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Abstract

This licentiate thesis develops and prototypically demonstrates Digital
Twin (DT) architectures for urban transportation with a focus on road-traffic
emissions, Public Transportation (PT) and data-driven path flow estimation
to support DT simulation workflows. To advance current transport DT's from
isolated sensor dashboards and disconnected simulations, the thesis addresses
three research objectives: 1) to formulate a transferable DT architecture for
network-level road-traffic emission nowcasting, forecasting, and retrospective
analysis, 2) to design an open, automated, and extendable DT development
pipeline for PT, and 3) to investigate the robustness and transferability of
Partial Least Squares Regression (PLSR) for reconstructing path flows from
link flow observations.

Paper I develops and demonstrates an emission-oriented DT framework
that integrates camera-based sensing, demand estimation, hybrid traffic sim-
ulation, and interactive 3D visualization. Traffic cameras are processed using
a computer-vision pipeline that detects and classifies vehicles and extracts
speed and acceleration used to nowcast emissions at camera locations. To
further estimate network-level emissions, the camera data is used to estimate
dynamic OD demand as input for microscopic simulation. A Unity-based 3D
platform integrates sensor and simulation output using MQTT-based data
streaming. This platform enables joint exploration of near-real-time emis-
sions at sensor locations and simulated emission estimates in the surrounding
network. A case study in Kista, Stockholm, illustrates the framework’s ability
to support both emission nowcasting and scenario analysis, for example by
assessing changes in network-level emissions under reduced parking availabil-
ity.

Since DTs integrate multiple complex components, their development is
often resource-intensive and time-consuming. To lower entry barriers Paper
IT proposes an open, automated DT development pipeline for PT that relies
on open data, open standards, and open source software. PT operations are
represented using GTFS data, where its static component serves as input for
microscopic traffic simulation to enable joint simulation of PT vehicles and
private traffic interactions. The GTFS real-time feeds enable both monitoring
of current PT operations through low-latency visualization and retrospective
analysis of events using a database storing historic observations. The link-
and vehicle-level traffic data is displayed together with automatically derived
OpenStreetMap building models in a Cesium-based web platform. This in-
teractive visualization allows users to switch between nowcasting, scenario-
based forecasting, and playback of historical operations within a 3D spatial
context facilitating informed decision making. A case study in Kista, Stock-
holm demonstrates the pipeline’s technical feasibility by showcasing real-time
PT operations and simulation-based scenarios visualized in the 3D interactive
DT platform.

Paper III formulates and evaluates a PLSR-based path flow estimator
as a data-driven alternative to conventional OD matrix estimation (ODME)
within DT simulation workflows. Estimating a larger number of OD pairs



from a smaller number of link counts, as well as collinearities in the ob-
servations render the path flow estimation problem ill-posed. PLSR learns
a low-dimensional latent representation that maximizes the covariance be-
tween observed link flows and path flows, providing implicit regularization
for the ill-posed inverse problem. While the method was used for similar
problem settings, it has not yet been used for path flow estimation. Thus,
this study evaluates its suitability by assessing its stability and transferability
using a synthetic test network and controlled data-generating processes that
reflect practically relevant OD and route choice structures. The experiments
indicate that PLSR achieves the lowest reconstruction errors when variabil-
ity in path flows is dominated by OD demand fluctuations. Increased path
choice randomness, however, is reducing recoverability at first, but the per-
formance stabilizes once strong path competition regimes are entered. The
experiments further indicate that PLSR transfers reliably when fitting and
deployment share the same correlation regimes, but performance deteriorates
near regime boundaries where OD-driven correlations give way to path choice
competition-based correlations. These findings suggest that PLSR can serve
as a fast, data-driven path flow estimator in DT contexts. Though, to ensure
reliable estimates over time it requires continuous monitoring of the underly-
ing correlation regimes to detect shifts and retrain the model when needed.

Keywords: Digital twin, Urban transportation, Traffic emission, Public
transport, Path flow estimation



Sammanfattning

Denna licentiatuppsats utvecklar och prototypiskt demonstrerar Digital

iii

Twin (DT)-arkitekturer f6r urbana transportsystem med fokus pa vigtrafikutslapp,

kollektivtrafik och datadriven skattning av véigfloden for att stodja simule-
ringsbaserade DT-arbetsfloden. For att fora dagens transportrelaterade DT-
I6sningar vidare fran isolerade sensordashboards och fristaende simulering-
ar behandlar avhandlingen tre forskningsmal: 1) att formulera en &verforbar
DT-arkitektur for ndtverksomfattande skattning i realtid, prognoser och ret-
rospektiv analys av vigtrafikutslapp, 2) att utforma en &ppen, automatiserad
och utbyggbar utvecklingspipeline fér DT inom kollektivtrafik, samt 3) att un-
dersoka robustheten och 6verférbarheten hos Partial Least Squares Regression
(PLSR) for rekonstruktion av vigfléden fran lanktrafikobservationer.

Artikel T utvecklar och demonstrerar ett utsldppsorienterat DT-ramverk
som integrerar kamerabaserad datainsamling, efterfrageskattning, hybrid tra-
fiksimulering och interaktiv 3D-visualisering. Trafikkameror behandlas med en
datorseendepipeline som detekterar och klassificerar fordon samt extraherar
hastighet och acceleration, vilka anvénds for att skatta utslapp i realtid vid ka-
merapositionerna. For att vidare uppskatta utslipp pa nitverksniva anvéands
kameradata for att skatta dynamisk OD-efterfragan som sedan anvinds som
indata till mikrosimulering. En Unity-baserad 3D-plattform integrerar sensor-
och simuleringsdata via MQTT-baserad datastromning. Plattformen mojliggor
gemensam analys av néstan realtida utslapp vid sensorplatser och simule-
rade utslédppsskattningar i det omgivande nétverket. En fallstudie i Kista,
Stockholm, visar ramverkets formaga att stodja bade realtidsskattning av
utsldpp och scenarioanalys, exempelvis genom att bedéma fordndringar i
nétverksomfattande utslapp vid minskad parkeringstillgang.

Eftersom DT-system integrerar flera komplexa komponenter &r deras ut-
veckling ofta resurskrivande och tidsintensiv. For att sinka trosklarna foreslar
Artikel II en 6ppen och automatiserad DT-utvecklingspipeline for kollektiv-
trafik som bygger pa 6ppna data, 6ppna standarder och programvara med
oppen killkod. Kollektivtrafikens drift representeras med GTFS-data, dar den
statiska delen anvidnds som indata till mikroskopisk trafiksimulering for att
mojliggéra gemensam simulering av kollektivtrafikfordon och interaktioner
med privat trafik. GTFS realtidsfloden mojliggoér bade 6vervakning av aktuell
kollektivtrafikdrift genom visualisering med lag latens och retrospektiv analys
av hiandelser genom en databas som lagrar historiska observationer. Trafikdata
pa lank- och fordonsniva visualiseras tillsammans med automatiskt genere-
rade OSM-baserade byggnadsmodeller i en Cesium-baserad webbplattform.
Denna interaktiva visualisering gor det mojligt for anvindare att vixla mel-
lan realtids6vervakning, scenariobaserad prognostisering och uppspelning av
historisk drift i en rumslig 3D-kontext som underldttar vilgrundat besluts-
fattande. En fallstudie i Kista, Stockholm, demonstrerar pipeline-l6sningens
tekniska genomférbarhet genom att visa realtida kollektivtrafikdrift och si-
muleringsbaserade scenarier i den interaktiva 3D-baserade DT-plattformen.

Artikel ITI formulerar och utvirderar en PLSR-baserad skattare av vigfloden
som ett datadrivet alternativ till konventionell skattning av OD-matriser in-



iv

om DT-baserade simuleringsarbetsfloden. Att skatta ett storre antal OD-
par utifran ett mindre antal lankrdkningar, i kombination med kollineari-
tet i observationerna, gor problemet att skatta vigfloden ill-posed. PLSR
lar sig en lagdimensionell latent representation som maximerar kovariansen
mellan observerade lankfloden och vigfloden, vilket ger en implicit regula-
risering av det ill-posed inversa problemet. Aven om metoden har anviints
i liknande problemsammanhang har den dnnu inte tillimpats for skattning
av vigfloden. Studien utvarderar darfor dess lamplighet genom att analyse-
ra dess stabilitet och 6verférbarhet med hjélp av ett syntetiskt testnétverk
och kontrollerade datagenererande processer som speglar praktiskt relevan-
ta OD- och végvalsstrukturer. Experimenten visar att PLSR uppnar lagst
rekonstruktionsfel nér variationen i véigfloden domineras av variation i OD-
efterfrigan. Okad slumpmissighet i viigval minskar diremot initialt rekonstru-
erbarheten, men prestandan stabiliseras nir systemen gar in i regimer med
stark konkurrens mellan vigar. Experimenten indikerar vidare att PLSR &r
palitligt 6verforbar nér traning och tillampning delar samma korrelationsregi-
mer, men att prestandan forsdmras nédra regimgrianser dar OD-drivna korre-
lationer overgar i korrelationer som orsakas av konkurrens mellan vigval. Re-
sultaten tyder pa att PLSR kan fungera som en snabb och datadriven skattare
av vigfloden i DT-sammanhang. For att sidkerstélla tillforlitliga skattningar
over tid krédvs dock kontinuerlig 6vervakning av de underliggande korrela-
tionsregimerna for att upptécka skiften och trdna om modellen vid behov.
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Chapter 1

Introduction

Nowadays, transport infrastructure and services are increasingly equipped with
sensing and communication technologies that passively collect data from a variety
of sources, such as traffic cameras, loop detectors, and GPS-equipped vehicles.
Such data enables efficient monitoring of current conditions, supports the anal-
ysis of past events, and provides a basis for the evaluation of future scenarios.
To make these data streams actionable for operations and planning, they must
be embedded in an architecture that 1) reliably acquires, harmonizes, and stores
heterogeneous observations, 2) integrates them with models and simulations to
extract insights, and 3) presents results in a form that enables informed decision-
making. The resulting analysis and decisions finally influence the physical trans-
port system either automatically, e.g., via control infrastructure and information
systems, or manually through operational or policy interventions.

Digital Twins (DTs) have been identified as a promising approach to address
these requirements by coupling a physical system with a continuously updated
digital counterpart.

1.1 Digital Twin Definition

DTs were first introduced with respect to product lifecycle management in the
manufacturing industry by Grieves in 2003 [1]. The term originally described
products in a physical space, their representation in a virtual space, and a connec-
tion between both spaces characterized by the exchange of data and information.
Later, the concept was adopted by NASA in 2012 to address the limitations of
conventional air and spacecraft certification, development, and monitoring prac-
tices, which often relied on heuristics and empirical studies before [2]. Based on
their definition, a DT integrates physics-based simulation driven by sensor data
and historic observations to forecast system health.

Other definitions support this general DT structure consisting of a physical
space coupled with a digital counterpart [3]. A representation of this basic refer-

3
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Figure 1.1: High-level Digital Twin Architecture.

ence architecture is shown in Figure The coupling is typically realized using
IoT sensors continuously observing the physical system’s state. The digital copy
offers centralized monitoring of various components which enables applications
such as preventive or predictive maintenance. Assuming the digital counterpart
and the real system behave in the same way, the digital copy can be influenced to
explore effects of changes in a safe and efficient way. Through simulation alter-
native conditions and settings can be explored to optimize production processes
or the product itself [4].

The gained insights can then either be used by decision-makers or applied
in an automated way to control the real system. These two ways describing
the connection from the digital part back to the physical space, distinguish the
maturity levels of a DT. While the former, having a manual feedback loop,
describes a Digital Shadow, the latter, offering automated control, describes a
DT [5]. Even though this definition refers to different degrees of maturity, the
term DT is mainly used in literature as a collective term that often also includes
Digital Shadows.

As the DT concept gained more attention in the manufacturing industry, it
was also adopted in other areas such as healthcare and agriculture. In healthcare,
DTs are often defined as virtual counterparts of patients or organs that are kept
synchronized with the physical person via heterogeneous data streams such as
wearables and electronic medical records, enabling analysis and simulation for
personalized and precision medicine [6]. In agriculture, DTs are described as
virtual representations of farm products, processes, or environments, typically
built on sensing and simulation |7]. Building DTs in these fields is often complex
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because both require the modeling of living subjects. Especially when dealing
with humans, further challenges such as privacy and ethical concerns emerge.

1.2 Digital Twins in Transportation

Beyond the aforementioned application areas, DTs are increasingly used in ur-
ban settings, particularly for transportation systems. Similarly to manufacturing,
a city and its transport network can be represented by a continuously updated
virtual counterpart, enabling operators and planners to monitor current condi-
tions and test alternative policies or operational strategies through simulation
before implementing interventions in the real world [8]. In transportation, the
DT’s physical space comprises elements such as the transport network, vehicles,
pedestrians, control infrastructure (e.g., traffic signals), and the built environ-
ment, which are monitored via IoT sensors (e.g., loop detectors, traffic cameras,
or GPS) [9]. In the digital space, data is centralized and processed to either col-
lect information and analyze past events to develop a better understanding of the
underlying system or to monitor existing real-time data directly. Furthermore,
the data can be used as input for simulation models that allow exploration of
how the transport system evolves, e.g., under different policy interventions or
network changes. Even though the simulation component in a DT is vital for ex-
ploring alternative scenarios, through real-time data integration, transport DTs
go beyond pure simulation. By that, transportation DTs are able to connect the
past (retrospective analysis through data analysis), present (nowcasting through
real-time data monitoring), and future (forecasting through simulation) within
one integrated workflow.

Beyond the underlying data and modeling components, many DTs rely on
interactive 3D visual interfaces to communicate system states and model outputs
to stakeholders. Visualizing sensor observations and simulation results within a
shared spatial context can improve interpretability and contextualization, espe-
cially when multiple data sources and levels of aggregation must be considered
simultaneously. In addition, interactive visualization can facilitate communica-
tion across stakeholder groups, e.g., between analysts, operators, and planners,
by making assumptions, scenarios, and results more transparent and easier to
discuss [10].

Existing research identified several functional dimensions in which DTs inno-
vate current monitoring, planning and control practices. These dimensions can
be broadly classified into 1) safety-, 2) environmental- and 3) mobility-related,
hence directly contributing to the United Nations Sustainable Development Goals
(SDG), particularly SDG 3 (Good Health and Well-Being), SDG 11 (Sustainable
Cities and Communities), and SDG 13 (Climate Action) [11].

DTs for transportation can increase safety in urban areas by improving the
situational awareness of drivers, cyclists, and pedestrians. For instance, by pre-
dicting the behavior and intentions of other traffic participants [12] and pro-
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viding direct feedback to drivers through Advanced Driver Assistance Systems
(ADAS) [13]. Furthermore, increasing connectivity and low latency communi-
cation enabled through 5G allows for fast incident detection and increases the
robustness of the transport system [14].

Existing research on the mobility dimension of transportation DTs focuses on
three main areas: Intelligent Transportation Systems (ITS), intelligent vehicles,
and individual mobility. DT-enabled ITSs allow real-time monitoring and adap-
tive control strategies, such as traffic signal optimization, to reduce congestion
and improve traffic flow [15,[16]. At the vehicle level, DTs support cooperative
and intelligent driving by enabling trajectory prediction, coordination, and op-
timized energy management, particularly for electric vehicles |17.|18]. Moreover,
DTs contribute to individual mobility planning by generating synthetic travel
demand from large-scale sensor data [19].

DTs further provide a valuable tool to reduce the impact of traffic emissions
in urban areas. For instance, by using their real-time monitoring and simulation
capabilities, real-world control such as traffic signals can be optimized towards
lower fuel consumption and hence lower emissions |15].

Existing research on DTs in transportation highlights its potential, but it also
reveals limitations in how DT capabilities are utilized for concrete planning and
operational tasks. In particular, environmental DT studies often do not provide
an integrated architecture that couples real-time sensing with network-wide emis-
sion monitoring and scenario-based forecasting within an integrated framework.
At the same time, research on DTs for Public Transportation (PT) remains com-
paratively underdeveloped, and many existing implementations address individ-
ual components (e.g., data integration, simulation, or visualization) rather than
offering a unified, extensible platform that supports monitoring, retrospective
analysis, and forecasting in an integrated way.

Motivated by these limitations, this thesis focuses on emission- and PT-
oriented DTs. By that it contributes to advancing both the system architecture
and the practical integration of data, simulation, and visualization required for
decision support. The following two sections, therefore, review the state of the
art and the remaining limitations for both focus areas to identify the need for the
solutions proposed in the included papers.

1.3 Digital Twins for Road Traffic Emissions

To enable efficient emission monitoring and control, a tool is required that al-
lows for the observation of current emission levels and provides high-resolution
network-wide estimates. Furthermore, to explore the effects of alternative sce-
narios and policy interventions, simulation-enabled forecasting capabilities are
necessary.

Existing studies developing DTs with an environmental focus lack a unified
integration of all these components. Many solely focus on the collection and vi-
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sualization of sensor data, limiting the observation of emissions to areas equipped
with sensors. The authors of [20], for instance, connect to existing traffic and
emission-related sensing infrastructure in Sydney, Australia, and automatically
detect correlations in the observed data for decision support. Their approach is,
however, limited to reactive monitoring, disregarding alternative conditions and
network-level estimates. The authors of |21] approach the problem of missing
network-level emission estimates by first calibrating more cost-effective sensors
to increase sensor coverage and subsequently use dispersion models to generate
emission estimates for regions without sensor coverage. While their approach is
able to effectively estimate network-level emissions, it lacks the ability to evaluate
alternative scenarios.

Other research takes alternative scenario evaluation into account, but only
from a built-environment or land-use perspective. In [22], the authors present
a DT that allows estimating changes in emission dispersion based on building
construction and land-use changes. In their work, however, they assume constant
traffic patterns. Similarly, the authors of |23] propose a DT that serves as a
decision support tool for assessing land-use plans based on macroscopic emission
maps, completely disregarding detailed traffic and emission measurements.

Few studies take changing traffic patterns and alternative scenarios into ac-
count. These studies often focus only on limited study areas and simplified traffic
scenarios. In [24], the authors, for instance, develop a DT that allows for the
analysis of changing traffic patterns and the resulting emission changes of con-
nected vehicles on highway sections. [15] optimizes, with the help of a DT, signal
control plans to reduce CO5 emissions. The DT is, however, limited to individual
intersections.

The investigated literature remains fragmented and does not provide a traf-
fic emission oriented DT that jointly supports real-time emission monitoring,
network-level emission estimation, and the evaluation of alternative scenarios
within a single framework. Concretely, the following four research gaps have
been identified:

e Gap 1.1: Lack of an integrated DT architecture for urban traffic emission
combining monitoring, estimation, and forecasting.

e Gap 1.2: Lack of methods for high-resolution, network-wide urban emission
analysis in areas without sensor coverage.

e Gap 1.3: Lack of network-level scenario-based emission analysis under chang-
ing urban traffic conditions.
1.4 Digital Twins for Public Transportation

DTs for PT have the potential to support both planning and operations by in-
tegrating heterogeneous static and real-time data sources with simulation in a
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unified environment. Despite this potential, research on DTs in the PT domain
remains in an early stage, and existing implementations often realize only subsets
of the aforementioned capabilities in isolation. The prevailing literature can be
broadly categorized by the capabilities it focuses on: 1) IoT- and technical DT
architecture-, 2) simulation-, and 3) visualization-focused approaches.

Existing work focusing on the DT’s technical architecture and the integration
of IoT sensors with other data sources often emphasizes interoperability, scalabil-
ity, and the integration of real-time data |25,[26]. The developed DTs, however,
lack scenario exploration or visualization capabilities, which are essential when
applying the DT for planning purposes. Similar work adds predictive capabilities
to pure real-time monitoring, allowing joint supervision and control using PT
real-time data (e.g., GTFS and incident data) [27,28]. While these approaches
demonstrate the value of real-time monitoring and short-term prediction, they
are often designed for short-term operational time-horizons and are not suited for
planning tasks that often require mid- and long-term, simulation-driven what-if
analyzes. Existing studies on simulation-oriented DTs, on the other hand, enable
the exploration of alternative scenarios, but offer limited integration of real-time
data and often present results via aggregated KPIs rather than in interactive
visualizations [29H31].

Previous research has already identified interactive spatial 3D visualization
as beneficial for improving contextualization when analyzing complex spatial dy-
namics and supporting communication with stakeholders [32]. However, in DT's
for PT 3D visualization shows low utilization, with many PT DT implementations
relying on 2D KPI dashboards. However, implementations that use 3D visual-
izations employ highly detailed 3D modeling approaches and are often based on
custom LIDAR scans, which limit transferability between cities and require a
high initial development effort [31}33].

The existing literature indicates a need for a PT DT that combines real-time
data integration, simulation for retrospective and scenario-based analysis, and
interactive visualization within an extensible framework. From that the following
three concrete research gaps can be identified:

e Gap 2.1: Lack of an integrated PT DT framework combining real-time data,
historical data, simulation, and visualization.

e Gap 2.2: Lack of a transferable interactive spatial visualization approach for
PT DTs.

e Gap 2.3: Lack of an open, automated, and extensible development pipeline
for PT DTs.
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1.5 Transport Digital Twin Modeling - Path Flow
Estimation

Both DTs for PT and urban road-traffic emissions rely on traffic simulation to
evaluate policy interventions and alternative future scenarios. In order to achieve
meaningful results, such simulations require well-calibrated traffic demand data
as input. This demand is commonly represented as Origin Destination (OD) de-
mand matrices, which specify the number of vehicles traveling from each origin to
each destination. Depending on the application, OD demand can be represented
as static (e.g., a daily matrix) or dynamic, i.e., disaggregated into time-of-day
intervals (e.g., 15-minute slices).

In practice, the true OD demand matrix is unknown and must be estimated
from partial observations such as roadside detectors or Floating Car Data (FCD).
Model-based methods for OD estimation typically formulate the problem as a bi-
level optimization task [34]. Here, the upper-level problem minimizes the differ-
ence between modeled and observed traffic data (e.g., link flows). The lower-level
assigns travel demand from the given OD matrix to the network by solving a traf-
fic assignment problem, most commonly formulated as an User Equilibrium (UE).
Especially, the lower-level is time consuming as it requires iterative execution of
traffic assignment and network loading.

An alternative to estimating aggregated OD demand is estimating path flows.
Since path flows already incorporate implicit route choice information, the costly
assignment step can be avoided. In the literature, path flow estimation is com-
monly formulated as an optimization problem under Stochastic User Equilib-
rium (SUE), with multinomial logit route choice and link cost functions defining
the mapping between path and link flows [35/36]. For these methods, the esti-
mation performance depends strongly on the validity of the assumed behavioral
model and cost structure. Data-driven alternatives do not rely on such assump-
tions. Instead, these methods estimate path flows by fitting models that map
observed measurements (e.g., link counts or floating-car data) to path flow vec-
tors. Models typically use machine learning methods, e.g., Convolutional Neural
Networks (CNN)-based designs [37]. Once trained, they replace iterative op-
timization with a single forward pass, making their execution computationally
efficient. This aligns well with urban DTs applications requiring online estima-
tions.

Both families of methods ultimately depend on link flow measurements. In
real networks, however, observations are typically available only for a subset of
links. Since the number of paths is often larger than the number of observed links,
the resulting estimation problem is commonly under-determined [38]. Moreover,
link observations may be strongly collinear, which can make the path flow recon-
struction problem ill-posed even in cases where the number of link observations
equals the number of OD variables [39]. Regularization is often performed in
order to obtain reliable estimates nonetheless. This is done, for example, through
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historic priors or by dimensionality reduction methods such as Principal Compo-
nent Analysis (PCA) [40]. However, many of the currently employed techniques
have important shortcomings. Prior-based approaches can be highly sensitive to
the reliability of the historic priors |[41], and unsupervised reduction may remove
structure that links predictors and responses [42].

An alternative to the unsupervised dimensionality reduction techniques is
Partial Least Squares Regression (PLSR). PLSR fits a low-dimensional latent
representation that maximizes the covariance between predictors and responses
and establishes a linear mapping between both in this latent space [42]. Through
this projection into the latent space, the method implicitly realizes regulariza-
tion. To the best of the authors’ knowledge, PLSR has not yet been used for the
path flow estimation problem. Its suitability for this problem setting, therefore,
remains a research gap.

In summary, there exist the following two research gaps:

e Gap 3.1: Limited robustness of existing path flow estimation methods under
partial observability and ill-posedness.

e Gap 3.2: Lack of evidence on the suitability of PLSR for path flow estimation
problem in transportation applications.

1.6 Aim of the Thesis

To address the research gaps identified in the literature, this thesis aims to develop
and demonstrate DT architectures for urban transport applications, with a focus
on 1) road-traffic emission and 2) PT monitoring and analysis, as well as path
flow estimation for transport DT simulation models.

Specifically, the thesis targets the development of DT architectures that inte-
grate heterogeneous data sources (e.g., real-time IoT data, traffic demand, and
data representing the built environment), simulation of current and alternative
scenarios (Gaps 1.1-1.3, 2.1), as well as interactive 3D visualizations to explore
results and facilitate decision making (Gaps 2.2). For both architectures we tar-
get transferable designs that allow other cities to set-up DT systems with limited
effort (Gap 2.3).

Simulation represents a core DT component, which relies on calibrated de-
mand. By investigating PLSR as a method for path flow reconstruction from
link flow observations this thesis addresses Gap 3.2. The method is particularly
relevant in DT settings because it enables efficient, data-driven estimation while
addressing the ill-posed nature of the inverse problem (Gap 3.1). Concretely,
the thesis aims to evaluate the method’s stability and transferability under vary-
ing correlation structures as a step towards robust OD calibration within DT
workflows.
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1.7 Thesis outline

The remainder of this thesis is structured as follows: Chapter 2 summarizes
the identified research objectives. Next, Chapter 3 develops the conceptual and
methodological framework underlying the thesis contributions. Chapter 4 then
provides a summary of the three appended papers, clarifying the specific research
objectives addressed by each paper and presenting their main findings. Finally,
Chapter 5 gives a summary of the thesis, discusses its limitations, and outlines
directions for future research.






Chapter 2

Research Objectives

Based on the research gaps identified in the literature, this thesis is guided by the
following overarching research question: How can urban transportation DTs be
designed to integrate real-time monitoring, retrospective analysis, and simulation-
based forecasting of what-if scenarios within a unified interactive platform? To
address this question, the thesis defines the following four research objectives.

RO1 - Identify the common building blocks of urban transportation DTs and
formulate a transferable architecture that integrates real-time data, simulation,
and interactive visualization for monitoring, retrospective analysis, and forecast-
mng.

The first objective refers to the architectural gaps identified in the literature
(Gaps 1.1 and 2.1). It primarily aims to identify the key building blocks required
for urban transportation DTs, including real-world data acquisition, harmoniza-
tion, simulation, demand estimation, and interactive visualization, and to clarify
how these components can be integrated to form a transferable DT architecture
for urban transportation. This objective serves as an overarching basis for the
two application-oriented objectives on road-traffic emissions and PT specified in
the following.

RO2 - Implement and demonstrate a DT architecture for network-level road
traffic emission nowcasting, scenario-based forecasting, and retrospective analysis.

The second objective targets the development of a DT platform for road-traffic
emission nowcasting and forecasting (Gap 1.1). Concretely, the objective is to
establish an integrated architecture that combines heterogeneous IoT observations
with simulation to generate network-level emission estimates at high spatial and

13
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temporal resolution (Gap 1.2). Further, the objective is to demonstrate how
traffic camera data can be used as the primary input source for jointly supporting
emission monitoring and OD Matrix Estimation (ODME). The study aims to
demonstrate through a case study the DT’s technical capabilities, including the
ability to provide near-real-time emission estimates and simulation-based analyzes
for alternative planning scenarios (Gap 1.3).

ROS8 - Implement and demonstrate an open, automated, extensible DT devel-
opment pipeline for PT DTs.

The third objective relates to the gaps identified for PT-oriented DTs, par-
ticularly the lack of transferability and reproducibility (Gaps 2.2 and 2.3). It
targets the implementation and demonstration of a DT development pipeline for
PT that combines real-world data processing, simulation, and 3D visualization
within an open and extensible architecture (Gap 2.1). This objective is to reduce
implementation barriers and improve transferability to other urban mobility ap-
plications. The objective, further, is to demonstrate its technical capabilities
through a prototypical implementation to showcase functionalities for real-time
monitoring, scenario analysis, and retrospective exploration.

RO/4 - Implement PLSR as a data-driven path flow estimator and evaluate its
robustness and transferability under varying data-generating processes.

This study targets the formulation of demand estimation as an ill-posed path
flow reconstruction problem under partially observed link counts and investigates
PLSR as a data-driven estimator (Gap 3.1). The objective is to evaluate whether
and under which conditions PLSR can serve as a reliable path flow estimator for
DT simulation workflows. Specifically, the study aims to evaluate the method’s
stability under stationary conditions and its transferability when the underlying
demand and path choice structures differ between model fitting and deployment
(Gap 3.2). To this end, PLSR is assessed on a synthetic network under multiple
data-generating processes designed to represent practically relevant demand and
route choice patterns.



Chapter 3

Research Methodology

This chapter outlines the methodological approach used to address the thesis’
research objectives. The work is guided by the Design Science Research (DSR)
methodological framework [43] for RO1 and RO2, as these objectives target the
development of technical artifacts that address concrete needs in society and prac-
tice. Concretely, a DT for emission monitoring and control (Paper I) and a DT
for PT planning and operations (Paper IT). DSR involves three cycles depicted
in Figure [3.1] The first cycle, the relevance cycle, involves motivating the need
for the artifact to be developed. In this thesis, the relevance cycle was already
addressed as part of Chapters|l|and [2] which establish the problem relevance and
specify the aforementioned objectives. This chapter continues with the remaining
rigor and design cycles. The rigor cycle includes motivating the selection of estab-
lished methods and tools tailored to the previously identified needs to integrate
them and finally build the targeted artifact in the design cycle.

The design cycle involves evaluating the developed artifact to demonstrate

Environment Design Science Research Knowledge Base

Application Domain Design and build Foundations
Artifact & Processes
« People
« Organizational « Scientific Theories &
Systems Relevance Design Rigor Methods
o Technical Systems Cycle Cycle Cycle o Experiences &
o Problems & Expertise

Opportunities
Evaluate

Figure 3.1: Design Science Research Methodological Framework (Figure adopted
from [43]).
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Figure 3.2: High-level DT architecture connecting the individual components of
Paper I, IT and III.

that it fulfills the specified requirements. In this thesis, this evaluation of the
emission and PT DT is performed through a demonstration in a case study
setting. The purpose of this demonstration is not to provide a fully validated
real-world deployment, but to show the technical feasibility and interoperability
of the proposed end-to-end pipelines.

Papers I and II primarily follow the DSR design cycle by integrating estab-
lished methods into a complete DT artifact. Paper III conducts a quantitative
evaluation to extend the knowledge base for a key sub-component for RO3. Specif-
ically, it assesses the stability and transferability of PLSR for path flow estimation,
which provides demand inputs to simulation-driven DT workflows.

This chapter is organized according to the overall DT architecture. We present
the methodology for each DT component sequentially: 1) data and sensing, 2)
demand estimation, 3) simulation, 4) visualization and system integration, and
5) case study set-up. Figure provides an overview of the overall architecture
and indicates which components are addressed in each paper.
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3.1 Data and Sensing

A DT relies on real-world data to represent relevant parts of the physical transport
system in its digital space. In this thesis, we focus on dynamic traffic and PT op-
erations (vehicle movements, locations, and flows) and the infrastructure (street
network and built environment). In the following, we present the individual data
sources used in the included studies and motivate their selection. In general, the
data sources were selected to ensure interoperability and transferability across
cities with a preference for open standards and open data, and compatibility
with downstream processing steps such as demand estimation, simulation, and
3D visualization.

Traffic Flow Data

Traffic observations are required both to quantify current conditions (nowcasting)
and to calibrate demand inputs for simulation-based forecasting. Such observa-
tions are commonly obtained from stationary detectors (e.g., loop detectors),
FCD, or camera-based sensing. Loop detectors are widely used and provide ro-
bust point measurements of flows and speeds. However, they typically do not
provide more detailed data, such as trajectories, acceleration, or fleet composi-
tion. FCD, on the other hand, can provide trajectories, but only for a subset
of vehicles and with potential sampling bias depending on penetration rates and
user groups.

For the emission-oriented DT (Paper I), traffic cameras are therefore selected
for traffic sensing, as they allow for the joint extraction of link flows, speed,
acceleration, and vehicle class information, which are required inputs for micro-
scopic emission estimation. Specifically, the camera stream is processed with a
computer-vision pipeline that detects vehicles and classifies their type. The re-
sulting per-vehicle driving parameters and vehicle classes are used to nowcast
emissions at camera locations by using the data as input for microscopic emis-
sion models. Despite delivering more detailed data compared to loop detectors,
camera-based sensing still fails to provide vehicle trajectories and demand, which
limits the sensing set-up to local emission monitoring and control. To achieve
network-level emission monitoring a separate OD estimation and simulation step
is required, for which the camera data is used as input. The demand estimation
and simulation setup is described in the subsequent sections.

Public Transport Data

For the PT-focused DT development pipeline (Paper II), the DT must represent
both the planned PT supply (timetables, routes, stops) and the actual operations
(real-time vehicle positions and delays) to support retrospective analyses, real-
time monitoring, and alternative scenario evaluation. To improve interoperability
and transferability between cities, the PT data is represented using the General
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Transit Feed Specification (GTFS) [44]. Originally developed by Google and
TriMet in 2006, it is widely adopted by PT operators and provides a standardized
data format that allows for easier transfer compared to city-specific formats.
GTFS generally consists of two components. The static component describes
the scheduled PT supply (e.g., routes, trips, stop locations, and planned depar-
ture/arrival times). This component provides the basis for simulation and a base-
line for real-world performance comparisons. The real-time component provides
live operational data (e.g., service alerts, trip updates, and vehicle positions),
enabling nowcasting and the visualization of current vehicle trajectories. In the
proposed DT pipeline in Paper II, real-time GTFS feeds are used for nowcast-
ing through direct visualization and are also saved to a database to enable later
replay for retrospective analysis of past operations. This allows for diagnosing
recurrent issues and comparing observed conditions to simulated scenarios.

Street Network

A uniform network representation is essential for geographically locating dynamic
real-world observations, running traffic and PT simulations, and combining their
outcomes in a coherent way. While many cities maintain internal GIS road net-
works, these datasets are often not directly compatible with open-source simula-
tors, can be difficult to access, and may be seldom updated.

This thesis therefore uses OpenStreetMap (OSM) [45] as the network source,
which is motivated by its world-wide availability and open licensing. This sup-
ports the thesis’ objective of transferable DT architectures because the shared
network source allows for the reuse of the developed processing and simulation
procedures in other cities with limited manual effort. Further, the selection is
based on OSM’s compatibility with the remaining DT components, especially its
interoperability with the simulation stack used in Papers I and II. Most simula-
tion software provides tools that allow for transforming the OSM network into
the data format required for the simulation itself.

Built Environment

Beside the street network, the built environment is included in the transport DT
architecture to support interpretability and communication of the derived out-
puts. Integrating 3D buildings in the visualization component of the DT helps
stakeholders to relate traffic and PT dynamics with the surroundings and thereby
facilitates informed decision making. Besides the visualization and communica-
tion perspective, the integration of physical structures provides the basis for future
extensions towards applications such as traffic emission dispersion modeling.
Due to slightly different goals targeted in Papers I and II two different ap-
proaches to represent the 3D built environment are used. In the emission DT
(Paper I), external 3D data is sourced from Google Earth API to provide a
highly detailed 3D representation in a Unity-based visualization. In contrast, the
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PT DT development pipeline (Paper II) prioritizes automation and open data
to facilitate transferability, which motivates extracting building data and their
attributes from OSM and converting them into the open CityGML format [46]
for standardized representation. This further allows for the easy addition of new
buildings or the removal of existing ones to visualize alternative land-use plans.

3.2 Traffic Demand Estimation

Traffic sensors, such as the camera-based detectors used in Paper I, provide only
partial observations of network states, as monitoring all links is infeasible in
real urban networks. To effectively monitor and control PT and emissions in
the DT framework, network-level traffic modeling is required. Therefore, OD
demand is commonly estimated based on the available point observations, which
are subsequently used as input for simulation to obtain network-level traffic.

This thesis considers two approaches for demand estimation. Paper I follows a
classical ODME procedure in which OD demand is calibrated as part of a bi-level
optimization problem to reproduce observed link flows. Paper III, in contrast,
investigates the applicability of a data-driven approach that directly reconstructs
path flows from observed link flows, thereby avoiding the repeated solution of
the costly traffic assignment problem that forms the lower-level component of the
bi-level optimization framework.

OD Matrix Estimation (ODME)

In Paper I, camera-derived link flows serve as partial observations and are used to
calibrate a dynamic OD matrix for the study area. The ODME is formulated as
a bi-level optimization problem, where the upper level minimizes the mismatch
between simulated and observed link flows by adjusting the OD matrix, while
the lower level corresponds to a dynamic traffic assignment problem that involves
route switching of individual travelers until converging towards a UE for a given
OD demand. The ODME procedure is implemented using DTALite, a mesoscopic
simulator designed for fast dynamic traffic assignment and model calibration [47],
which makes it suitable for iterative OD estimation compared to embedding a
microscopic simulator in the calibration loop. The ODME is under-determined
since the number of observed links is much smaller than the number of OD pairs
to estimate. In this study we therefore use regularization using OD priors to
obtain reasonable solutions. Because the reliability of OD priors are uncertain,
Paper I also uses weights to express the confidence into the priors and the the
observed link flows, and iteratively adjusts the weights to prioritize fitting the
link flow observations.
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Path Flow Estimation using PLSR

Especially for the described nowcasting DT use cases, i.e., network-wide monitor-
ing of emissions and real-time PT operation control, demand calibration needs to
be fast to explore alternative strategies repeatedly or even online. Conventional
ODME, as currently used in the emission-oriented DT, can be computationally
demanding because it embeds a dynamic traffic assignment in each iteration and
depends on prior OD matrices to regularize the ill-posed inverse problem. This
motivates the exploration of alternative, data-driven estimation methods that can
reconstruct demand at a lower computational cost.

Instead of estimating OD flows and repeatedly assigning demand to the net-
work to eventually receive path flows, path flow estimators estimate path flows
directly to avoid the costly assignment step. The traffic assignment step is
hereby implicitly modeled. Path flows f and link flows y are related through
the link—path incidence matrix A via

y=AxTf. (3.1)

The entries of A are defined as

Ay = {1, if link [ is contained in path p, (3.2)

0, otherwise.

In realistic networks only a subset of links is observed and the matrix A is
typically rank-deficient due to collinearity (e.g., caused by overlapping paths).
Thus, the inverse path flow reconstruction problem is typically ill-posed, i.e.,
many path flow vectors correspond to the same link flow observations [39].

To address this, Paper III evaluates PLSR as a data-driven estimator that
learns a low-dimensional latent representation maximizing covariance between
predictors (observed link flows) and responses (path flows) [42], thereby providing
implicit regularization for the inverse mapping. The method requires samples of
paired link and path flow vectors, obtained for example from simulation outputs
or historical datasets where the true path flows are available.

PLSR is generally suitable for underdetermined problems, where there are
more variables to estimate than available observations [42]. It has been success-
fully applied in related settings such as link capacity estimation [48] and internet
traffic estimation [49], but has not yet been explored for traffic-related path flow
estimation. To assess its applicability in this context, we design an experimental
set-up with synthetic data-generating processes that mimic different practically
relevant OD and path flow dependence patterns. These include independent OD
demand, correlated OD demand, and cases where dependencies arise jointly from
OD variability and path choice behavior via mixture models for OD flows and
stochastic path choice. This set-up enables a systematic assessment of the real-
world conditions under which PLSR is expected to provide reliable path flow
estimates.
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3.3 Simulation

Traffic simulation forms the core analytical component of the DT platform, en-
abling monitoring beyond observed locations through simulation-based estimates
(nowcasting) and allowing exploration of alternative demand and infrastructure
scenarios (forecasting). While camera-based sensing, explored in Paper I, pro-
vides localized measurements at selected sites, simulation allows the DT to ap-
proximate traffic states and associated emissions across the entire study area,
including links without detectors, and to quantify how demand changes through
network adjustments or policy interventions affect emissions network-wide.

Traffic simulation models can be grouped based on their level of detail into
macroscopic, mesoscopic, and microscopic approaches [50]. Macroscopic models
represent traffic as continuous flows and do not model individual vehicles and
their interactions, which limits their ability to simulate phenomena such as queue
spillbacks, detailed interactions at intersections, or stop-and-go waves that affect
emissions. Mesoscopic models simulate individual vehicles but model their move-
ments in aggregated forms such as queues, offering high computational efficiency
but still lack the modeling of detailed vehicle interactions. Microscopic models,
on the other hand, explicitly simulate the trajectories and interactions of indi-
vidual vehicles in the network, producing high resolution speed and acceleration
data that are suitable for microscopic emission modeling, as well as modeling
PT—private traffic interactions.

Given this thesis’ focus on emission-oriented and PT-related use cases that
require high spatial and temporal resolution, microscopic-level is selected as the
primary level of detail for simulations in both DT implementations. This enables
the platform to represent fine-grained traffic dynamics at the street and intersec-
tion level, capture the impact of local control measures (e.g., parking availability,
signal plans, speed limits, priority rules), and generate the vehicle-level data re-
quired for instantaneous microscopic emission models.

A major drawback of microscopic simulations is their computational cost as-
sociated with simulating detailed vehicle movements and their interactions. Pro-
cesses requiring multiple simulation runs, such as demand or route flow cali-
bration, can therefore require long execution times. Since the computational
complexity scales with network size, employing microscopic simulation quickly
becomes infeasible for larger areas. This creates a challenge, for instance, when
demand is projected for a broader region but detailed emission estimates are re-
quired for a smaller subarea within it. To still obtain the targeted high resolution
emission estimates for this study area, we employ a hybrid simulation approach in
Paper 1. This approach combines two simulation models with different resolutions,
e.g., a microscopic simulation model and a mesoscopic simulation model. Using
the example of the calibration of route flows, the mesoscopic simulation model
can be used to repeatably simulate a larger area e.g., as part of Dynamic Traffic
Assignment. The resulting route flows obtained from this simulation step are
subsequently filtered to the area of interest and used as input for the microscopic
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simulation model. It is important to note, that since the included simulation
models use different modeling assumptions their results are not be perfectly com-
patible. While this still requires additional calibration in the microscopic model
for the smaller selected area, the results from the mesoscopic simulation model can
serve as a starting point, reducing the computational burden for the microscopic
model.

In both the emission-oriented DT (Paper I) and the PT DT pipeline (Pa-
per II), the microscopic simulator SUMO is used as the main traffic simulation
engine. SUMO is open source, widely adopted in research and practice, and sup-
ports multiple modes (e.g., private vehicles and buses) as well as integration with
standardized PT formats (GTFS), which aligns with the DT’s extensibility and
open data and software requirements [51]. It models individual vehicles using
car-following, lane-changing, and intersection-control models and produces both
disaggregated FCD and aggregated link- and lane-level statistics.

As part of the hybrid simulation framework, used in Paper I we couple SUMO
with the mesoscopic simulator MATSim [52]. MATSim is a widely used open
source, queue-based simulator. The coupling of SUMO and MATSim and their
implications has been already explored in the literature [53-56]. In Paper I,
MATSim is used to calibrate route flows for OD demand for a larger area first
to produce the OD matrix for the study area for which emission estimates are
required. Subsequently, this OD matrix is used for calibrating route flow for the
study area with SUMO. The resulting microscopic FCD can then be used for
emission estimation.

SUMO’s integrated microscopic emission models provide both network-wide,
emission estimates using the simulation obtained FCD, as well as emission now-
casting by replacing the simulated vehicle driving parameters with real-world
measurements collected at sensor locations. SUMO contains two emission mod-
els: an HBEFA-based model [57] and the PHEMlight model. The PHEMlight
model is derived from the detailed PHEM [58] vehicle emission model. In the
emission-oriented DT, the HBEFA-based formulation is selected because it pro-
vides emission factors for a broad set of vehicle categories and traffic situations
and is designed for scenarios where detailed per-vehicle technology attributes are
not fully known. SUMO reformulates HBEFA into a continuous microscopic func-
tion of instantaneous speed and acceleration, enabling second-by-second emission
estimation for pollutants such as COsy, NO,, CO, and PM. This yields vehicle-
level emission trajectories that can be aggregated to link-level emission rates (e.g.,
kg/km/h) for visualization and analysis.

3.4 System Integration and Visualization
In the DT’s digital space, the previously described components are integrated

to achieve interoperability within a single coherent workflow that supports now-
casting, retrospective analysis, and scenario-based forecasting. This integration
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Figure 3.3: PT DT pipeline overview (source: Paper II).

includes processing, and storing of the real-world data sources for immediate vi-
sualization or using them as input for the simulation and comparing its results
with real-world data. In the following the integration methodology is exemplarily
presented for the PT DT of Paper II. Thereafter, a brief summary of additional
steps for the emission monitoring and control application (Paper I) is provided.
Figure [3:3] depicts the steps required to collect and process the individual data
sources for simulation and visualization.

Paper 11, groups the aforementioned components in a 1) dynamic traffic part
comprising traffic data, network, and simulation, 2) an urban infrastructure part
containing mainly the retrieval and processing of built environment data, and
3) their combined visualization. The key challenge is that the input for the
individual components originate from heterogeneous sources with different data
formats (e.g., XML-based simulator outputs, and binary real-time feeds), time
semantics (e.g., static, and dynamic), and intended use (e.g., real-time monitoring
or replay of historic data), which requires harmonization to ultimately enable joint
analysis and visualization.

The PT DT’s visualization is realized through the web-based open source
software CesiumJS [59)], which aligns with the platform’s demands for openness
and extendability. It allows to visualize dynamic geospatial data via CZML [60]
(a JSON-based format for time-varying objects) and static 3D objects via 3D
Tiles [61]. To be visualized and analyzed jointly in the Cesium-based platform,
all the introduced components from simulation, over real-time data to the built
environment need to be transformed ultimately in these formats.
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Beginning with the simulation component, for effective PT planning, the
pipeline relies on the existence of calibrated OD demand to jointly simulate PT
with private vehicles. Paper II assumes this demand and resulting routes to
be given. The static GTFS data, used to simulate PT, is usually provided by
transport operators via an API and follows a standard schema, which allows the
following processing steps to be easily transferred to other cities. After retrieving
the data, it is fused with a corresponding network obtained from OpenStreetMap.
The network itself is downloaded via SUMO’s OSMWebWizard, which allows to
specify the region of interest and directly download the network and data (e.g.,
PT stop locations). Via another SUMO built-in Python script GTFS2PT, the
previously downloaded static GTFS data is prepared for simulation by correcting
routes, and matching them to the topography of the prepared SUMO network.
Following that SUMO is able to jointly simulate the individual vehicle traffic and
the PT traffic and allows to create detailed disaggregated FCD and aggregated
link-level data which allows to gain insights, e.g., when comparing a baseline
simulation vs. an alternative scenario by comparing delays, emissions etc.

For visualization, these outputs in SUMO-specific XML-format are parsed
and converted into CZML with custom Python-based scripts to support anima-
tion and interactive exploration through replay along a timeline. Aggregated
edge-level measures (e.g., average speeds, emissions, delays) are assigned to fixed
network segments, which are modeled as adjustable GeoJSON objects. These
segments are then dynamically colored based on the simulation-derived edge-
level measurements. This allows the exploration and comparison of baseline and
alternative simulation scenarios within the same environment.

For real-time PT operations, the integration must support both low-latency
visualization of current operations (e.g., real-time bus locations) and persistent
storage for later replay. Real-time GTFS feeds are retrieved from the correspond-
ing API and deserialized. Deserialization is necessary as real-time GTFS feeds
are usually stored in binary Protobuf format to ensure efficient streaming [62].
Following that, the data is on the one hand converted to CZML to visualize the
latest update for nowcasting, while the decoded messages are also stored in a
MongoDB for time-window queries and retrospective analysis.

Finally, for contextualization and informed decision-making, lightweight build-
ing models are added from open data and converted into 3D Tiles. Thereafter,
the Cesium-based platform can jointly visualize the static 3D environment and
the time-varying CZML layers from simulation output and real-time operations.
Together, the common CZML/3D Tiles representations and the web-based client
enable switching between monitoring the current PT operations (nowcasting), re-
playing and analyzing historic operations (retrospective analyzes), and simulating
the future (forecasting) within one interactive 3D environment.

The emission-centered DT (Paper I) follows a similar integration architec-
ture, but extends the processing and simulation components to support emission
nowcasting and network-level forecasting.

On the nowcasting side, traffic cameras feed video footage into a computer-



3.5. CASE STUDY 25

vision pipeline that detects and tracks vehicles, identifies their types, and extracts
driving variables relevant to emissions (e.g., speed and acceleration). These vari-
ables are fed into an HBEFA-based emission model to compute near-real-time,
local emission estimates. At the same time, the cameras provide traffic count
observations to perform ODME. This provides the input for the SUMO-based
simulation environment to compute emission estimates for the area surrounding
the cameras. Since the camera coverage may not allow OD estimation for larger
areas, the emission-oriented DT further adopts a hybrid simulation pipeline that
connects the mesoscopic simulator MATSim [52] with the microscopic simulator
SUMO to generate vehicle trajectories from large-scale OD demand for a selected
study area to obtain emission estimates for this area under both current and
alternative scenarios.

For interactive exploration of these results, Paper I implements a Unity-based
visualization and couples the backend processing, simulation, and data storage
via a lightweight communication layer built with MQTT. Within the Unity-based
platform, the built environment is derived from Google Earth, providing more
detailed and realistic visualizations than the PT DT, but at the cost of higher
resource requirements and reduced openness and transferability.

3.5 Case Study

The design-cycle evaluation in this thesis is conducted as a case-study demonstra-
tion in Kista, Stockholm, Sweden (see Figure which serves as a prototypical
implementation environment for both DT artifacts (Paper I and Paper II). The
purpose of the case study is to show the technical feasibility and interoperability of
the individual components, rather than to provide a fully validated, policy-ready
deployment. Kista was selected because it serves as a technological test-bed in
Stockholm and simultaneously contains a sufficiently heterogeneous transport set-
ting for DT prototyping, including urban road traffic and PT services. In both
DT demonstrations, the Kista network is based on an OpenStreetMap (OSM)
street network, ensuring compatibility between the simulation and visualization
layers used for analysis.

For the emission-oriented DT (Paper I), the case study demonstrates the emis-
sion nowcasting and forecasting abilities, as well as their visualization. An ex-
perimental camera set-up allows to demonstrate the computer vision model used
for the localized emission nowcasting. The number of cameras in the area, how-
ever, is insufficient for OD estimation. Therefore, calibrated OD demand for the
Stockholm area is used as part of the hybrid simulation framework, which allows
extraction of the OD demand for the study area used for emission forecasting
under current and alternative conditions (what-if analysis). As an example for
such a what-if analysis, the case study includes a parking scenario, in which park-
ing availability in a neighborhood is reduced. The demand is adjusted according
to a literature-based elasticity parameter to evaluate the change in emissions in
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Figure 3.4: Selected case study area Kista in Stockholm for emission (Paper I) and
PT DT (Paper II).

the affected area. Emissions for the current and alternative parking scenarios are
computed using a microscopic emission model of the SUMO-based simulation en-
vironment, enabling second-by-second pollutant estimation (e.g., COs, NO,, CO,
PM) from speed and acceleration trajectories, visualized in the DT platform.

For the PT-oriented DT development pipeline (Paper II), the case study illus-
trates how a lightweight DT can be implemented with low entry barriers by relying
on open data and open-source software within an actual real-world example. It
shows the interoperability of the pipeline components by integrating real-time
monitoring of operations, retrospective analysis, and joint PT-traffic simulation
outputs for what-if scenario exploration within a single interactive environment.
The PT system is represented using GTFS, including both static schedules and
real-time feeds retrieved via Stockholm’s publicly accessible Trafiklab APT [63].
The simulation component is demonstrated using synthetic car traffic together
with the obtained static GTFS schedules for the Kista area on a representative
weekday. To demonstrate the platforms visualization capabilities, the results of
the simulation and real-time feeds are translated to CZML to be jointly visualized
with the processed 3D built environment.

In contrast to Papers I and II, which concern the development of a techni-
cal artifact (i.e., the DT frameworks), Paper III evaluates a key methodological
building block relevant to the DT’s simulation component. Specifically, it stud-
ies data-driven reconstruction of path flows from partially observed link counts
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Figure 3.5: Selected synthetic network for PLSR experiments (Paper IIT).

using PLSR. To assess its stability and transferability under controlled, real-
world reflecting OD and path choice structures, Paper III uses a synthetic net-
work (see Figure and multiple data-generating processes. The generators
include independent OD demand with fixed path shares, fixed OD demand with
multinomial path choices, and correlated OD demand modeled via a Poisson
log-normal distribution, combined with stochastic path-choice mechanisms based
on either independent traveler-specific path-cost perturbations or shared link-
level perturbations that induce cross-OD path flow correlations. Using these
data-generating processes, the method is assessed under both in-distribution and
out-of-distribution scenarios to quantify stability and transferability. This ex-
perimental design allows for assessing under which conditions the PLSR method
can be expected to provide reliable path flow estimates and thereby evaluates its
suitability as an input component for the DT’s simulation component.






Chapter 4

Thesis Contributions

This chapter summarizes the contributions of the papers included in this thesis
and maps them to the overarching research objectives (see Table [4.1]).

Research Objective

1

Paper
I III

RO1

RO2

RO3

RO4

Identify the common building blocks of urban trans-
portation DTs and formulate a transferable archi-
tecture integrating real-time data, simulation, and
interactive visualization.

Implement and demonstrate a DT architecture
for network-level road traffic emission nowcasting,
scenario-based forecasting, and retrospective analy-
sis.

Implement and demonstrate an open, automated,
and extensible DT development pipeline for PT
DTs.

Implement PLSR for path flow reconstruction from
link flow observations and evaluate its robustness
and transferability.

X

X

Table 4.1: Research objectives mapped to included papers.

4.1 Paperl

Paper I addresses both RO1 and RO2 by developing and prototypically demon-
strating a transferable DT architecture for network-level road traffic emission
monitoring and scenario-based analysis. The paper focuses on the method selec-
tion and technical integration to form an end-to-end emission-focused DT frame-
work, that is transferable to other cities. Consistent with the DSR methodological
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framework, the primary result of this study is the technical artifact that consists
of a modular DT framework coupling sensing, traffic and emission modeling, and
interactive 3D visualization. With the development of these components, the
paper makes the following three contributions:

1. Tt develops an emission-oriented DT architecture that replicates the physical
space through IoT sensing, camera-based near-real-time emission nowcasting,
and simulation-based network-level forecasting, all connected to an interactive
3D visualization platform through a data streaming set-up.

2. It presents a computer-vision-based emission nowcasting component using
vehicle classification and tracking, along with microscopic emission modeling.

3. It realizes a network-wide emission estimation and scenario forecasting pipeline
by combining camera-based OD estimation and hybrid traffic simulation.

The developed architecture is demonstrated through a case study in Kista,
Stockholm, showcasing the interoperability of the components. The results of this
case study highlight the value of coupling both camera-based emission nowcasting
and network-level simulation. While localized emissions and flow parameters can
be estimated well through the cameras, network-wide emission estimation through
simulation remains expensive. However, the simulation component was found to
be well suited for offline planning and comparative analysis, as demonstrated by
an example alternative scenario for reducing parking space availability.

4.2 Paper II

Paper II develops an open, automated, and extendable DT development pipeline
for PT that lowers technical and resource-related barriers by relying on open
data, open standards, and open-source components. By developing this tech-
nical artifact, Paper II addresses RO1 and RO3 and makes the following four
contributions:

1. Paper II develops an automated, extendable development pipeline for PT DTs
based on open data and open-source software, enabling the creation of DT's
with low entry barriers and allowing for future extensions.

2. It enables the integration of standardized PT data, including GTFS-based
real-time operations, schedule-based simulation results that support PT now-
casting, retrospective analysis, and scenario exploration in one platform.

3. It provides an automated workflow to transform and jointly visualize OSM-
derived 3D building data with dynamic vehicle movement.

4. Finally, it maps potential use cases and extensions of the proposed pipeline
for academics and practitioners.
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Like Paper I, this work demonstrates the technical feasibility and the process
of setting-up the DT as part of a real-world case study for Kista, Stockholm.
The case study showcases the DT’s ability to represent both real-time PT oper-
ational data and simulation results in a 3D interactive environment for improved
contextualization.

In line with the open-source nature of the development pipeline, the code and
documentation are accessible via GitHuHl

4.3 Paper 111

In contrast to Papers I and II, the third paper is a quantitative study that eval-
uates PLSR as a data-driven method for path flow estimation, motivated by the
need for reliable online path flow estimation in urban DTs. The method’s ability
to address the ill-posed nature of the problem, to rely on limited training data,
and its execution speed presents it as a promising solution.

Since the PLSR method has not yet been employed in the path flow estimation
context, Paper III evaluates its suitability for this problem setting and, by that,
addresses RO4. The paper makes the following three contributions:

1. It formulates a PLSR-based online path flow estimator using link flow obser-
vations.

2. It creates synthetic data-generating processes that replicate realistic OD pat-
terns and path flow correlation structures.

3. Finally, it performs an in-distribution and out-of-distribution assessment of
PLSR and derives real-world implications from the obtained results.

The experimental results suggest that PLSR is best suited for scenarios in
which the main variability in path flows originates from the OD demand uncer-
tainties, as they are most recoverable from the resulting link flow observations.
With rising path choice variability, e.g., through traveler-specific cost percep-
tion uncertainty or link-level day-to-day perturbations, the recoverability of path
flows is reduced. However, the results indicate that once the system enters a dom-
inant path choice competition regime, the reproduction error stabilizes. These
regimes are characterized by a shift from OD-driven positive path flow correla-
tions within OD pairs to negative correlations due to path choice competition.
The correlation strength, and with that the regime, is driven by the level of cost
uncertainties. In particular, the out-of-distribution experiments show that, in
practical applications, these regimes and the intensity of path choice competition
must be monitored carefully, since performance can deteriorate substantially in
regions with transitions between regimes. PLSR, however, shows stable perfor-
mance when fitted and deployed with varying levels of cost uncertainties as long
as no regime shifts are present.

Thttps://github.com/MobilityInformaticsLab/opdtwin
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Chapter 5

Summary, Discussion and Future
Directions

This chapter summarizes the results of the thesis, discusses its contributions as
well as its limitations, and outlines directions for future research.

5.1 Summary

By replicating real-world components in a digital space, DTs enable efficient and
safe monitoring, planning, and control for urban transportation systems. This
thesis approached the architecture development of DTs using emissions and PT
as use cases.

DTs have already been developed to observe and reduce urban traffic induced
emissions. Currently, however, their capabilities focus mainly on connecting real-
world sensors to KPI dashboards or performing simulation-based emission esti-
mation in isolation. Motivated by this gap, Paper I developed and prototyp-
ically demonstrated a transferable DT framework that targets high-resolution,
network-level emission monitoring and scenario-based analysis within one inte-
grated architecture. Concretely, the DT couples camera-based traffic sensing
for localized flow and emission nowcasting with an OD estimation and hybrid
simulation pipeline for network-wide emission forecasting, thereby enabling both
near-real-time monitoring at sensor locations and what-if analysis beyond sensor
coverage. A central outcome is the end-to-end technical integration of heteroge-
neous components (sensing, data management, modeling, and visualization) into
a modular architecture, demonstrated in a case study in Kista, Stockholm.

To overcome the technological and resource barriers driving low adoption of
DTs in PT, this thesis proposed, as part of Paper II, an open, extendable PT
DT development pipeline. The pipeline uses standardized GTFS data for repre-
senting PT schedules and real-time operations, integrates simulation outputs for
scenario exploration, and combines these data sources in a 3D interactive platform
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to improve contextualization, diagnosis of spatial dynamics, and communication
of results. A prototypical implementation for Kista, Stockholm demonstrates
how real-time feeds and simulated trajectories can be explored jointly within
one system, thereby illustrating the feasibility and transferability of the pipeline
concept.

To drive the simulation-based analysis modules of both DT architectures, Pa-
per IIT evaluated PLSR as a data-driven solution for online path flow estimation.
The work studied PLSR’s stability and transferability under multiple synthetic
data-generating processes representing different OD and path flow correlation
regimes. The results for a synthetic network show that PLSR performs best when
the main variability in path flows originates from OD demand uncertainty, while
increasing path choice variability generally reduces path flow recoverability. The
out-of-distribution experiments indicate that PLSR can transfer reliably when fit-
ting and deployment conditions remain within the same correlation regime, but
performance can deteriorate substantially under regime shifts.

This shows that effective transport DTs require not only the technical in-
tegration of sensing, simulation, and visualization, but also robust methods for
estimating the traffic demand that drives simulation-based analysis.

5.2 Discussion

Even though Papers I and II established individual architecture designs accom-
modating two different use cases, they share fundamental components. This in-
cludes the connection to real-world data, calibration and execution of simulations
for what-if analyzes, as well as result visualization in an interactive 3D platform.
In this way, the thesis demonstrates how DT platforms can be built, points out
challenges, and provides directions for cities and transport authorities to address
them. Besides that, the studies present urban transportation use cases for which
a DT is a valuable tool, some of which have been implemented as part of the
included case studies.

Both architectures show that a DT is not a monolithic architecture but con-
sists of multiple components, forming a system of systems. The first study uncov-
ered the significant development effort required to connect these subsystems and
harmonize the data shared among them. Especially, Paper II provides guidelines
and implements concrete software that automates large parts of the development
steps using standardized data sources available in many cities.

The thesis successfully demonstrated the DT's technical capabilities in the
included case studies. Even though these case studies do not evaluate their po-
tential quantitatively, the thesis identified many advantages DTs have over purely
simulation-based or sensor dashboard based approaches.

One advantage is the possibility to explore the real-time and simulation data
in a 3D interactive environment for better contextualization and more informed,
transparent decision making. While this advantage has not been quantitatively
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explored in the included studies, the results of the study by Grant et al. |32
imply this advantage. There, however is a trade-off between the 3D visualiza-
tion’s level of detail and the required effort to create it. Many DT platforms,
including the one presented in Paper I, use highly realistic visualizations, which
often require substantial manual effort to set up. While visually appealing, it
remains unknown which use cases actually benefit from this high level of detail.
For contextualization, the visualization of dynamic data at the building level or
using the 3D models as input for dispersion models could also be realized using
a lower level of detail. Thus, Paper II questions the necessity of highly detailed
3D visualizations and implements a DT development pipeline that automatically
retrieves and processes building models in a lower level of detail from open data,
reducing manual labor. Further, for some use cases 3D visualizations may even
be an obstacle, e.g., buildings blocking the view for street level analysis.

At the current stage, the proposed process consists of exploring real-time mon-
itoring results (nowcasting) and simulation-based what-if analyses (forecasting),
using these outputs to identify suitable interventions, and then implementing
the selected actions manually in the physical system, for example by reducing
parking availability or adjusting traffic control schedules. The DT architectures
presented in this thesis therefore rely on a human-in-the-loop feedback process,
meaning that the connection from the digital system back to the physical system
is not yet automated.

Although the presented case studies demonstrate the feasibility of urban trans-
portation DT architectures, important deployment challenges remain, particu-
larly with respect to privacy and data security. These issues are especially rel-
evant when DTs rely on detailed sensing such as camera images. Recent public
debate about a regional DT in Germany shows that such systems may be valued
for public benefits such as crisis response, while simultaneously raising security
concerns when detailed geospatial information is made openly available [64].

The first two studies show that simulation-based DTs require fast and reliable
demand estimation in order to support what-if analysis. While execution speed
may be less important for long-term planning applications, it is particularly rele-
vant for short-term operational tasks. In this context, the PLSR-based path flow
estimator investigated in Paper III presents a promising approach because it en-
ables computationally efficient path flow reconstruction and is therefore suitable
for simulation-based planning and real-time DT workflows.

The results indicate that the usefulness of PLSR depends on the stability
of the underlying traffic regime. The method transfers well when fitting and
deployment conditions share similar correlation structures, but its performance
may degrade when those structures shift. This suggests that when PLSR-based
estimation is implemented, continuous monitoring is required to detect regime
shifts and trigger model updates when necessary.

A limitation of the study is that the analysis was performed on a synthetic,
uncongested network with static demand conditions. Although this makes it
possible to isolate demand and path flow correlations in a controlled way, it
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does not evaluate the estimator’s performance under congested, dynamic traffic
conditions.

Apart from the implementation of the path flow estimator, Paper III also
contributes a structured way of generating synthetic scenarios for controlled sce-
nario evaluation. This is relevant for DT workflows, as these are not only used
to reproduce the observed reality but also to support the analysis of alternative
and previously unseen conditions. In that sense, synthetic scenario generation
provides a useful and computationally efficient way to test robustness and better
prepare DT-related methods for sim-to-real challenges.

5.3 Future Directions

While both studies demonstrated the technical feasibility of DT development for
emission monitoring and PT, future work should focus on increasing the maturity
level of the presented DT architectures. Concretely, the manual human-decision-
based connection between physical and digital space currently used in both DTs,
should be replaced with an end-to-end cyber-physical feedback loop.

A central question for DT research is the practical value of the DT for trans-
port practices compared with existing solutions. Is it worth the effort to build
such a complex digital platform? While there are arguments and some results
demonstrating the value of similar platforms, a dedicated quantitative compari-
son against current alternatives, such as dashboards, standalone simulations, or
existing planning tools is missing and thus should be investigated. Similarly, the
3D visualization component and the described trade-off concerning the level of
detail require quantitative evaluation, comparing it against 2D and alternatives
offering a lower level of detail.

Apart from researching architectural design questions to enable certain func-
tionalities for urban DTs; it is equally important to identify ways to provide these
functionalities in a safe and privacy preserving way. While many DT implemen-
tations remain experimental, this aspect is important to investigate further in the
future to make DT's for urban transportation deployable.

Moreover, to further assess PLSR as a data-driven online path flow estimator
for DT workflows, the method needs to be evaluated on larger and more realistic
networks. Future research should therefore investigate its performance under
congested and dynamic traffic conditions, as well as under more realistic sensing
set-ups, such as noisy or incomplete measurements. In addition, since the results
of this thesis indicate that the performance of PLSR depends on the stability
of the underlying traffic regime, future work should develop monitoring systems
capable of detecting these regime shifts and triggering model recalibration as soon
as changing traffic patterns are detected.

Beyond the estimator itself, future research should also further investigate
the generation of synthetic data for DT workflows. In Paper III, synthetic data
was primarily introduced to generate demand and route choice structures. Fu-
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ture studies should extend this to generate plausible data representing systematic
sensing errors, missing data, and other real-world imperfections. Such controlled
scenario generation would support more realistic robustness testing and model
training, which, in turn, helps to reduce the gap between simulation and real-
world deployment.
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