (%RH) HUMIDITY THRESOLDS <20 <25 265 @270 20 connections X W
TEMPERATURE (°C) TEMPERATURE THRESOLDS e <13 <14 > 27 e> 29 20 connections S W
VOC (ppm) VOC THRESOLDS ®<35 <38 =[5 €55 20 connections 2

Edit threshold

Parameter: Threshold name*

HUMIDITY (‘%RH] HUMIDITY THRESOLDS

A Alert (Low) Warning (Low) Warning (High) A Alert (High)
=20 < 25 2 65 =70

Figure 4.2: Autodesk Tandem Stream Value interface for ENVIROSENSE, showing
synchronized VOC (ppm), humidity (%RH), and temperature (°C) data with threshold
indicators.
Note: Warning and alert limits are represented using red lines. Lighter red lines denote
warning levels, while darker red lines indicate alert limits. Observed peaks are temporary and
remain within acceptable ranges.

4.1.3 Merged Multi-Sensor Visualization

Merged visualization integrates multiple sensor streams into a unified representation,
enabling system-wide analysis of environmental conditions. Figure 4.3 presents syn-
chronized trends across multiple sensors, highlighting spatial consistency and temporal
correlations.

Minor variations between sensors reflect localized influences such as occupancy
patterns, airflow distribution, or proximity to ventilation elements. Periodic oscillations
observed in the data likely correspond to daily operational cycles. The ability to
visualize multiple streams simultaneously demonstrates the scalability of the Digital
Twin platform and its suitability for managing high-density sensor networks typical of
large infrastructures such as metro stations.
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Figure 4.3: Merged visualization of multiple environmental sensor streams showing
synchronized trends for humidity (%RH), temperature (°C), and VOC (ppm).

Note: Multiple sensors are displayed simultaneously to illustrate spatial consistency. Small
variations indicate localized effects, while overall trends confirm uniform environmental
requlation. Humidity is displayed in red, temperature in green, and VOC in blue. Solid and
dashed lines represent warning and alert thresholds, respectively.

4.1.4 Heatmap Analysis of Environmental Parameters

Heatmaps provide an intuitive spatial representation of environmental conditions across
the monitored facility. Figures 4.4-4.6 present static heatmap snapshots for humidity,
temperature, and VOC measurements recorded by ENVIROSENSE302 sensors.

The humidity heatmap incorporates embedded metadata, including sensor identifica-
tion, system classification, real-time readings, and network relationships. Temperature
and VOC heatmaps highlight spatial variations and operational performance across the
facility. Although only static visualizations are presented, temporal inspection indicates
that regions of higher intensity are generally short-lived and remain within acceptable
thresholds, confirming effective environmental regulation.

Heatmaps condense complex datasets into easily interpretable spatial patterns,
supporting anomaly detection, performance assessment, and operational decision-making.
Compared to traditional time-series representations, heatmaps enable spatial reasoning,
which is particularly valuable in large facilities where localized issues may otherwise
remain undetected.
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Figure 4.4: Humidity heatmap recorded by ENVIROSENSE302, showing spatial varia-
tions of relative humidity along with embedded metadata.
Includes general metadata, system class, real-time parameters, and system relationships.
Darker shades indicate higher humidity (%RH).

Figure 4.5: Temperature heatmap across sensors.
Darker shades indicate higher temperature (°C).
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Figure 4.6: VOC heatmap across sensors.
Darker shades indicate higher VOC' concentration (ppm).

4.2 Digital Twin Data Management and System Ca-
pabilities
Parameter Standardization

The Parameters module ensures data consistency by restricting asset and space parame-
ters to predefined value sets. This standardization minimizes input errors, improves data
reliability, and establishes a robust foundation for Digital Twin analytics. Consistent
parameter structures also support interoperability and scalable system integration across
complex infrastructures.

Filtering and Navigation Efficiency

Advanced filtering tools enable users to organize Digital Twin components by floors,
spaces, classifications, and categories. Multi-layer filtering enhances information ac-
cessibility and reduces management complexity in large facilities. Efficient navigation
accelerates troubleshooting, improves situational awareness, and supports rapid opera-
tional decision-making.

Asset Tracking and Inventory Management: Pump Stations

The Inventory panel provides structured asset tracking for critical components such
as pump stations, HVAC units, and other mechanical equipment. Using standardized
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classification systems and spreadsheet-style organization, each asset is uniquely identified,
categorized, and linked to relevant documentation and system hierarchies.

Real-time monitoring of pump stations enables early detection of performance
degradation, such as abnormal flow rates, pressure losses, or energy inefficiencies. When
an issue is detected, maintenance interventions can be targeted at the affected component
rather than requiring shutdown or replacement of the entire station. This targeted
maintenance strategy reduces downtime, minimizes operational disruption, and lowers
lifecycle costs.

Integrated document and system management further enhances collaboration and
data governance by linking assets to manuals, specifications, and historical maintenance
records. This ensures that technical and administrative stakeholders access consistent,
up-to-date information, supporting informed decision-making throughout the asset
lifecycle.

Figure 4.7: Inventory panel view for a pump station in Autodesk Tandem, showing
asset classification, real-time monitoring, and targeted maintenance capabilities.
Note: Performance issues can be detected at the component level, allowing maintenance
actions to be limited to affected assets.

System Connectivity and Relationship Mapping

The Connections module visualizes relationships between assets, systems, and spatial
locations, creating a digital representation of facility topology. Mapping host systems
and classifications improves system diagnostics, resilience planning, and impact analysis.
Understanding these relationships allows facility managers to evaluate cascading effects
during failures and optimize operational strategies within the Digital Twin environment.

4.3 Visualization Tools and Predictive Maintenance

Effective visualization tools are essential for monitoring environmental parameters and
managing assets in complex facilities. By transforming large volumes of sensor data into
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intuitive graphical representations, these tools support trend identification, anomaly
detection, and predictive maintenance readiness. This section discusses the visualization
capabilities of Autodesk Tandem, including dashboards and automated reporting.

Automatic Reporting and Dashboard Analytics

The Autodesk Tandem dashboard provides a real-time interface for monitoring envi-
ronmental parameters and asset performance. It consolidates key indicators, threshold
alerts, and asset statuses into a unified view, enabling operators to identify deviations
from normal operation and respond promptly.

Dashboard analytics support predictive maintenance by visualizing trends, highlight-
ing threshold proximity, and enabling correlation across multiple assets and systems.
While the current implementation does not perform autonomous predictive analytics, it
establishes the data foundation required for future Al-driven maintenance models.

In addition to dashboards, Autodesk Tandem enables automatic generation of
structured data reports for analysis, documentation, and compliance purposes. Fig-
ures 4.8-4.11 present representative examples of these reports.

TEMPERATLURE

21.240 °C

Figure 4.8: Real-time temperature status gauge for ENVIROSENSE, indicating current
thermal performance relative to thresholds.
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Figure 4.9: Automatic connectivity report showing data synchronization percentages
aggregated by HVAC system class.
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Figure 4.10: Operational status of stream parameters categorized by mechanical equip-

ment classification.

© O %

20 13 61%
20 13 61%
20 13 61%

52

Total

87

87

87

87

87

87

Total

33

33

33



EDIT CARD / Stream Value Over Time X

4.6 b | *.'I:I'It:l::il PI'I'.'. “ "I’N II' Hi
i n RNy l
Il /| U u fil/ 'ff."}lpl
g ﬂ; ﬁ FRLH
g ® 'l,lk'l ”V N % ‘\'\jl”\l ?l ‘} ’ll‘H 1
Stream i e ll"u' | ' ‘|| IV} I |; I' .
3 Streams v 'H I “ H |
3.8 30 | ! V

3/2 3/3 3/4
2025

Connection: ENVIROSENSE101

Figure 4.11: Multi-axis time-series visualization showing synchronized VOC, humidity,
and temperature trends.

4.4 Overall System Performance Discussion

The presented results demonstrate that Autodesk Tandem provides a comprehensive
Digital Twin environment capable of integrating environmental monitoring with as-
set intelligence. Individual and merged visualizations confirm stable environmental
performance, while heatmap analytics enhance spatial awareness and anomaly detection.

Asset management and system connectivity features enable structured data gov-
ernance, operational transparency, and targeted maintenance strategies. Dashboard-
driven analytics transform heterogeneous sensor and asset data into actionable insights,
supporting informed decision-making and predictive maintenance readiness.

Overall, the Digital Twin framework establishes a scalable architecture for smart
infrastructure management. The results validate the effectiveness of Autodesk Tandem
as a platform for integrating BIM, sensor data, and operational intelligence, forming a
solid foundation for future Al-driven optimization and adaptive facility management.

Recommended Sensor Enhancements The analysis of environmental behavior
in relation to the MEP infrastructure revealed that airflow dynamics and air quality
indicators significantly influence indoor environmental performance. While the cur-
rent sensor network effectively captures temperature, humidity, and VOC levels, the
integration of airflow sensors within HVAC ducts is recommended to enhance system
observability and ventilation diagnostics. Additionally, COy sensors would provide
valuable insight into occupancy patterns and ventilation efficiency, supporting energy
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optimization and indoor air quality management. Differential pressure sensors could
further improve predictive maintenance by enabling early detection of airflow imbalances
or filter degradation. Together, these enhancements would strengthen Digital Twin
simulations, improve anomaly detection, and support more efficient environmental
control strategies.

Table 4.2 summarizes the proposed sensor enhancements and their expected contri-
butions to Digital Twin performance.

¥ Proposed o 3 Primary %" Benefit to Digital Twin

Sensor Function
59 Airflow (Flow) Measure HVAC Improves ventilation diagnostics

Sensor airflow rate and simulation accuracy

& CO, Sensor Monitor occupancy Supports energy optimization

and air quality and indoor comfort control
= Differential Detect airflow Enhances predictive maintenance
Pressure Sensor imbalance and filter | and fault detection
degradation

Table 4.2: Recommended additional sensors to enhance Digital Twin monitoring capa-
bilities

Additionally, multi-parameter sensors (e.g., AirCare 2.0) can be deployed in occupied
spaces to monitor a wide range of environmental parameters, with the option to add
targeted sensors for any additional measurements as needed.

Building on the findings presented in this chapter, the next chapter illustrates the
application of Digital Twin technologies in metro and transport projects through detailed
case studies, including the Istanbul Metro, Delhi Metro, and Denver International
Airport.
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Chapter 5

Case Study: Application in Metro and
Transport Projects (Istanbul Metro,
Delhi Metro, and Denver International
Airport)

Introduction

Digital Twin technologies are also applied in large-scale transportation infrastructure
beyond metro systems. At Denver International Airport, Autodesk Tandem has been
used for real-time monitoring, predictive maintenance, and operational optimization of
terminals, runways, and airport utilities. Case studies provide valuable insight into the
practical application of Digital Twin technologies in large-scale urban infrastructure
projects. By examining real-world scenarios, it becomes possible to evaluate not only
the technical feasibility of Autodesk Tandem but also its operational and socio-economic
impacts.

This chapter analyses two major metro systems: the Istanbul Metro in Turkey and
the Delhi Metro in India. These systems represent different geographical, economic,
and operational contexts. The comparison helps illustrate how Digital Twin integration
has supported, or could support, metro project development, operation, and long-term
maintenance.

5.1 Istanbul Metro: Digital Twin Integration

Background

Istanbul is one of the fastest-growing megacities in the world and uniquely spans two
continents, Europe and Asia. The Istanbul Metro is among the largest and most
ambitious rail transit systems globally[31].

Currently, the network consists of over 241 km of operational metro lines|31],
with plans to expand by an additional 300 km by 2030. Due to complex geological
conditions—including high seismic risk, groundwater presence, and dense urban devel-
opment—metro construction and operation in Istanbul require advanced technological
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solutions for safety and efficiency|4].

Use of Digital Twins

The Istanbul Metropolitan Municipality has collaborated with international engineering
and software firms to implement Digital Twin solutions within metro projects. Key
applications include[4]:

e Design and construction simulation: Integrated BIM models and Autodesk
Tandem were used to visualize geological layers, assess water intrusion risks, and
simulate tunnel boring operations under seismic zones.

e Operations monitoring: IoT-enabled sensors monitor vibration levels, energy
consumption, and passenger density in real time. This data is fed into centralized
Digital Twin dashboards, allowing operators to identify trends and detect potential
equipment failures before they occur.

¢ Emergency management: Earthquake and fire scenarios were simulated within
the Digital Twin environment. These simulations supported the redesign of
evacuation routes and the optimized placement of safety equipment.

The practical application of Digital Twin technology in the Istanbul Metro project is
demonstrated through an integrated system of hardware and software. The Autodesk
Tandem interface (Figure 5.1) provides a centralized 3D visualization hub that maps real-
time metadata onto station and tunnel geometry. This interface is supported by a robust
data architecture, as outlined in the sensors flow chart (Figure 5.4), which manages the
pipeline from raw signal acquisition to cloud-based processing. The physical layer of this
network includes flow sensors (Figure 5.2) deployed within tunnels to monitor airflow
and passenger movement for safety and ventilation management. Complementing these
vibration sensors (Figure 5.3) are installed in mechanical systems, such as elevators, to
enable predictive maintenance and ensure structural health monitoring. Together, these
components transform static BIM data into a dynamic operational tool that enhances
safety and maintenance efficiency across the transit network|31, 4].
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Figure 5.1: Autodesk Tandem interface for the Istanbul Metro project|31, 4]

Figure 5.2: Deployment of flow sensors in tunnels for passenger movement and airflow
monitoring|31, 4]
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Figure 5.3: Vibration sensors installed on elevator systems for structural health
monitoring|31, 4]
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Key Benefits Observed

The application of Digital Twin technology in the Istanbul Metro has resulted in several
measurable benefits

e Cost savings: An estimated reduction of 15-20% in project delays.

e Predictive maintenance: Significant reductions in downtime of escalators and
rolling stock.

e Passenger safety: Improved safety through real-time risk assessment and moni-
toring.

e Scalability: Easy integration of Digital Twins for network expansions and new
metro lines. 31, 4]

5.2 Delhi Metro: Towards Smart Operations

Background

The Delhi Metro Rail Corporation (DMRC) is one of the most successful metro systems
in the developing world and the largest in India[19]. It has significantly transformed
public transportation in Delhi and the surrounding National Capital Region (NCR).
At present, the network extends over 390 km and continues to grow with new phases
under development. DMRC is widely recognized for its strict adherence to project
timelines and cost control. The system is known for its safety, cleanliness, and reliability,
making it a preferred mode of transport for millions of daily passengers|19, 66, 12, 53, 35].

Figure 5.5: Delhi metro map showcasing the interconnectivity of the National Capital

Region (NCR)|66]
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Potential Application of Digital Twins with Autodesk Tandem

While BIM has been widely used by DMRC during design and construction, Digital
Twin implementation remains limited. Autodesk Tandem offers several opportunities
to enhance metro operations and maintenance:

1. Asset lifecycle management: Autodesk Tandem can create virtual replicas of
stations, tunnels, and rolling stock, enabling condition monitoring and optimized
maintenance planning.

2. Energy optimization: Digital Twins can analyse electricity consumption pat-
terns, evaluate regenerative braking strategies, optimize train schedules, and assess
the use of renewable energy sources.

3. Passenger flow analysis: IoT sensors integrated with Tandem can visualize
passenger movement during peak hours, supporting station redesign, platform
management, and train frequency optimization.

4. Disaster preparedness: Given Delhi’s seismic vulnerability, Digital Twin simu-
lations can help assess tunnel and station behaviour during earthquakes or fire
incidents, improving emergency response planning[4].

Comparison of Istanbul and Delhi Metro

:=Comparison GIstanbul Metro ©@Delhi Metro

Metric

Digital Twin Deeply integrated into Emerging adoption with

Maturity the design and high scalability potential.
operational lifecycle.

Structural High seismic risk, Extreme passenger

Constraints complex hilly terrain, density and large-scale
and heritage energy management.
preservation.

Strategic Safety-first, predictive Operational energy

Focus maintenance, and system | efficiency and real-time
scalability. crowd mitigation.

Operational Optimized maintenance Early-stage resilience

Impact costs and reduced building and long-term
downtime. sustainability.

Table 5.1: Strategic Comparison: Istanbul vs. Delhi Metro Infrastructure Framework|31,
4,19, 66, 12, 53, 35|

As summarized in Table 5.1, both metro systems utilize different strategies based on
their unique regional challenges. Istanbul’s framework is heavily influenced by geological
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safety (seismic risk), whereas the Delhi Metro’s priorities are centered on managing
massive ridership and energy consumption.

Future Prospects

The potential of Digital Twin adoption in Delhi Metro is significant. Future metro
phases could integrate Digital Twins from the early design stage, reducing costs and
improving efficiency|[4]|. Linking Digital Twin systems with India’s National Smart
Cities Mission could further enhance coordination across urban infrastructure networks.

Autodesk Tandem’s cloud-based platform can centralize data from multiple metro
lines, enabling faster decision-making, improved monitoring, and long-term sustainability
planning|60].

Lessons Learned

The analysis of both metro systems highlights several important lessons:

e Early integration of Digital Twins significantly enhances operation and mainte-
nance efficiency.

e Digital Twin models must be customized to local conditions and network-specific
challenges.

e Real-time data and simulation tools improve passenger safety and emergency
preparedness.

e Delhi Metro shows strong potential for Digital Twin adoption to support sustain-
ability and energy optimization.

5.3 Denver International Airport: Advancing Smart
Operations

Denver International Airport (DIA) is one of the largest and most complex airports in
the United States, with extensive terminals, runways, and supporting infrastructure|5].
To manage such a large-scale facility efficiently, Digital Twin technologies have been
implemented to monitor operations in real time, optimize resource allocation, and
support predictive maintenance. Autodesk Tandem provides a centralized platform
to integrate data from sensors, systems, and assets, enabling smarter operational
decision-making and improved passenger experiencel5].
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5.4 Summary

The Istanbul Metro, Delhi Metro, and Denver International Airport case studies
demonstrate the transformative potential of Autodesk Tandem in metro infrastructure
projects. Istanbul illustrates the advantages of early and comprehensive Digital Twin
integration, while Delhi highlights the opportunities available in rapidly expanding
urban systems. These examples confirm that Digital Twins are not merely futuristic
concepts but practical tools capable of improving safety, efficiency, and sustainability in
modern urban transport systems|4].

The following chapter discusses the benefits, challenges, and governance consid-
erations of implementing Digital Twin technologies and Autodesk Tandem in metro
projects, drawing lessons from the presented case studies.
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Chapter 6

Discussion: Benefits, Challenges and
(Governance

Introduction

The integration of Digital Twin systems through platforms such as Autodesk Tandem
has the potential to significantly transform the way metro projects are planned, delivered,
and managed. These technologies offer substantial benefits across the entire project
lifecycle, from early design to long-term operation and maintenance. At the same
time, their implementation presents several challenges, including technical, financial,
organizational, and human resource constraints.

Beyond technical functionality, Digital Twins also influence decision-making pro-
cesses, risk management strategies, and long-term asset performance. Their ability
to integrate real-time data, predictive analytics, and lifecycle information creates new
opportunities for improving efficiency, safety, sustainability, and service quality in metro
systems. However, these advantages can only be realized when appropriate governance
frameworks, clear data ownership structures, cybersecurity measures, and stakeholder
coordination mechanisms are in place.

Moreover, the adoption of Digital Twin technologies requires cultural transformation
within organizations. Project teams, operators, and public authorities must develop
new digital competencies and adapt to data-driven management approaches. Without
adequate training, institutional support, and long-term strategic planning, the full
potential of these systems may remain underutilized.

This chapter examines the key benefits of using Digital Twins in metro projects and
highlights the major challenges and governance considerations that must be addressed
to ensure successful and sustainable adoption.
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6.1 Benefits of Using Digital Twins with Autodesk
Tandem

Enhanced Planning
and Design

[Cost & Time Savmgs} Management

[Improved Construction}

Digital Twin
with Autodesk Tandem

[Lifecycle Management} [Operational Efﬁciencyj

Figure 6.1: Key Benefits of Implementing Digital Twins using Autodesk Tandem in
Metro Projects

Enhanced Planning and Design

Digital Twins improve planning and design by providing advanced visualization and
simulation capabilities before construction begins [63, 18]. The main benefits include:

e Improved visualization: Engineers and architects can explore detailed three-
dimensional models of metro lines, stations, and tunnels, enabling early detection
of design conflicts.

e Scenario simulation: Multiple design alternatives can be tested virtually,
including station layouts, tunnel alignments, and track configurations, reducing
uncertainty during construction.

e Stakeholder collaboration: Designers, contractors, and decision-makers work
within a shared digital environment, minimizing miscommunication and improving
coordination.

Ezample: In Delhi Metro Phase 4, Digital Twin simulations can be used to model
tunnel-boring activities and identify high-risk zones before construction begins [18|.
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Improved Construction Management

During construction, Digital Twins enable closer control and better decision-making
through real-time monitoring |63, 42|.

¢ Real-time monitoring: IoT-enabled devices provide live data on construction
activities such as concreting, track installation, and equipment operation, allowing
progress to be tracked accurately.

e Resource optimization: Digital Twins support efficient allocation of materials,
labour, and machinery, reducing waste and improving productivity.

¢ Risk identification: Early warning alerts help identify safety hazards or equip-
ment failures before they escalate into serious issues.

Ezxample: In the Istanbul Metro, Digital Twin tools have been applied in complex
underground excavation zones to reduce delays and avoid cost overruns [42].

Operational Efficiency

Once metro systems become operational, Digital Twins support efficient day-to-day
management [63, 5.

e Predictive maintenance: Sensors embedded in trains, tracks, escalators, and
HVAC systems help identify early signs of wear, preventing unexpected break-
downs.

e Energy management: Digital Twins analyse energy consumption patterns
and recommend optimization strategies for traction power, station lighting, and
ventilation systems.

e Passenger flow management: Real-time data allows operators to monitor
crowd movement during peak hours, improving safety and comfort.

FExample: At busy interchange stations, Digital Twins can support crowd control
strategies during peak-hour operations.

Lifecycle Management

Autodesk Tandem enables continuity of information throughout the asset lifecycle [7].

e Single source of truth: All design, construction, and operational data are
stored in one centralized system.

e Digital handover: Facility operators inherit a fully populated Digital Twin after
construction, simplifying maintenance planning.

e Sustainability support: Lifecycle monitoring helps reduce material waste,
energy consumption, and environmental impact.
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Cost and Time Savings

Digital Twin adoption contributes to both short-term and long-term cost efficiency |7,
63, 70].
e Error reduction: Early identification of design and construction issues prevents

costly rework.

e Predictive maintenance: Preventing failures reduces service disruptions and
maintenance costs.

e Faster project delivery: Shared data environments improve collaboration and
reduce project timelines.

Figure 6.2: Five Real-World Applications of Digital Twin Technology [7]
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Figure 6.3: Digital Twin adoption trend from 2013 to present [60].
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The increasing fascination with digital twins, coupled with fast-evolving supporting
technologies, is expected to drive digital twin investments to surpass 48 billion dollars
by 2026.

6.2 Challenges of Using Digital Twins with Autodesk
Tandem

Despite the numerous benefits, several challenges must be addressed before widespread
adoption of Digital Twins in metro projects |7, 63, 47, 9, 14, 60].

High Initial Investment

The implementation of Digital Twin systems requires significant upfront investment
in software platforms, IoT sensors, cloud infrastructure, and skilled personnel. For
developing countries, these costs can be a major barrier despite long-term savings.

FExample: Smaller metro projects in Tier-2 cities may hesitate to adopt Digital Twin
technology due to budget constraints.

Complexity of Data Integration

Metro systems generate vast volumes of data from signalling, energy systems, rolling
stock, and stations. Integrating this data into a unified Digital Twin is technically
complex. Lack of standardized data formats among contractors and operators can
further create interoperability issues.

Skill and Training Gaps

Digital Twin platforms such as Autodesk Tandem require expertise in BIM, data ana-
lytics, and IoT systems. Many metro authorities face shortages of trained professionals
and must invest heavily in staff training and capacity building.

Cybersecurity Concerns

Digital Twins depend on real-time data exchange through cloud-connected systems,
making them vulnerable to cyber-attacks. Security breaches could disrupt metro
operations and pose serious risks to passenger safety and infrastructure reliability.

Organizational Resistance

Resistance to change remains a significant challenge. Stakeholders accustomed to
traditional workflows may be reluctant to adopt transparent, data-driven systems.
Contractors and consultants may also resist the increased accountability associated
with Digital Twins.

68



Technical Limitations

Reliable internet connectivity and advanced computing infrastructure are essential
for real-time Digital Twin operation. In regions with limited digital infrastructure,
maintaining continuous data updates and managing large-scale 3D models can be
challenging.

[Skill & Training Gaps]

A

[Data Integration Complex1t Cybersecurlty RlSkS]

Digital Twin Adoption
Challenges

[ngh Initial Investmen rganlzatlonal ReSJStance]

Y

[Technical Constraints]

Figure 6.4: Key Challenges in Implementing Digital Twins using Autodesk Tandem in
Metro Projects

Balancing Benefits and Challenges

Successful implementation of Digital Twins in metro projects requires a balanced
approach |7, 63, 9, 14, 60, 31, 19, 5]:

e Strategic investment: High initial costs can be justified by long-term operational
and maintenance benefits.

e Capacity building: Structured training programs and collaboration with tech-
nology providers can address skill gaps.

e Standardization: Industry-wide data standards improve interoperability and
collaboration among stakeholders.

69



e Cybersecurity frameworks: Robust security policies are essential to protect
data integrity and system reliability.

If these challenges are addressed through strategic planning and institutional sup-
port, metro systems such as Delhi and Istanbul have the potential to become global
benchmarks for smart, resilient, and future-ready urban transportation infrastructure.

6.3 Policy, Governance, and Ethical Frameworks for
Digital Twin Adoption in Metro Systems

Policy, Governance, and Ethical Frameworks for Digital Twin Adoption in Metro
Systems. Digital Twin technology represents a large-scale and capital-intensive digital
infrastructure system. Its adoption in metro projects should not be viewed solely as a
technological transition; it is equally a matter of governance, regulation, institutional
readiness, and political will for sustainable long-term growth. Metro projects are public
infrastructure initiatives, often involving massive investments, international contractors,
and long-term maintenance obligations. Governments, regulatory agencies, and urban
development authorities must create policies that support the integration of tools like
Autodesk Tandem across planning, execution, and operations, considering long-term
national benefits [32]. Digital Twin adoption also raises important questions about
ethics, data protection, and fairness. Beyond technical implementation, these systems
affect millions of people daily and must adhere to rules of accountability [56|. This
section examines the institutional, regulatory, and ethical frameworks required to ensure
responsible technological advancement while maintaining public trust and long-term
infrastructure resilience, with special reference to India (Delhi Metro) and Turkey
(Istanbul Metro) [16, 30].

6.3.1 Policy Frameworks

Metro systems operate under multiple layers of policy:

National Policies

e National Urban Transport Policy (NUTP), India: Directs the development
of sustainable metro systems and promotes safety, passenger comfort, and resource
efficiency aligned with Digital Twin adoption [43].

e National AI Strategy, Turkey (2021-2025): Supports Al adoption in trans-
port, facilitating Digital Twin implementation [52].
Smart City Missions and Digital Infrastructure

e C(ities like Delhi, Istanbul, and Singapore use Digital Twins as part of smart city
plans [58].

e Governments must support funding, standardized data systems, and safe trial
zones for new technologies.
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e Policies around IoT, 5G, and Al create ecosystems and incentivize private invest-
ment.

Sustainability and Green Policies

e Digital Twins enable energy optimization, predictive maintenance, and lifecycle
carbon accounting to achieve Net Zero Carbon goals [17].

International Standards
e ISO 19650: Standardizes BIM information management (8.

e [FC (Industry Foundation Classes): Ensures interoperability across platforms.

EU BIM Task Group Guidelines: Supports Digital Twin adoption in transport.

UK Centre for Digital Built Britain (CDBB): Provides frameworks for Digital
Twin use in public infrastructure.

EU Data Governance Act: Guides secure and private management of project
data.

6.3.2 Governance and Institutional Frameworks

Governance is the backbone of large-scale infrastructure management. Digital Twin
adoption requires coordination across:

e Government ministries like Transport, Urban Development, Environment, and IT.
e Metro corporations, e.g., DMRC in Delhi and Metro Istanbul [16, 30].

e Technology providers (Autodesk, Siemens, Bentley, etc.).

e Regulatory authorities for safety, data protection, and cybersecurity.

e Public stakeholders including citizens, commuters, and civil society for feedback.

Institutional Frameworks: India — Delhi Metro
The Delhi Metro Rail Corporation (DMRC) demonstrates strong institutional readiness
for advanced technology adoption:

e Central & State Government Support: Joint ownership ensures policy

alignment and mitigates initial cost barriers [16].

e BIM Mandates: Government policies promote Building Information Modeling
for accurate and efficient asset management [8].

e Environmental and Urban Policy Integration: DMRC aligns with the
National Urban Transport Policy (NUTP) for sustainable, technology-enabled
urban mobility [43].

e Digital India Initiative: Encourages cloud-based tools and smart infrastructure
technologies, supporting Autodesk Tandem implementation.
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Institutional Frameworks: Turkey — Istanbul Metro

Metro Istanbul, under the Istanbul Metropolitan Municipality (IMM), leverages several
frameworks:

e National AI Strategy: Supports Al adoption in transport, facilitating Digital
Twin implementation [52].

e EU Standards Alignment: Compliance with EU and ISO standards enables
interoperable Digital Twin systems [§].

e City Governance: Integrates metro lines within Istanbul’s smart city vision,
using real-time digital insights for operations [30].

e Public—Private Partnerships (PPPs): Collaboration with global firms like
Autodesk brings international expertise and technology.

Public-Private Partnerships (PPPs)

e Metro systems rely on multiple partners including software vendors and IoT
providers.

e Policies must ensure clear contracts, shared accountability, and regulatory compli-

ance [56].

6.3.3 Ethical Considerations
Data Privacy

e Data from CCTV, IoT devices, and ticketing systems must be anonymized and
securely handled [56].

e GDPR-like safeguards and access limitations should be implemented [32].

Equity and Accessibility

e Digital Twins should support inclusive decisions, such as train schedules and
platform design, benefiting all passenger groups [58].

Cybersecurity Risks
e Real-time connected systems are vulnerable to attacks.

e Regular risk assessments and mitigation strategies are essential [56].

Environmental Ethics
e Digital Twins can track energy use and minimize waste [17].

e Metro authorities have a responsibility to ethically use insights to achieve sustain-
ability goals [58].
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Challenges

e Lack of skilled personnel for efficient Digital Twin usage [58|.

e Data security and privacy concerns [32].

Siloed departmental operations leading to poor coordination.

High funding requirements for Digital Twin projects [8].

Legal and regulatory gaps (e.g., liability, data sovereignty, cross-border data issues)
[56].

Recommendations

e Develop national roadmaps for metro Digital Twin adoption, similar to the UK’s
National Digital Twin Programme.

e Implement training programs across metro agencies, universities, and technology
partners [58].

e Strengthen PPP models for collaboration with global technology providers [8].

e Offer incentives such as tax benefits or funding support for Digital Twin imple-
mentation.

e Adopt global standards (ISO, IEEE) to ensure uniformity and data protection [8].
e Establish Data Ethics Committees to oversee proper use of metro data [56].

e Maintain transparency through open dashboards on efficiency and sustainability
[58].

e Clearly define data ownership and responsibilities for errors or breaches [32].

Case Reflections

e Delhi Metro: Strengthen data protection and public trust policies alongside
BIM and IoT adoption [16, §|.

e Istanbul Metro: Align with EU privacy and ethical standards to safeguard
passenger and operational data [30, 32].

6.4 Summary

The integration of Digital Twins through Autodesk Tandem offers significant advantages
for metro projects, including improved efficiency, cost savings, sustainability, and
enhanced passenger experience. However, challenges such as high initial investment,
complex data management, skill shortages, and cybersecurity risks must be carefully
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managed. Digital Twin systems thrive under strong governance, clear policies, and
ethical compliance. When managed effectively, these technologies make metro projects
smarter, cleaner, and future-ready. Issues like data privacy, skill gaps, coordination,
funding, and legal frameworks must be addressed to realize the full potential of Digital
Twins in public transport systems [58, 32, 8|. If these challenges are addressed through
strategic planning and institutional support, metro systems such as Delhi and Istanbul
have the potential to become global benchmarks for smart, resilient, and future-ready
urban transportation infrastructure.

The final chapter outlines the future prospects of Digital Twin technologies in metro
projects, provides recommendations for effective implementation, and presents the
overall conclusions of this study.
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Chapter 7

Future Prospects, Strategic
Recommendations, and Conclusion

Introduction

Digital Twin technology has already transformed sectors such as aviation, energy, and
manufacturing. In the context of metro systems, the integration of Autodesk Tandem
into planning, construction, and operational phases represents only the beginning of a
broader digital transformation. This chapter explores the future prospects of Digital
Twin technology in metro projects, highlighting emerging trends, global opportunities,
and strategic recommendations for metro authorities, governments, and key stakeholders.
It also summarizes the main conclusions of this study.

7.1 Future Prospects of Digital Twins in Metro Projects

Full Lifecycle Digitalization

In the near future, Digital Twins are expected to enable complete lifecycle digitalization
of metro systems, from conceptual design to decommissioning. Autodesk Tandem’s
capability to preserve data integrity across all project phases ensures that decisions made
during early stages remain accessible and valuable throughout the asset’s operational
life[63].

e Design Stage: A unified digital model enables seamless collaboration among
architects, engineers, and planners.

e Construction Stage: Real-time progress tracking, resource optimization, and
quality assurance become possible through integrated data environments.

e Operation Stage: Predictive analytics support maintenance planning, passenger
flow optimization, and energy management.

e Decommissioning Stage: Digital Twins facilitate safe dismantling, material
traceability, and recycling strategies.
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Integration with Artificial Intelligence and Machine Learning

Artificial Intelligence (AI) and Machine Learning (ML) are expected to play a central role
in enhancing Digital Twin capabilities. By leveraging real-time and historical data within
Autodesk Tandem, metro systems can move toward self-optimizing operations|[63, 14].

e Al algorithms can predict passenger demand surges during peak periods, festivals,
or emergency situations, enabling proactive mitigation strategies.

e ML models can recommend cost-efficient maintenance schedules by analyzing
long-term performance data of assets.

Figure 7.1: Example of real-time crowd capture and simulation with MassMotion
Live [63]. This demonstrates potential applications for metro system monitoring and
predictive passenger management.

Smart Cities and Intermodal Integration

Future metro systems will increasingly operate as integral components of smart city
ecosystems rather than isolated transport networks. Digital Twins of metro systems
can be interconnected with citywide Digital Twins covering roads, airports, utilities,
and residential infrastructure[63, 5].

e Passenger-Centric Benefits: Real-time multimodal travel guidance enhances
journey efficiency and convenience.

e Urban Planning Advantages: Simulation-based forecasting allows assessment
of metro expansions on traffic flow, emissions, and land use.

e Policy Support: Data-driven insights support informed decision-making to
reduce congestion and environmental impact.
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Sustainability and Green Transition @

Sustainability objectives and climate commitments are driving metro authorities toward
low-carbon and energy-efficient operations. Digital Twins can significantly contribute
to these goals by enabling continuous monitoring and optimization of environmental
performance|63, 64].

e Optimization of energy consumption across trains, stations, and auxiliary systems.

e Support for circular economy practices, including reuse and recycling of construc-
tion materials.

e Transparent reporting of energy and resource usage to support green certifications
and regulatory compliance.

Extended Reality and Passenger Experience

The integration of Digital Twins with Extended Reality (XR) technologies—such as
Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR)—is expected
to redefine both workforce training and passenger experience|63, 48, 61].

e AR-enabled Maintenance: Maintenance personnel can receive real-time, over-
laid repair instructions directly on physical components.

e Immersive Passenger Guidance: AR-based navigation systems can improve
accessibility for visually impaired and first-time users.

e VR-based Training: Immersive simulations enable safe and effective emergency
training for metro staff.

Global Adoption and Standardization

As Digital Twin adoption increases worldwide, the development of international stan-
dards will become essential to ensure interoperability and data exchange across metro
systems.

e Knowledge sharing between metro systems in cities such as Delhi, Istanbul, and
London can accelerate best practices.

e Government mandates for BIM- and Digital Twin-based submissions in large
infrastructure projects are likely to increase.
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Figure 7.2: Future Strategic Framework of Digital Twin-enabled Metro Systems with
Full Lifecycle Digitalization|63|

7.2 Recommendations for Effective Implementation

The following discussion is based on [63, 42, 9|

Institutional Commitment It

Metro authorities should adopt a Digital Twin-first strategy from the earliest planning
stages. Government support through policy frameworks, funding mechanisms, and
capacity-building initiatives is essential to promote large-scale adoption.

Workforce Training and Capacity Building a4

Continuous training programs are required to equip engineers, planners, and operators
with skills in Autodesk Tandem, BIM, data analytics, and IoT technologies. Establishing
specialized Digital Twin laboratories within universities and metro organizations can
further support innovation and skill development.

Data Governance and Security &

Robust data governance frameworks must be established to address data ownership,
access control, and cybersecurity risks. Open data standards should be adopted while
ensuring the protection of sensitive operational and passenger information.
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Collaborative Ecosystem ¢@

Strong collaboration between technology providers, metro authorities, government
agencies, and academic institutions is crucial. Pilot projects should be encouraged to
validate feasibility and performance before large-scale implementation.

Long-Term Cost—Benefit Perspective &R

Investment decisions should consider lifecycle cost savings rather than focusing solely on
upfront implementation costs. Public-Private Partnership (PPP) models can provide
effective financing mechanisms for Digital Twin integration.

Challenges That Must Be Addressed

Despite promising prospects, several challenges require immediate attention. These
include high initial investment costs, resistance to organizational change, increased
cybersecurity vulnerabilities, and the need for industry-wide data standardization.

7.3 Conclusion

Digital Twins, empowered by Autodesk Tandem, represent a paradigm shift in the
planning, construction, and operation of metro systems. Their future application
promises safer, smarter, greener, and more passenger-centric urban transport networks.
With strategic planning, institutional commitment, and collaboration between public
and private stakeholders, Digital Twins can transition from an emerging innovation to a
mainstream practice in global urban transportation. The case studies of the Delhi Metro
and Istanbul Metro clearly demonstrate this potential and highlight the path forward
for sustainable and resilient metro infrastructure. This study set out to understand
how Digital Twin technology, supported by Autodesk Tandem, reshapes the planning,
construction, and operation of metro systems. Through a close look at both the Delhi
and Istanbul Metro projects, it has become clear that Digital Twins are not just digital
models but living reflections of physical infrastructure, bridging design and real-time
intelligence.

The findings show that Autodesk Tandem helps weave together BIM, IoT, and
analytics into a single, evolving model of the metro network. It improves asset lifecycle
management, enables predictive maintenance, enhances energy efficiency, and supports
decision-making through real-time insights.

The potential observed in both cases—Delhi and Istanbul—includes lower operational
costs, safer systems, and better alignment with sustainability goals. However, challenges
such as high initial costs, interoperability concerns, data security issues, and limited
technical expertise remain. Yet, when weighed against the long-term advantages, these
barriers appear more like stepping stones than roadblocks.

By connecting live data to digital models, Digital Twins have evolved from futuristic
concepts into essential components of modern infrastructure, allowing metro systems to
grow, learn, and adapt in transforming urban mobility.
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Key Findings

e Lifecycle Integration: Autodesk Tandem ensures continuity of data from design
to operation, minimizing information loss and ensuring consistent efficiency.

e Operational Excellence: Predictive maintenance and analytics reduce down-
time, improving reliability and passenger satisfaction.

e Sustainability: Real-time monitoring supports energy optimization and reduces
carbon footprints.

e Passenger-Centric Design: Simulations of passenger flows improve comfort,
accessibility, and safety.

e Governance Role: Strong policies and institutional collaboration are vital for
responsible, secure, and ethical implementation.

Future Roadmap

The roadmap to unlock the full potential of Digital Twins technology in metro infras-
tructure is structured as follows:

Early-Stage Integration
e Begin using Digital Twin systems in planning from the design stages.

e Introduce Autodesk Tandem or similar platforms during tender and procurement
stages to guide project execution from the beginning.

Data Infrastructure and IoT Expansion

e Deploy IoT networks across stations, tunnels, and rolling stock to collect richer
real-time data.

e Strengthen interoperability between legacy systems and emerging digital ecosys-
tems to maintain consistency and accuracy of insights.

Capacity Building

e Establish continuous training programs for engineers, planners, and operators in
Digital Twin technologies and data analytics.

e Create dedicated Centers of Excellence within metro corporations and academic
institutions.

Policy and Governance Alignment Governments should integrate Digital Twin
strategies into national infrastructure policies and Smart City missions to ensure long-
term alignment between technology, sustainability goals, and regulatory frameworks.
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