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Executive Summary

Deliverable D5.1 “Current and Future Mobility Approaches in Transport Network Management”
aims at setting the basis for the design and development of optimisation models and methods for
Transport Network Management that will be accomplished in the WP5 of SYNCHROMODE. To do
this, first, it reviews the state of practice in Transport Network Management policies and
interventions aligned with the SYNCHROMODE case studies, focusing specifically on aspects
relevant to optimising their design and/or deployment. Concretely, they are related to the four
following areas: integration of transportation for people and goods, coordination of public transport
with shared mobility, advanced traffic management in connected and automated environments and
traffic management for planned and unplanned events. Second, the document explores state-of-
the-art Artificial Intelligence techniques that could be utilised to optimise the design or deployment
of these policies or interventions, covering the following methodologies: model-based optimisation,
reinforcement learning, learning-based model predictive control, and generative Al applied to
optimisation.

Apart from this, the document also describes the optimisation problems to be tackled in the
subsequent tasks of Work Package 5, justifying their alignment with the objectives of the
SYNCHROMODE case studies and highlighting the progress beyond the current state of the art in
each of them. The specific problems selected have been the following: Integration of demand-
responsive transport with public transit modes, freight on transit, optimisation of traffic
management strategies in connected and automated environments, and automatic and real-time
recommendation of traffic management interventions.
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1 Introduction

1.1 Project Summary

The SYNCHROMODE project aims to develop a data-driven ICT toolbox for improving the
management of transport operations from a multimodal perspective, to manage the transport
network. SYNCHROMODE will provide transport managers with new predictive and network
optimisation capabilities for balancing the transport supply and demand, enabling efficient
reactions to different types of events. SYNCHROMODE will demonstrate via well-chosen Case
Studies the effectiveness of integrated multimodal and multi-actor traffic and transport
management solutions and the SYNCHROMODE toolbox, able to balance the demand load of both
people and goods and, at the same time, reduce individual journey times.

1.2 Background

Transport network management for current, emerging, and future mobility modes involves a
strategic and integrated approach to orchestrate the use of various transport systems. This includes
coordinating traditional road traffic management, public transportation, emerging mobility modes
like shared or on-demand mobility, and future mobility solutions like Connected and Autonomous
Vehicles (CAVs). Furthermore, adapting to evolving mobility trends requires flexibility and
stakeholder collaboration to ensure a seamless, efficient, and inclusive transport network.
However, the design and deployment of transport network management systems entail dealing
with the design and resolution of very complex optimisation problems. The complexity of the
optimisation problem is because they have multiple and often conflicting objectives (e.g. system
performance, user fairness, environmental impact, etc.) and a high number of constraints (e.g.
infrastructure capacity, available vehicle fleet, synchronisation between different modes, etc.).
Furthermore, to reliably assess the impact of the design of such network management systems on
the transport network (e.g., evaluate the objective function), transport simulators are usually
required. This significantly increases the complexity of these optimisation problems due to the high
computational cost of such simulations.

As far as we know, no studies in the literature review the current knowledge on the main factors to
be considered in the design of such optimisation models, as well as the most advanced and
appropriate methodologies to address the complex resolution of such problems.

1.3 Objectives

The objective of Deliverable D5.1 “Analysis of current and future mobility approaches in transport
network management” is aligned with that of Task 5.1 “Review and Analyse current and future
mobility approaches in Transport Network Optimization” that aim at making an in-depth review of
methods and models to optimise transport network management considering both current and
future mobility solutions with a particular focus on existing approaches in Synchronisation of people
and goods transport, Synchronisation of on-demand and shared mobility with public transportation,
Signalized vehicle coupled control with CAVs to optimise network load balance, and Optimization of

Deliverable 5.1: Analysis of current and future mobility approaches in optimisation of Page 15 of 120
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response plans for bottlenecks and events management. Considering these guidelines, both the
literature review and the deliverable have been oriented towards the following objectives:

Review the state of practice in Transport Network Management policies and interventions related
to the objective of the case studies of SYNCHROMODE with a particular focus on the relevant
aspects to be considered for optimising their design and/or deployment (e.g. KPIs and decision
variables). This review will inform the design of the optimisation models to be accomplished in Task
5.2 “Formulation and modelling of Transport Network Optimisation problems”.

Review the state of the art in Artificial Intelligence techniques that can be potentially used for
optimising the design or deployment of previous policies or interventions to set the basis for the
optimisation methods to be developed in Task 5.3 “Design of optimisation techniques for Transport
Network Optimisation.

Describe the selected optimisation problems that will be addressed in the subsequent tasks of the
WP5, justifying their alignment with the objectives of the SYNCHROMODE case studies and
indicating what progress with respect to the state of the art will be accomplished in each case.

1.4 Intended Audience

This document targets the scientific community, professionals in transportation and mobility,
policymakers, and graduate students specialising in transportation and/or computer science.

1.5 Structure of the deliverable

The deliverable titled D5.1 “Analysis of current and future mobility approaches in transport network
management" is structured as follows. Section 2 reviews Transport Network Management policies
and interventions related to the use cases we plan to address in SYNCHROMODE. More specifically,
it covers policies such as integrating transportation for people and goods, coordinating public
transport with shared mobility, advanced traffic management in connected and automated
environments and traffic management for planned and unplanned events. Then, Section 3 focuses
on the state-of-the-art Artificial Intelligence methodologies that can be used to optimise the design
and implementation of transport management policies and interventions. Concretely, it reviews
methodologies such as model-based optimisation, reinforcement learning, learning-based model
predictive control, and generative Al applied to optimisation. After that, Section 4 describes and
justifies the potential optimisation problems that will be addressed in WP5, providing for each of
them a general definition, a brief review of the state of the art where we also identify what are the
gaps in current literature and the advancement beyond the state of the art that we will accomplish
in the subsequent tasks of WP5. The main conclusions of the document are gathered in Section 5.
Finally, all references are included in the Annex of the document.

Deliverable 5.1: Analysis of current and future mobility approaches in optimisation of Page 16 of 120
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2 Transport network management policies and
interventions

This section aims to review the state of the art in transportation network management policies and
interventions in both the scientific literature and in practice. Since the number and variety of
transport network optimisation policies is high, as stated above, in this document, we focus on those
more related to the objectives of the case studies we have in SYNCHROMODE. Concretely, the
transport management policies and interventions reviewed here are related to integrating
transportation of people and goods, coordination and integration of public transport and
shared/on-demand mobility, advanced traffic management in connected and automated
environments and event management for planned and unplanned events.

2.1 Integration of transportation of people and goods

In the transportation sector, a separation generally exists in managing passenger and freight flow
operations. While passenger and freight transport services predominantly utilise the same transport
network and face similar challenges — especially in urban areas —, these are often independently
managed and operated by companies from different backgrounds [1].

The integration of passenger and freight transportation has the potential to significantly enhance
the efficiency and intelligent utilisation of traditionally shared resources, including transport
networks and static infrastructure. Furthermore, it presents an opportunity for resources currently
dedicated solely to one type of transportation to be utilised by the other, capitalising on synergies
that can foster more sustainable and efficient public transport and delivery systems. Consequently,
recent years have seen significant research focused on developing new transportation systems that
integrate passenger and freight flows [2].

Within the freight transportation logistic chain, last-mile delivery represents the largest portion of
shipment costs and is the least efficient [3]. Therefore, this segment of delivery, which typically
occurs in areas with a dense network of public transport, is particularly ripe for streamlining and
enhancing efficiency through cooperation with public transport services.

e Shared infrastructure for PT and freight. This involves the coordinated utilisation of specific
infrastructures like transport hubs, bus depots, and bus stops by both public transport and
freight vehicles. For instance, logistics operators might access parts of public transport hubs
during less busy periods, while designated lockers for deliveries could be installed at specific
bus stops. This integration holds the potential to optimise urban space allocation, reducing
the dedicated areas solely designated for these transportation types and leading to more
spatially efficient transport systems.

e Freight on transit. This approach integrates freight transportation into existing passenger
transit systems, carrying specific parcels in public transport expeditions (e.g., parcels on

Deliverable 5.1: Analysis of current and future mobility approaches in optimisation of Page 17 of 120
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public buses). Leveraging public transport networks to facilitate the movement of goods,
especially during off-peak hours, optimises capacity and reduces the need for additional
dedicated freight transportation vehicles.

e Passenger and goods share-a-ride. This model involves scenarios where low-capacity
vehicles performing passenger ride-hailing services (taxi, uber, etc.), also undertake parcel
deliveries. This allows for the design of optimal routes to cover both passenger and parcel
transportation, enhancing the efficiency of ride-hailing services but also contributing to
reducing overall traffic congestion and emissions by consolidating multiple transportation
needs within a single trip.

2.1.1 Shared infrastructures for public transport and freight
Definition and review of their evolution

Public transportation systems are ubiquitous across the globe, serving as vital arteries in urban and
rural areas alike. Transport stops and stations have organically developed around these networks,
providing access points for commuters and travellers. Some of these transport stops naturally
evolved into transport hubs by consolidating multiple transport modes and/or lines. Additionally, in
recent times, transport hubs have proliferated in cities, notably some of them in peri-urban settings.
These hubs usually encompass several public transport stops corresponding to different modes, as
well as parking lots, areas for bus stationing, etc. Therefore, they occupy wide dedicated spaces
within cities specifically allocated for passenger transportation purposes. The degree of actual
utilisation of these areas fluctuates significantly due to the varying demand associated with the
peaks and valleys in public transport and overall travel demand.

Historically, urban deliveries involved direct shipments from warehouses or production centres to
individual stores or customers. This process often resulted in congestion, inefficiencies, and
environmental impacts due to multiple vehicles making separate trips across cities. Consolidation
centres and last-mile logistics emerged in the late 20th and early 21st centuries to address these
challenges. These centres serve as intermediary hubs strategically positioned within urban areas,
often located at the periphery [4]. They consolidate goods sourced from diverse suppliers or
distribution centres before onward dispatch for last-mile delivery. While this system represents an
improvement over the previous model, it remains entirely separate from passenger transportation
management.

The cooperative models between public transport and logistics operators hold promising potential
to enhance efficiencies and synergies between these services, as well as to mitigate externalities in
urban and peri-urban areas. Both personal transportation and parcel transportation consume
considerable urban space. Streamlining these shared resources offers an opportunity to minimise
the urban footprint dedicated to transportation, fostering more liveable and sustainable cities.
Additionally, as individuals frequent public transport locations, integrating parcel delivery or pickup
during these trips could optimise resource utilisation within these spaces.

Deliverable 5.1: Analysis of current and future mobility approaches in optimisation of Page 18 of 120
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Literature has recently covered different solutions for shared infrastructure for public transport and
freight. Additionally, real-life deployment of solutions addressing these challenges has been
showcased, mostly in the last decade, and mainly with the help of research or public funding.

These solutions can be classified into:

Lockers in public transport stations and other transport infrastructure: public transport
station lockers show potential to reduce car trips for parcel pickups and can enhance the
role of public transport stations as central service hubs. These lockers should be designed to
be user-friendly for pedestrians and transit users and avoid disruptions to public transport
services. Analysing and modelling foot traffic can help predict the effects of the location of
parcel lockers near public transport stations [5].

Lockers have also been installed in park-and-ride facilities in recent projects. Park-and-rides
are expansive parking facilities located at the entrances of large cities, designed to
encourage commuters to transition from private vehicles to public transport. Their strategic
location makes them ideal for delivery companies, as they can leave parcels at the city's
entrance without needing to enter the city and contribute to traffic congestion.

These lockers may be designed for (i) ‘the typical use’, where last-mile logistic delivery
companies leave the parcels at the locker and clients directly go pick up their parcels, or (ii)
as mini-hubs, where the last-mile logistic delivery companies deliver the parcels from the
locker to the different destinations with a low emission vehicle [6]. [7] also propose a system
in which existing public transport stations serve as “satellites” from which city freighters
deliver the goods to the final customers.

Situation A: Typical locker usage Situation B: Lockers used me

. e

as mini-hubs

Figure 1. Bus station locker usage strategies [6]
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[8] conducted research and a survey to discover the conditions under which various
innovations are possible at mobility hubs and public transport stations. Among these
innovations was the inclusion of parcel lockers. Online interviews with experts were carried
out, and these experts viewed parcel lockers at these locations as viable and likely in the
future for any kind of mobility hub.

e Passenger and freight mobility hubs: urban or peri-urban infrastructures covering a
considerable land area dedicated to both passenger and freight transport. By consolidating
these functions, they optimise land utilisation, reducing the space allocated for these
purposes. These hubs have the potential to host operations that would take place in a logistic
consolidation centre while also functioning as:

o Public bus depot/bus operator centre: public bus depots provide locations for bus
storage and maintenance for bus operators. Typically, these depots are fullest during
the night when fewer bus services are required, while during the day -particularly at
peak hours when most buses are on their routes- they are often half-empty. For
logistical and economic reasons, public bus depots, especially those serving both
urban and peri-urban/rural areas, are usually situated on the outskirts of the main
city they serve, similar to consolidation centres. This similarity in location and the
fluctuating nature of public bus depot usage patterns suggest the potential for
allocating part of these areas for logistics operations, such as loading and unloading,
transforming them into small-scale consolidation centres and fostering further public
bus-logistic delivery cooperation such as freight on transit schemes.

o Public transport hub: Public bus stations are typically busy and have little to no free
space for logistic operations, but public transport hubs are larger. Unlike public bus
depots, the availability of space at these hubs often fluctuates inversely, with more
space becoming available during public transport's off-peak or valley hours. The
extent of available space can vary considerably depending on the specific transport
hub. There is an opportunity to use these spaces for logistics operations, such as
temporary storage or transfer activities, during times when passenger traffic is low.
Efficiently capitalising on this fluctuating availability can lead to a more dynamic and
versatile use of the space within these hubs. The integration of space between
logistics and public transport operations in transport hubs was included in the
innovations considered in the survey conducted by [8]. Consulted experts viewed the
sharing of public space facilities as viable and likely in the future for city outskirts
hubs and potentially possible for city and neighbourhood hubs.

o Large public parking facilities: large parking lots, such as park-and-ride infrastructure
or school and college parking areas, also show potential for usage by logistic
operators [9].
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Required infrastructures and technologies

In terms of required infrastructure and technologies, the shared-infrastructure cooperative model
between public transport and freight logistics doesn't need extensive or costly new developments.
Minor adjustments to existing public transport infrastructure may be needed to facilitate logistics
operations. These could include designated areas for logistics activities, lockers for parcel storage,
or specialised equipment for handling heavy or fragile packages.

Incorporating advanced technologies may enhance the efficiency and effectiveness of this shared
infrastructure. Real-time tracking systems can provide up-to-date information on vehicle locations,
which, combined with efficient scheduling software, can ensure that logistics operations integrate
seamlessly with public transport timetables, minimising delays and disruptions.

Main challenges, benefits and risks

While shared infrastructures between public transport and logistic operators present several
benefits, they also come with a set of challenges and risks that need to be managed to ensure
successful implementation and sustainable operation. Some of the most relevant ones are:

e Space optimisation and coordination: balancing the space for public transport and freight
for unexpected demand fluctuations (e.g., special traffic events, Black Friday).

e Security and safety: ensuring the security of freight, particularly when sharing space with the
public, and maintaining safety standards in busy public areas.

e Infrastructure adaptation: modifying existing infrastructure to accommodate the additional
requirements of freight operations, such as installing lockers or creating loading zones, can
be costly and complex and, in some cases, negatively affect other uses.

e Governance model and adaptability: finding a scheme that fits the business models of the
parts involved, balancing economic profitability, and pondering the need for subsidies.
Adoptability, especially by logistic operators, is a challenge.

e Regulatory compliance: ensuring that all operations comply with regulations and standards
dealing with multiple types of services and stakeholders.

e Overcoming service disruptions: there is a risk of freight operations interfering with public
transport services, potentially causing delays or inconveniences for commuters.

e Public perception: ensuring that the integration of freight into public spaces is well-received
by the public and doesn't lead to reduced usage of public transport.

Some of the main benefits that these models have the potential to offer are:

e Efficient use of space: shared infrastructure can lead to a more efficient use of urban space,
reducing the need for additional construction and saving land for other uses.

e Cost savings: both public transport and logistics operators can save on infrastructural costs
by sharing resources and facilities.

e Convenience for users: offering services like parcel lockers at public transport stations can
add value for commuters, making it easier for them to collect deliveries as part of their daily
routine.
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e Environmental impact: shared infrastructure can reduce the number of kilometres covered
by delivery vehicles, lowering emissions and contributing to sustainability goals.
e Traffic impact: fewer delivery vehicles entering city centres means less congested cities.

Main indicators and key decision variables to optimise

e Space utilisation rate: percentage of space of a passenger & freight mobility hub that is not
used during some specific period.

e Capacity allocation for logistic operations: hour-m2 that can be allocated to logistic
operators within a public transport hub.

e Travelled distance: total distance travelled by logistic vehicles for parcel delivery.

e Emissions: total emissions coming from logistic vehicles for parcel delivery.

e Parcel delivery time: duration of parcels remaining in lockers, consolidation centres, or being
transported before final delivery.

Real case study application

There are several scientific papers and real case study applications of the passenger & freight
mobility hub and other solutions regarding shared infrastructure between public transportation and
logistics delivery operators:

e In 2020, Sogaris and RATP Group signed an industrial partnership that aimed to develop a
new urban infrastructure dedicated to both passenger and freight transport to facilitate last-
mile delivery, which they named ‘the mobility hub’ [10].

e EMT (Madrid municipal public transport operator), in collaboration with the logistics
operator CITYlogin, recently launched a pilot for last-mile distribution of goods as part of the
collaborative European project LEAD. This European project, which thoroughly examines
last-mile and low-emission logistics through the creation of "digital twins," facilitated this
public-private collaboration for the establishment of a ‘microhub’ located in the
underground parking facilities of Plaza Mayor. The distribution of goods was carried out
sustainably thanks to a fleet of 100% electric motorcycles specially adapted for urban
distribution [11].

Oliveira et al. [6] proposed a locker network in public transportation infrastructure. The framework
considered scenarios built under the 15-min city concept based on a case study in Jaragud do Sul, a
mid-sized Brazilian city. The networks were found by solving a p-median problem, which minimised
the maximum distance between the lockers and the population. The findings showed that, in the
best scenario with just 16 lockers, the population could reach the lockers within a 10-minute cycling
ride.

2.1.2 Freight on Transit
Definition and review of their evolution

A passenger-freight system with shared infrastructure is a viable option to allow a high dwell time
for freight vehicles without allocating a specific reserved area for it. Nevertheless, a system with
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shared vehicles is more robust towards fluctuating demand and fostering holistic transportation
efficiency [12].

Freight on Transit (FOT) involves not only the shared infrastructure between public transport and
logistics operators but also the shared use of vehicles. In freight on transit schemes, parcels are
transferred at some point in the delivery chain from the logistics operator's premises or vehicles to
a vehicle engaged in a public transport service for passengers. This transit vehicle is typically a bus
[1], [13], [14] with the possible addition of a cargo trailer [15]; although trams [16] and metros [17],
[18] or even vessels in Venice lagoon [19] have also been considered. Subsequently, the parcels are
either delivered by the public transport operator or handed off for the final leg of delivery, typically
carried out by a low-emission vehicle, often provided by the logistics operator, to reach the
recipient. Figure 2 shows an example of an FOT system, where CDC refers to a ‘Central Distribution
Centre’, i.e., consolidation centre.

Figure 2. An illustrative example of an FOT system [13]

FOT offers the possibility to increase revenue for transit agencies while simultaneously reducing
freight transportation costs. It also has the potential to alleviate congestion and diminish emissions
within the goods movement sector [20]. This study also suggests that society and transit agencies
stand to gain more from FOT than freight operators do, according to the results of an expert survey.
Environmental benefits, congestion reduction, and increased network efficiency were the most
mentioned positive impacts. [21] created a model to assess the conditions under which it is
convenient to adopt an FOT approach or operate passenger and freight separately, concluding that
this model appears to be particularly effective for scenarios with low freight volumes, limited freight
delivery locations and a lower elasticity of the travel demand.

Establishing a governance model and a revenue-flow structure before developing an FOT system is
crucial. FOT relies on agreements that enable logistics companies to utilise public transport services
for their deliveries. These agreements could stem from (i) mutually beneficial arrangements where
public authorities aim to minimise the societal and environmental impact of delivery operations and
logistics companies seek to lower their costs, or (ii) they might be the result of regulations enforced
by public authorities [13].
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Depending on whether passengers and parcels share the same vehicle simultaneously, FOT may be:

Shared vehicle: transit vehicles carry both passengers and freight at the same time. These
may have dedicated spaces for parcels while providing passenger seating.

Sequential use: public transport vehicles are used exclusively for passenger service at
specific times, typically during peak hours; and for freight delivery at other times, generally
during off-peak periods.

Based on the location within the transit vehicle where parcels are stored for transportation, two
distinct strategies exist for FOT:

Dedicated cargo compartments: specialised areas within the transit vehicle, like aeroplane
cargo holds, that are entirely separate from passenger spaces. As an example, these
compartments already exist in most long-distance buses for passenger luggage. The main
advantage of having these compartments is that they are specifically designed for freight,
ensuring that parcels are securely stored away from the passenger area. This model is
particularly suitable for larger vehicles like trains and intercity buses, where there's enough
space to include such dedicated sections without compromising passenger seating.
Passenger-adjacent parcel areas: this approach involves allocating space within the
passenger area for parcel storage, separated by a physical barrier like a cage or partition that
prevents passengers from accessing the parcels. This setup is more flexible and can be
adapted to various vehicle sizes and types, from city buses to regional trains, being
particularly suitable for smaller vehicles where dedicated cargo compartments might not be
feasible. An advantage of this approach is that the space utilised by parcels can be freed for
passengers in peak public transport demand hours. However, it raises more safety and
security concerns due to the proximity of passengers and parcels.

Only certain types of parcels may be appropriate for this cooperation model. Transit vehicles,
particularly those with passenger-adjacent parcel areas, would primarily accommodate commonly
transported items that are typically non-perishable and small and light in size and weight. Some
goods might be excluded: dangerous, heavy, fragile, or expensive items at risk of theft are deemed
unsuitable for freight on transit due to safety and security considerations.

Required infrastructures and technologies

Resources and technologies needed for the utilisation of shared infrastructures for public transport
and freight are generally also required for freight on transit models. On top of these, the following
additional resources and technologies are needed:

Adaptation of transit vehicles: this involves modifying transit vehicles to accommodate
freight. It could be through creating passenger-adjacent parcel areas for easy access or
dedicated cargo compartments explicitly designed for secure separate storage of goods.

Parcel tracking and communication systems: tracking systems to monitor parcels throughout
their journey and robust communication channels between public transport operators and
logistics providers are required to coordinate the transfer and handling of goods, ensuring
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timely and accurate deliveries, and avoiding missing parcels. Devices needed to enable this
tracking system are included here, such as QR/bar code readers.

Equipment for parcel loading and unloading: this is necessary to facilitate the quick transfer
of parcels from logistics to public transport vehicles and vice versa.

Fleet of low-emission vehicles: from the logistic operator for last-mile delivery after the fleet
in transit section of the shipment. These vehicles cover short distances so that they can be
low-emission, sustainable vehicles such as bicycles, e-bikes or electric minivans.

Main challenges, benefits and risks

Based on an expert survey conducted in the context of FOT [20] and a general literature review, the
most relevant challenges and risks regarding FOT cooperation models are:

Funding and revenue-sharing: FOT may require large subsidies for initial capital investment.
Finding a clear revenue-sharing model that works for both public transport operators and
logistic delivery operators can be challenging.

Coordination and integration: synchronising schedules and operations between freight and
passenger services is complex. Coordinating freight and passenger movements at stations
and on vehicles, ensuring smooth transfers and minimising delays while keeping the level of
service of each part can be challenging.

Infrastructure and vehicle adaptation: designing/retrofitting transit vehicles and stations to
accommodate goods movement requires investment and design considerations.

Improving the level of service: the level of service of public transport and deliveries shall be
at least kept at the level before FOT implementation. Disruptions and congestion at stops
shall be minimised. There is a risk of an increase in waiting times for passengers due to parcel
loading and unloading.

Dealing with resistance from freight carriers, transit agencies, politicians and decision-
makers to implement and design a service with very few examples to build on.

Increased costs due to additional handling and transfers (time, money, risk, etc.)

Technical optimisation challenges: predicting which transit services will be under-capacity
and when, is a challenge that the literature has been addressing in the last years. This is
necessary to decide which public lines to use and where to locate drop-out and drop-in stops
to obtain the most advantage for parcel distribution while causing the least possible impact
on public transport level of service [13].

Governance and regulatory compliance: establishing a clear regulatory and operational
framework that defines the roles, responsibilities, and revenue-sharing models between
public transport operators and logistic delivery operators; and ensuring that FOT operations
comply with regulations. Some regulatory changes may be needed in some cases (e.g., to
transport passengers and parcels in the same space in buses).

The most relevant benefits or positive impacts of FOT operations, many of them also mentioned in
[20], are:
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Reduced energy use, fuel consumption, and emissions: by shifting some freight delivery to
public transport, there is an increase in overall transportation efficiency and a reduction in
associated emissions.

A new revenue stream for public transit agencies: both transit agencies and freight operators
can benefit from shared resources, leading to cost savings through improved asset
utilisation. Transit operators may also receive additional revenue from which they may profit
from the delivered packages.

Reduced traffic congestion as freight shifts from trucks to FOT vehicles: by shifting some
freight delivery to existing public transport, there can be a reduction in road congestion.
Improved business case for public transport by adding shippers to the customer base.
Continuous work for public transit operators could help eliminate split shifts, making optimal
use of public transit resources.

Main indicators and key decision variables to optimise

Fleet size: number of delivery vehicles needed for the logistic operator.

Travelled distance: total distance travelled by logistic vehicles for parcel delivery.
Emissions: total emissions coming from logistic vehicles for parcel delivery.

Traffic congestion: congestion levels in city centres following the implementation of FOT.
Parcel delivery cost: cost of the logistic last-mile delivery of a parcel.

Parcel delivery time: duration from parcel shipment or arrival to the consolidation centre to
delivery to the end recipient.

Public transport vehicles occupancy ratio: taking into consideration the parcels that are
carried on public transport, FOT may improve the occupancy ratios of public transport
expeditions.

Real case study application

Although extensive research on FOT is currently underway and has not yet been formally
implemented in real case studies, some real-world applications of FOT-like or proto-FOT systems
have been in use for a long time:

The Mumbai ‘dabbawalas’ represent a community of approximately 5,000 individuals who
are renowned for their efficient daily delivery of lunches from homes to offices and schools
throughout the city, utilising the local railway network. The first ‘dabbawala’ deliveries were
made around 1890, making the service more than a century old [22]. These can be regarded
as one of the first known proto-FOT schemes.

The CarGoTram (2001-2020) was an initiative by which the Dresden tram railway served for
freight transportation, carrying parts for car assembly to the Volkswagen factory. Given that
the 4 km journey from the logistics centre to the factory traverses the inner city of Dresden,
the tram led to reduced traffic congestion, taking trucks out of the city centre. Volkswagen
ended the CarGoTram service in 2020 due to a shift in production. Similar initiatives have
taken place in Amsterdam (CityCargo project), Vienna, and Zirich [23]. In the case of
CityCargo, the project ended in 2009 “due to a shortage of public subsidies” [23].
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e Amazon couriers in Manhattan (New York) have been utilising the underground train
network for quicker goods delivery [24]. Amazon also holds a patent for a mobile package
pickup system and is exploring ideas related to FOT [25].

e Greyhound, founded in 1914, is the largest intercity bus company in North America. They
established a rapid mail and parcel delivery service in the United States “by using the
remaining space and attaching carts to the back of the bus” [26]. Bussgods service in Sweden
also leverages transporting for both parcels and individuals to achieve a more
environmentally friendly transport system [23].

e PostNL (Netherlands) has recently started using the railway again after 25 years. PostNL
fleets a weekly trailer on the trajectory to Oslo. A truck trailer is loaded in The Hague at the
end of a passenger train. This truck makes its way to Coevorden and Oslo, where the trailer
is taken off the train and delivered to Posten Norge [27].

In China, most villages have a relatively frequent access to public transport, but some villagers need
to travel far distances to pick up parcels. In Yucheng, Shandong province (China), the “last mile”
problem is solved using the public transport system. 28 bus routes carrying parcels currently
undertake 20.000 parcels per day, according to Yucheng Transport Commission [28].

2.1.3 Passenger and goods share-a-ride
Definition and review of their evolution

The passenger and goods share-a-ride scheme, or just share-a-ride (SaR), is often considered a type
of FOT. However, within this document, it has been distinguished from FOT, given that FOT pertains
to freight transportation on transit systems (bus, metro, tram, etc.), whereas SaR involves freight
transportation in taxis or vehicles engaged in ride-hailing services [29].

“Nowadays, there is significant underutilisation of vehicle capacities in the case of individual
vehicles, taxis, and vehicles, especially for food or small package delivery services” [30]. SaR aims to
mitigate this inefficiency by utilising taxis or other ride-hailing services to deliver parcels or meals in
conjunction with passenger transport. Goods can be carried in the trunk of the vehicle to keep them
separate from potential passengers, which may allow for parcels and passengers to be transported
simultaneously.

Different levels of SaR may exist according to the scope of the integration between passenger rides
and parcel delivery. One approach restricts the operation so that goods are only picked up and/or
dropped off when no passengers are using the service in order to avoid making travellers wait. This
approach is depicted in the central scheme in Figure 3 (“Moderate RPP Integration”). On the other
hand, other approaches aim to optimise the travelled distance and/or service time of the vehicle
providing the SaR service, or they allocate higher priority to complying with accurate scheduled
delivery times. These other approaches (depicted as “Full RPP Integration” in the right scheme in
Figure 3) allow for passengers to be transported while parcels are being delivered and/or picked up,
making the service less time efficient for them. Depending on the level of service, price, and extra
travel time, passengers may be less willing to adopt a service like the latter [31].
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Figure 3. Different levels of SaR integration [31]

In addition to taxi or ride-hailing services, scheduled trips like school pick-ups and drop-offs, medical
centre visits, and transportation for individuals with disabilities could also be utilised for parcel
delivery.

Required infrastructures and technologies

The successful implementation of SaR requires a robust digital infrastructure capable of managing
complex logistics. This includes real-time GPS tracking, efficient routing algorithms, and a user-
friendly interface for both service providers and customers. Integration with existing ride-hailing
apps or the development of dedicated platforms for parcel and passenger coordination may be
needed.

Main challenges, benefits and risks

The main detected challenges and risks for the implementation of passenger and goods share-a-
ride systems are:
e Reliability and timeliness for passengers and parcels: unreliable arrival/delivery times can
lead to user dissatisfaction.
e Passenger and parcel security: ensuring the security of the people and goods being
transported. This includes preventing damage or loss of parcels.
e Regulatory compliance: navigating and complying with local and national regulations
regarding transportation and logistics.
e Technological updates and maintenance: the digital nature of SaR systems requires ongoing
updates and maintenance to ensure reliability, security and efficiency.
e Hail and ride of taxi rides, on short notice to drive from one place to another which is mainly
not station based, collides with parcel delivery scheduled times.
e Setting intelligent dynamic pricing strategies for parcel delivery according to the expected
passenger demand in order to increase the use of this service when it is more convenient
and manageable.

SaR systems have the potential to achieve the following benefits:
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e Reduced traffic congestion: by maximising the utility of each trip, fewer vehicles may be
needed on the road, potentially reducing traffic congestion.

e Lower emissions: optimised routes and increased vehicle capacity utilisation can lead to
fewer emissions per delivered item or passenger mile.

e Increased income for service providers: by offering both passenger transport and parcel
delivery, service providers can increase their revenue streams and make more efficient use
of their time and resources.

Main KPIs and key decision variables to measure/optimise impact

e Fleet size: number of delivery vehicles needed for the logistic operator.

e Travelled distance by logistic vehicles: total distance travelled by logistic vehicles for parcel
delivery.

e Emissions: total emissions coming from logistic vehicles for parcel delivery.

e Extra travelled distance by SaR services: total extra distance travelled by taxis/ride-hailing
vehicles for parcel delivery.

e Extra emissions from SaR services: total emissions coming from taxis/ride-hailing vehicles for
parcel delivery.

e Traffic congestion: congestion levels following the implementation of SaR.

e Parcel delivery cost: cost of the logistic last-mile delivery of a parcel.

e Parcel delivery time: duration from parcel shipment or arrival to the consolidation centre to
delivery to the end recipient.

e Empty vehicle distance covered for taxis/ride-hailing services: taking into consideration the
parcels that are carried in these vehicles, SaR may improve their occupancy ratios.

e Price of delivery for final user.

Real case study application

Optimisation problems derived from SaR have been recently covered in the scientific literature and,
although not currently common, some case study applications of passenger and parcel SaR schemes
look close to being a reality.

American ride-hailing platform Uber started providing a parcel delivery service named Uber Connect
in more than 25 cities in Australia, Mexico, Canada and the US [32]. Although they currently do not
integrate passenger and parcel delivery within the same trips, it may be a possibility in the future.

Cabify, a Spanish ride-hailing platform, partnered with Lola Market, a supermarket delivery
company in order to provide both types of services, aiming at a more efficient use of resources [33].

There currently exist taxi fleets in the world that provide parcel delivery service apart from regular
passenger service, although these are normally not integrated. Some examples of these are SUV
Taxi Melbourne (Australia), PAXI (South Africa), or Radio Taxi Tarragona (Spain).

2.2 Coordination and integration of public transport and shared mobility
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Shared Mobility (SM) is a broad concept that appeared due to a trend in new mobility services that
gained significant attention in the 2010s and thus does not abide by a sole definition. A SM service
is generally regarded as that which provides “trip alternatives that aim to maximise the utilisation
of the mobility resources [...], disconnecting their usage from ownership” [34]. Usually, SM includes
carsharing, bike-sharing, shared scooters, ridesharing, and on-demand ride services, but it can also
include other transit services, such as paratransit or private shuttles [35].

The coordination and integration of public transport with SM is essential for developing efficient,
sustainable, and modern transportation systems in cities. There is a current trend in citizens
demanding more individualisation and personalisation in the services they use, which is particularly
relevant in transportation services. SM services are designed to be adaptable and user-centric,
offering more options for door-to-door trips and allowing for multimodal trips tailored to meet the
specific needs of travellers.

However, the rapid growth of SM in urban areas raises concern about their impact on city traffic,
congestion and other externalities [36]. The challenge lies in designing SM services that
complement, rather than compete with, public transport systems, and which do not replace active
transport modes. Integrating and coordinating SM services with public transport systems has the
potential to contribute to a more efficient and sustainable transportation network.

Within SM, there is a specific type of service that has high potential regarding integration with public
transportation, which this section will focus on. This corresponds to Demand-Responsive Transport
(DRT).

2.2.1 Integration of Public Transport with Demand Responsive Transport
Definition and review of their evolution

Collective public transportation services such as those provided by buses, metros, and trams
typically operate on predetermined schedules, routes and stops. Some of these might vary on
weekends, holidays, or different weekdays, but they are usually established in advance (e.g., yearly)
by transport authorities or public transport operators based on some general demand projections.
These public transport services, which have long been the standard in cities, may be named Fixed
Route Transit (FRT) due to the predetermined nature of their services [37].

FRT services are particularly well-suited to large cities and urban areas where high transport demand
allows for a rich frequency of routes, resulting in minimal waiting times for passengers. However,
for less populated regions, this type of service can be costly and inefficient, often providing
inadequate coverage. As many rural regions experience population decline, ageing demographics,
and consequently diminishing transport demand, traditional public transport services are
increasingly becoming suboptimal for these populations. There is a growing need for more efficient
public transport solutions that can better accommodate the more dispersed demand characteristic
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of these areas, improving the quality of public transport rather than relying solely on conventional
fixed bus routes poorly suited for some rural and peri-urban environments [38].

DRT is a concept that traces back to the 1970s that can address the aforementioned challenges [39].
Unlike FRT, DRT services are specifically tailored based on the existing or anticipated demand for
each particular day. Vehicles providing DRT services may have different routes and schedules each
day depending on the specific list of trip requests or the predicted demand for that day.

While ride-hailing services such as taxis were initially considered by some authors to be DRT,
nowadays, DRT usually refers exclusively to public, collective transport. Thus, DRT covers a wide
range of transport services that lay somewhere between buses and taxis. At one extreme of its
range, DRT might sometimes function similarly to a traditional bus service, stopping to pick up
passengers who are waiting at predefined stops. On the opposite end, it can also operate very
similarly to a taxi at times, offering a fully flexible service that accommodates passengers' requests
for rides anytime and anywhere. Between these two points, there are various versions of DRT, each
suitable for a different target population, area, and purpose, as seen in Figure 4.

DRT may allow for flexible options for urban settings, but it is particularly well-suited to provide
better transport to peri-urban and rural regions. In sparsely populated areas, maintaining public
transport can be inherently costly. DRT is often easy to justify in such settings, as its operational
costs can potentially be lower than those of a FRT, while adapting to the actual demand and
minimising passenger waiting times [40]. This approach can improve public transport connectivity
to help break the cycle of depopulation and transportation decline and help reduce reliance on
private vehicles [41].

DRT service implementation began in the 70s and 80s [42], [43], [44]. Many started in the UK and
the USA, but other countries, such as the Netherlands, also pioneered this movement. In the
Netherlands, the first “buurtbus” (see Figure 2) was formally introduced in 1977 [45]. The first DRT
services were often referred to as “dial-a-ride” or “dial-a-bus” and many of them focused on people
with mobility difficulties. These initial services had a high failure ratio, as DRT operators were often
unable to draw enough passengers to the service at the time. Even with public subsidies,
overcoming the high operating costs was often still a challenge.
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Figure 4 DRT target niche, adapted from a graph by [46]

Figure 5. Introduction of a DRT service in the Netherlands 1977 (National Archives of the Netherlands)

Despite these early challenges, DRT services have not been deemed unviable by the transport
engineering field. Many DRT projects are functioning today or have functioned recently, such as El
Meu Bus in Barcelona [47] and TAD Castilla y Ledn [48] in Spain; Buurtbus, Belbus, Regiotaxi,
Dorpsbus and Hubtaxi in the Netherlands [49]; Callconnect in the UK [50]; and Bridj, Lyftline or
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UberPOOL in the USA [51]. These are just a few, but there are a lot of different implementations of
DRT, each with its own name, scheme, tariff, etc.; even within the same country. This diversity can
make these services confusing at first for the inexperienced traveller.

Research suggests that the key to successful DRT lies in its realistic design and a comprehensive
understanding of the market niche it intends to serve [52]. There is a risk in offering an overly flexible
service or incorporating expensive technological systems that may not be necessary, so an
incremental approach to implementation is highly advisable [53]. Additionally, DRT requires more
marketing and partnership efforts than traditional bus operations.

The advancement of information and communication technologies and the emergence of the
Mobility as a Service (MaaS) concept in recent years hold significant potential for enhancing DRT.
Proliferation of smartphone apps and vehicle tracking systems that allow for real-time response to
trip requests have already facilitated the implementation of many DRT services. Additionally, in the
coming years, vehicle automation could substantially reduce costs by eliminating the need for
drivers, creating a type of service that may be regarded as a “shared driverless taxi”. There has been
a notable increase in scientific research focusing on driverless DRT systems [54], [55], [56], [57] and
real pilots with shared automated vehicles have been conducted, mostly in the USA by companies
like Uber or Waymo from 2017 [58].

A key enabler to efficient and successful DRT services is the integration and coordination with the
rest of the public transport. Integrated Demand-Responsive Transport (I-DRT) services are framed
within the existing public transport network. They are designed to serve a particular purpose within
the network, which is often to work as feeder or connector services, providing the first/last leg of
public transport trips. This helps bridge the gap in areas where traditional public transport may not
be as accessible or frequent, thus addressing “the last-mile problem of mass rapid transit” [59], [60].
In more rural areas, DRT systems also enable everyday stand-alone trips to school, health care, social
activities and daily shopping [61], [62], which fosters social inclusiveness.

I-DRT shall be effectively integrated with the rest of the public transport. For PT users, I-DRT should
behave as any other public transport service. This means that the transfer between other PT lines
and |-DRT shall be seamless, and that the tariffs of I-DRT shall be integrated into the payment system
of the PT transport operations in the area/country. Efficient I-DRT services are often scheduled in
sync with the timetables of public transport services to minimise waiting times [60], while also
accommodating trip requests or anticipating DRT passenger demand.

I-DRT has been found to improve the average public transport travel time for users but also lead to
a “more equitable distribution of excess travel times” [63]. Research by [64] in the USA found that
coordinating DRT services with mainline FRT can reduce total user costs by 18.6%. This kind of
optimisation through integration is essential for facilitating efficient and passenger-centric
multimodal journeys, demonstrating the value of a holistic approach to public transportation.
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Required infrastructures and technologies

The integration of DRT with public transport requires the development of advanced information and
communication systems to enable real-time data exchange between DRT and other public transport
services, facilitating the synchronisation of schedules and routes. For instance, a centralised digital
platform can manage and coordinate the differing schedules of fixed-route buses, trams, or metros
with the dynamic routes of DRT services. This platform would optimise connections and reduce
waiting times for passengers.

A required infrastructure for I-DRT is the development of multimodal transport hubs which can
serve as a connection for passengers to seamlessly transfer between FRT and DRT services. Ideally,
these hubs should be equipped with real-time information displays, parking areas, ticketing
machines, etc. For the development of hubs, the travellers using only DRT services and no other
modes (e.g. school, health care, social activities and daily shopping etc.) must also be considered,
as not all the DRT trips will make use of the FRT services.

The widespread deployment of automated driverless vehicle technologies, which is expected to
come in the near future [58], [65], has the potential to be a key booster for DRT services. Driverless
vehicles can substantially improve DRT operational efficiency and reduce costs. Regarding the
behaviour of these future Shared Autonomous Vehicles (SAV) in different situations like interaction
with the environment, overtaking, oncoming traffic and road users, weather dependencies and
seasonal dependency, the Operation Design Domain (ODD) of driverless systems is still a hurdle to
overcome [66]. This could be especially the case for driverless DRT implementation with a non-fixed
travelling route.

Main challenges, benefits and risks

I-DRT can significantly improve access to transportation in areas with lower population density and
enhance the overall reach of the public transport network, thereby addressing the “last leg”
problem that often discourages public transport use. Integration of DRT can also lead to increased
efficiency in the transport system, reducing the need for private car use and contributing to
environmental sustainability. Furthermore, for users, |-DRT provides more flexible and personalised
travel options within the public transport system.

The coordination and synchronisation of different modes of transport is one of the main challenges
of integrating DRT with public transport [37]. DRT operates on a flexible schedule based on real-
time or anticipated demand, which can be difficult to align with the fixed schedules of traditional
public transport like buses and trains. This requires sophisticated data integration and fine-tailored
optimisation algorithms. DRT integration presents risks regarding potential increased operational
complexity and costs, particularly in the initial stages of implementation. There's also the risk of
underutilisation if the services are not effectively marketed or if they fail to meet the actual needs
of the target population. To mitigate these risks, careful planning, pilot testing, and incremental
implementation are essential, along with continuous monitoring and adjustment of services based
on user feedback and demand patterns.
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Main KPIs and key decision variables to measure/optimise impact

e Travelled distance: total distance travelled by FRT and DRT vehicles.

e Emissions: total emissions coming from FRT and DRT vehicles.

e FRT service occupancy: average occupancy ratios of FRT vehicles and utilisation rates.

e DRT service occupancy: average occupancy ratios of DRT vehicles and utilisation rates.

e Passenger satisfaction: satisfaction levels of public transport users with DRT service quality.

e Waiting times: passenger waiting times for transfers from/to public transport to/from DRT.

e Full multimodal trip travel times: trip time for travellers using public transport (which may
combine FRT and DRT).

e Traffic congestion: congestion levels following the implementation of an integrated public
transport — DRT model.

e Equity and accessibility: equitable distribution of transport services across different
demographic groups and areas, ensuring that vulnerable populations, such as the elderly or
those with disabilities, are adequately served.

Real case study applications

Callconnect is a DRT system operating since 2001 in the United Kingdom that calls itself an “on-
demand bus service” [50]. It provides service mainly to rural areas across Lincolnshire and adjacent
counties. This service can currently be booked by passengers through an app, online or by phone
with 1 hour to 7 days in advance. While Callconnect has its own fare structure, it also accepts
concessionary bus passes, and it offers several FRT bus services that may be combined with the on-
demand options, making these DRT services relatively integrated with the public transport system.

In Helsinki, Finland, the Kutsuplus DRT service was launched in 2013 [67]. This was a city-run system
of demand-responsive minibuses that had their routes updated dynamically. Residents could use a
smartphone app to make trip requests. Routing and scheduling were completely based on these trip
requests, and the service had an independent tariff from the rest of the public transport system.
Thus, no significant integration/coordination was made with other transport services in this case.
This service was forced to close its doors in 2015 due to low demand and high costs, attributable to
a lack of marketing and long-term planning [68].

Buurtbus, Belbus, Regiotaxi, Dorpsbus, and Hubtaxi are some of the DRT services operating across
all regions of the Netherlands, which is a country rich in this type of transport service. Here, public
transport associations are suggesting the need for standardisation and homogenisation of schemes
and tariffs [49].

In Malaga, Spain, the local Metropolitan Transport Consortium replaced an existing bus route
covering peri-urban and rural areas with a DRT service in 2018 [69]. This service was integrated with
the existing payment and tariff system, stopping at bus stations covered by FRT bus routes. It is still
in place today since it was able to achieve 3 times more demand than the old bus route while the
technical tariff was reduced to a third [70].
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In Barcelona, Spain, El Meu Bus [47] is a DRT service that currently covers 5 urban and peri-urban
transport zones of the Catalan capital (see Figure 3). Stops are fixed, but buses do not have a fixed
route; instead, shared routes are generated based on user requests. This service has no additional
cost for public transport users, as it accepts the same tickets and passes used for regular bus travel.
The average demand on a weekday was about 150 passengers at its implementation in 2019, with
a fairly stable hourly profile throughout the day. The reception of the service was very positive, so
much so that the objectives set for a period of 2 years were already achieved in the first 6 months
of operation [70]. This service is also currently in operation and has grown in the last years with the
inclusion of additional zones.

B
]

Figure 6. One of the vehicles providing El Meu Bus DRT services in Barcelona (TMB)

The European H2020 AVENUE initiative was launched in 2018 and concluded in 2022. AVENUE
tested autonomous DRT shuttles in Lyon, Geneva, Copenhagen and Luxembourg [71]. These DRT
services could be booked through an app and optimal route planning was automatically calculated.
The systems automated all processes normally involving a driver: vehicle stopping, boarding
validation, handling situations involving absent passengers, etc. These pilots validated the
advantages of driverless DRT while identifying key barriers to overcome in the coming years for the
introduction of autonomous vehicles for public transportation.

The H2020 program SHOW (2022-2024) will conduct real-life urban demonstrations in 20 cities in
Europe for 24 months using a fleet of more than 70 SAE L4/L5 autonomous vehicles of all types for
both passenger (FRT and DRT) and cargo transport in dedicated lanes and mixed traffic [72].

2.3 Advanced Traffic Management in connected and automated
environments

Traffic Management Centres (TMCs) are evolving from merely maintaining transportation networks
to actively managing and improving their performance. This shift involves integrating Traffic
Management Systems (TMSs) and coordinating with other agencies and actors to enhance
operational strategies and reliability [73].

In this a context, the mission of TMCs is shifting towards active management, emphasising dynamic
and adaptive responses to both current and future traffic conditions. This approach involves a
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continuous cycle of monitoring, assessing, and improving TMS performance, with a strong focus on
real-time and near-future planning. Active management is characterised by its traveller-centric
approach, prioritisation of performance outcomes over mere outputs, and an emphasis on system
management. Additionally, it operates round-the-clock and scales according to trips rather than
jurisdictional boundaries, reflecting a more flexible and responsive traffic management [73].

As such, a TMC may be considered as the point where the physical components of an intricate and
cohesive system intersect. Given that such a system ideally encompasses the seamless integration
of hardware, software, processes, and personnel, each performing a spectrum of functions and
actions essential for efficient transportation management [73]. Connected and Automated Vehicles
(CAVs) offer unique, significant advances for enchanting this highlighted role [74]. The penetration
rate of CAVs is low but growing from below 1% in 2025 to 5% in 2030 globally [75]. The number of
vehicles part of the SRTI/DfRS ecosystem was estimated at 2 million in 2021 [76]. The Connected
Car rate overall and in the EU is much higher and grows from 24% in 2021 to 93% in 2035 [77]. Next
to that, many drivers use apps like Waze, Flitsmeister, TomTom, and Google Maps to navigate,
which makes the driver also part of the connected ecosystem. These applications provide
information about road works, traffic incidents, congestion, vehicles on hard shoulder, etc., but also
give information about, for instance, low emission zones. These applications can also use the C-ITS
message set to enable one-on-one connection to a C-ITS ecosystem like Talking Traffic in the
Netherlands [78] and Mobilidata in Flanders [79]. One of the apps that connects to these
ecosystems and shows the status of traffic lights is Flitsmeister [80].

The history of automotive automation is a long one, and, in reality, achieving full autonomy was
never expected to be instantaneous as vehicles are being gradually equipped with more Advanced
Driver Assistance Systems (ADAS) [81]. While there are, as of yet, no fully autonomous vehicles for
sale, large numbers of vehicles achieving High Driving Automation (Level 4) are underway in several
cities in the form of self-driving taxi fleets [82]. On the one hand, such steps have been met with
scepticism and backtracking [83], on the other the potential benefits of connected automated
vehicles, or the usage of connected apps are evident. Firstly, they have the capability to transmit
data regarding their status, such as position and speed, as well as their intended route, to the traffic
management system. Secondly, the potential to predict their short-term behaviour and trajectory
is considerably higher compared to traditional vehicles [74].

Both the industry and academia have made efforts to leverage the recent advances. Subsequent
sub-sections further explore the concepts of C-ITS based Traffic Management, Traffic Signal Priority
for Automated Shuttles, and Green Light Optimal Speed Advisory (GLOSA). They are evolving from
merely maintaining transportation networks to actively managing and improving their performance.
This shift involves integrating TMSs and coordinating with other agencies and actors to enhance
operational strategies and reliability [73].

Next to these more academic approaches, the usage of connected onboard applications has been
tested in the last years in several living labs and testbeds for the usage of gaining priority at
intersections like demonstrated in InterCor [84] plus [85], and road works warning [84]. Also, the
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use of social routing/adaptive route advice which can minimise time delays for all road users [86] is
of interest to the SYNCHROMODE Case Studies in Thessaloniki and Provincie Zuid-Holland.

2.3.1 Navigation-based traffic management

As stated for the SYNCHROMODE project, it is of interest to investigate the opportunities of
navigation-based traffic management. This might facilitate the delivery of adaptive social route
advice, addressing issues associated with drivers following individual-based route guidance. Such
individual advice may not be advantageous for all travellers on the road and could potentially
conflict with guidance from Variable Message Signs (VMS), information on social media or even
instructions provided by traffic stewards on location. Several studies were done on the effectiveness
of social routing [86]. The CEF project Socrates 2.0 pilot side Amsterdam set up a cooperation
framework for the use cases, amongst others, Optimizing Network Traffic Flow (ONTF): creating an
optimal distribution of traffic on the Amsterdam network and Smart Destination to guide visitors
of an event to an optimal parking location with the aim of a good travel experience during inflow
and an optimal outflow [87]. Due to the COVID-19 pandemic, although the technical setup was in
place, real-life testing could not be conducted [88].

[89] investigated the follow-up behaviour of travellers regarding social routing using a state-based
choice experiment and a revealed choice experiment for four information strategies. When small
time sacrifices are made travellers will most likely follow up the social alternative route. Overall the
study indicates that social routing can potentially contribute to the improvement of network
efficiency.

Required infrastructures and technologies

e Connected navigation through apps or in-car.
e Enabling coordination from a city or region to interact with service providers.

Main challenges, benefits and risks

Potential benefits of navigation-based traffic management include:
e Higher awareness of the driver (road works incidents, vehicles on hard shoulder, state of
Traffic Light Controllers (TLCs) etc.
* Road safety increase.
e Provision of real-time information.
e Optimization of traffic flow performance.

Potential challenges:
e Adaptation of social routing from drivers.
e Co-creation of traffic management with authorities and service providers
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2.3.2 C-ITS based traffic management
Definition and review of their evolution

In general, traffic management involves organising and controlling all forms of traffic, including
pedestrians, other vulnerable road users, and motorised vehicles, to ensure their safe, efficient, and
orderly movement, thereby improving the overall road network quality [90]. Increasingly, TMCs
must adapt to disruptive trends and technologies in the transport and mobility sector, a prime
example of which is C-ITS [91]. As such, recently, the concept of C-ITS-based traffic management
[91] based on the use of C-ITS to facilitate previously identified control strategies, specifically those
of informing traffic, enlarging outflow, reducing inflow, and rerouting traffic [92].

In this approach, five major end-user types are identified. Specifically, individual drivers, Vulnerable
Road Users (VRUs), Public Transport Fleet (PTF) operators, Commercial Fleet (CF) operators, and
Emergency services Vehicles (EV) can have access to the bundled C-ITS services summarised in Table
1 [93]. Of these services, Traffic Signal Priority (TSP) and GLOSA services are further analysed in
subsequent sections of this deliverable.

Table 1 Indicative bundled services that enable C-ITS-based traffic management [adapted from:[93]]

C-ITS Services Acronym Driver VRUS PTF CF EV
Rest-Time (RTM) - - - X |-
Management

Motorway Parking (MPA) - - - X |-
Availability

Urban Parking (UPA) X - - X |-
Availability

Road Works (RWW) X - X X | X
Warning

Road Hazard (RHW) X - X X | X
Warning

Emergency Vehicle | (EVW) X - X X | X
Warning

Signal Violation (Svw) X - X X | X
Warning

Warning System (WSP) X X X X | X
for Pedestrians
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Transit Signal (TSP) - - X - X
Priority
Green Light (GLOSA) | X - X X |-
Optimal Speed
Advisory
Cooperative Traffic | (CTLP) - X - - -
Light for
Pedestrians
Flexible (FI) X - X - |-
Infrastructure
In-Vehicle Signage | (IVS) X - X X | X
Mode & Trip Time | (MTTA) | X X - - -
Advice
Probe Vehicle Data | (PVD) X X X X | X
Emergency Brake (EBL) X - - - -
Light
Cooperative (CACC) | X - - - |-
(Adaptive) Cruise
Control
Slow or Stationary | (SSVW) | X - X X | X
Vehicle Warning
Motorcycle (MALI) X X X X X
Approaching
Indication
Blind Spot (BSD) X X X X [ X
Detection/Warning

Required infrastructures and technologies

The integration of such an approach is conditional upon the following:
e The availability of specific C-ITS services in the area of interest.
e The deployment scale of each C-ITS service (large-scale, limited, proof of concept).
e The amount and distribution of end-users.
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e The complexity of the available road network (i.e., choice nodes, control nodes, choice and
control nodes, regular nodes, control segments, links).

e Common traffic problems in the available road network and the degree to which C-ITS can
contribute to their alleviation.

Main challenges, benefits and risks

Potential benefits of C-ITS based traffic management include:

e Road safety increase

e Promotion of eco-friendly driving

e Provision of real-time information

e Optimization of traffic flow performance

Current challenges for implementation of C-ITS services include:

e Cybersecurity, which is also a risk.

e Data quality (especially GPS in urban environments).

e [nitial investment costs compared to initial benefits. Setting up a data chain to provide C-ITS
services is complex, expensive and since so many systems from different stakeholders have
to integrate, consensus between many stakeholders is required. Furthermore, since only few
services are available at initial release, initial benefits are small compared to the investment.

e Getting information to the end-users is challenging, as this requires system that sends and
receives the right data with a large user base. End-users often do not have or use these
systems. Also, service providers with a large user base are often hesitant to implement the
services.

e Developing a positive business model.

Main KPIs and key decision variables to measure/optimise impact

Measuring the effectiveness of a C-ITS based traffic management system may be achieved with a
series of KPls, such as:

e Travel time

e Travel time variability

e Traffic flows

e Number of road accidents resulting in death or injuries

e Traffic related CO2 emissions

Real case study applications

Recently, efforts have been made to tackle mobility issues by launching C-ITS services in
Thessaloniki, which was one of the deployment sites for the C-MobILE project. This project was
dedicated to the widespread implementation and showcasing of C-ITS services across eight
European cities, namely Barcelona, Bilbao, Bordeaux, Copenhagen, Newcastle, North Brabant, Vigo,
and Thessaloniki [93].
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Table 2 sums up the C-ITS services deployed, their contribution to C-ITS based traffic management
strategies, and their applicability to specific road network elements (e.g., Choice node, Link).

Table 2 Contribution to traffic management and network element mapping of Thessaloniki C-ITS services [adapted from:[93]]

C-ITS Service Traffic Management Strategies Road Network Elements
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RWW Inform about - - = = = - -l X | x

road works/
changes to the
road layout

RHW Inform about - - - - - - I X | X
hazardous
locations
downstream

GLOSA | Inform vehicle - - - - X | X - - -
drivers by
providing speed
advice/ green

wave
information

FI Inform about More road Less road - - - - - X X
lanes status capacity capacity
downstream

IVS Inform about Speed Speed - - - - - X | X
conditions, harmonisation | harmonisation

restrictions

MTTA Inform about Handles road Handles road Delayed X | X | X - - -

conditions, capacity capacity trips or
restrictions and trips by
options collective
modes
reduce
demand
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PVD (indirect effect) | (indirect (indirect (indirect X | X | X | X | X | X
effect) effect) effect)

2.3.3 Transit Signal Priority
Definition and review of their evolution

TSP is a strategy that helps transit vehicles like buses, streetcars, or, in the near future, automated
shuttles to navigate through signal-controlled intersections more efficiently. It was introduced in
the late 1960s [94] and differs from signal pre-emption, which interrupts normal signals for
emergencies like approaching trains or responding fire engines. While both systems might use
similar technology, whereas pre-emption focuses on emergency response improvement, reducing
accidents involving emergency vehicles at intersections, and increasing safety levels at Railway Level
Crossings, TSP aims to improve schedule adherence and transit travel time efficiency while
minimising any impacts to normal traffic operations[95].

Increasingly, CAV technologies allow for a wide range of signal control-related applications. Traffic
signals integrated with such technologies can gather real-time data on vehicles' location, direction,
and speed via wireless communications, utilising this information to enhance signal functioning.
Conversely, properly equipped vehicles can receive updates on the current signal phase and receive
appropriate notifications [96]. Prominent among such applications are improvements on TSP [97]
and as such, efforts are being made to leverage C-ITS and CAV technologies to support TSP controls
[98]. For example, a bus or shuttle equipped with On-Board Equipment (OBE) can transmit data
about delays in its scheduled arrival and even the number of on-board passengers [99]. Utilising this
information, the signal controller then modifies the timing plan to optimise the efficiency of the
transit service [100].

In general, priority can be established through facility infrastructure, such as exclusive lanes, or
through signal control at road intersections [101]. It may be passive, meaning that it functions
continuously, independent of any transit detection or priority request generation system, based on
an understanding of transit routes and ridership patterns [95]. As indicated in Table 3, active TSP
may be unconditional, conditional, or model-based, and implementation tactics include [102]:

e Green Extension

e Early Red Phase Rotation

e Green Truncation

e Phase Insertion

e Queue Jump
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Table 3 Types and key characteristics of TSP controls [adapted from:[103]]

TSP Control Methods Definition Comments
Passive Passive control techniques apply | ® Low-cost and easy-to-implement
bus S|gna.l pr|o.r|ty b.y .settmg ¢ Needs lesser infrastructure and
predetermined signal timings to . i
benefit buses instead of detecting communication requirements
their actual presence. These | ¢ More suitable for headway-based
methods often assume a specific service and high bus volume
bus arrival pattern, like a uniform ) )
distribution, and are particularly * More sulltabl.e for low f|LICtL.IatI0n
effective in high bus demand of dwelling time at bus stations
situations. Various passive | e Possibility of network-based bus
approaches have been documented priority
in the literature
e Less impact on crossing-street
general traffic
¢ More applicable to both Urban
Traffic Control (UTC) controlled
and isolated junctions
Active Unconditional | Unconditional TSP control provides |  Low-cost and easy-to-implement

signal priority to buses at signalised
junctions based solely on their
presence, without considering bus
lateness.

¢ Needs some infrastructure and
communication requirements

e More suitable for bus vehicles
ahead of schedule and low bus
volume

e Applicable to signals under
isolated junctions only

e Instant implementation gives
higher potential delay savings

e High impact on crossing-street
general traffic

Deliverable 5.1: Analysis of current and future mobility approaches in optimisation of Page 44 of 120

TNM

Copyright © 2023 by SYNCHROMODE Version: 1.0



@

SYNCHROMODE

Conditional Conditional priority takes into | ¢ Some cost and easy-to-implement
account the presence and readiness )
of buses, granting them priority e Needs some infrastructure and
with comparatively low time losses communication requirement
to other vehicles based on specific | ¢ More suitable for timetable-based
rules. bus vehicles and low bus volume
e Applicable to both UTC controlled
and isolated junctions
e Variable priority time gives higher
potential delay savings
e High impact on crossing-street
general traffic
Model-Based Model-based control prioritises * Much cost and hard-to-implement

certain buses based on their
readiness and traffic conditions to
minimise delays for bus passengers
or overall. It requires tracking bus
locations, operational status, and
car traffic volume or queue
lengths. The control objective is to
measure bus or total vehicle
performance before and after
implementing (TSP) to validate the
system's efficiency and
effectiveness.

eNeeds much infrastructure and
communication

e More suitable for timetable-based
service and low bus volume

e More applicable to both UTC
controlled and isolated junctions

e Account of signal coordination and
hence lesser impact on the general
traffic

e Possibility of network-based bus
priority

e Compatible with multi-purpose use

of the data

Transit vehicles have been recognised as important road users since the late 1970s when research
[104] indicated that prioritising buses could decrease bus delays while increasing the delay for
passenger cars. Following this discovery, subsequent efforts were dedicated to developing more
sophisticated transit signal priority logic that optimises the performance indices of the various
vehicles using the network [105]. Several algorithms have been developed with the aim of
minimising the delay of transit vehicles while preventing negative impacts on street traffic [106].
However, since the ultimate design objective of intersections is to accommodate more people
rather than vehicles [107], increasingly, the research attempts to approach the problem from the
perspective of the individual (i.e., the drivers of passenger cars and passengers of transit vehicles)
by aiming to minimise total person delay [99], [107], [108]. Other considerations include the
minimisation of total emissions [109]. Examples of utilised optimisation methods include mixed-
integer nonlinear programs (MINLPs) [108], Binary Mixed Integer Linear Programs (BMILPs) [107],
genetic algorithms [110], [111], neural networks [110], and deep learning [112].
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Required infrastructures and technologies

TSP systems typically involve four key elements: the transit vehicle, transit fleet management, traffic
control, and traffic control management [113]. In arecent TSP deployment across 195 intersections
in highly urbanised areas of Washington DC, these key elements resulted in the following required
components [114]:

Vehicle equipment: On-board vehicle equipment consists of cellular communication hardware and
TSP-enabling software to transmit real-time transit vehicle information to the roadside equipment.
Fleet management software: Refers to a software system that allows for the setting up of general,
intersection-specific, and route-specific parameters related to Transit Signal Priority (TSP). This
system facilitates the operation of TSP and establishes criteria for receiving priority.

Roadside equipment: The roadside equipment manages and relays TSP requests to the traffic signal
controllers using transit vehicle data. It comprises a cabinet-mounted cellular antenna and a modem
within the cabinet, along with a Phase Selector card and an Auxiliary Interface Panel, all housed in
the traffic signal cabinet at intersections equipped with TSP functionality.

Phase selector: The phase selector processes TSP requests received and conveys these priority calls
to the traffic signal controller.

Auxiliary interface pane: The Auxiliary Interface Panel (AIP) identifies green phases from the traffic
signal controller and offers for the phase selector card to interconnect with the traffic signal cabinet.
Traffic signal controller firmware: Located at intersections enabled for Transit Signal Priority (TSP),
this firmware processes and responds to TSP requests.

Central Management software: It operates on a dedicated server machine located at the responsible
traffic agency, facilitates the configuration of the phase selectors from a central location, and logs
the TSP events for operational reports.

Cellular network: The cellular communications network serves as a dedicated communications
channel between the On-Board Equipment and the Wayside Equipment, as well as between the
Wayside Equipment and the Central Management software. It includes cellular antennas and
cellular modems.

Main challenges, benefits and risks

The progress in CAV technologies, including connected autonomous shuttles, presents a significant
opportunity to revolutionise traffic signal control, including the logic, operations, and performance
of traffic signal controllers and, thus, offers the possibility of better balancing the interests of transit
and private vehicle (ITS JPO, n.d.) [115].

More specifically, while the expected benefits of TSP vary depending on the application, they
generally include [113]:

e Improved Schedule Adherence and Reliability

e Reduced Travel Time for Transit vehicles

e Increased Transit Quality of Service

e Environmental Benefits

e Secondary Economic Benefits
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e Safety Benefits

Finally, a TSP serves as a main element of Multimodal Traffic Signals that can consider all traffic
modes based on their weight in order to reach the overall objective function [102].

In terms of challenges, and besides the equipment/infrastructure cost and the control challenges
briefly stated in Table 3, two types of challenges may also be identified. Specifically, the extensive
need for field data collection and the need for simulation in order to properly set up and evaluate
such a system.

Effective management of a Transit Signal Priority (TSP) system, especially one aimed at CAVs,
demands data collection, a notable weakness in most current technologies. At a minimum, the
following data should be collected [113]:

e time a call was requested,

e vehicle number,

e high- or low-level priority,

e specific priority routine invoked,

e range and intensity of detection signal,

e when a call was dropped,

e call duration period,

e priority request disposition (e.g. not granted, why not granted, when granted, etc.)

An agreement, ideally in the form of a memorandum of understanding or interagency agreement,
should be established among stakeholders regarding the collection, distribution, and sharing of data
[113].

There is considerable uncertainty about the effectiveness of various TSP strategies under different
traffic conditions, as no universal standards for TSP implementation exist. Typically, planning starts
by reviewing other cities' experiences, but differences in geography, traffic, and travel behaviour
mean these findings are not directly applicable elsewhere. As such, evaluations, usually through
computer simulations or field tests, are necessary for each city. While simulations are less realistic
but more cost-effective and flexible than field tests, they can guide subsequent, more expensive
field tests. Enhancing simulation realism and accuracy requires data and models that closely mirror
real-world conditions [116]. Essential such data include [116]:

e network and signal configurations,

e origin-destination demand,

e public transport route specifics,

e signal pre-emption details, traffic counts, and recorded travel times (crucial for calibrating

and validating the model).

Main KPIs and key decision variables to measure/optimise impact

The main KPIs to measure/optimise the performance of TSP include [117]:
e Reduced travel time for transit vehicles
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e Reduced number of stops and delays for transit vehicles

e Reduced variability in operations and increased schedule adherence for transit vehicles
e Reduced recovery time at the end of the run

e Fuel savings

e Air quality benefits

e Reduced operating resources required

e Number of signal cycles to clear a queue before/after granting TSP

Real case study applications

While research projects, such as SHOW [118], have investigated the use of shared automated
vehicles, as of yet, there have been only a handful of large-scale deployments of automated vehicles
[119]. However, TSP has seen large-scale deployments in the form of connected buses. One such
example is a recent widespread effort in the USA aiming to boost the efficiency and dependability
of bus services run by the Washington Metropolitan Area Transit Authority (WMATA) [120].

The grant facilitated numerous projects, including the application of Traffic Signal Priority (TSP)
across various traffic agency boundaries. The District of Columbia saw the most extensive TSP
implementation, activating it at 195 DDOT intersections [114].

To harmonise multi-jurisdictional efforts, WMATA created a regional Concept of Operationsin 2009,
proposing a unified TSP technology across all regional traffic signals. Following the grant, each
regional agency identified specific needs and constraints for TSP technology, culminating in a
comprehensive system requirement document guiding technology choice. This document later
became the foundation for each traffic agency to proceed with procurement, design, and
verification testing. In 2013, WMATA approved a proposal that aligned with the system
requirements document, selecting a TSP technology that met traffic agency demands and leveraged
the transit agency’s existing onboard system hardware [114].

2.3.4 Green Light Optimal Speed Advisory (GLOSA)
Definition and review of their evolution

The concept of driver assistance that utilises traffic light information predates the term GLOSA, with
the first such system, entitled Wolfsburg Wave, introduced as early as 1983 by Volkswagen [121].
This project that utilised infrared-equipped traffic lights that send signals to onboard mechanical
displays [121] was discontinued due to technical difficulties and low-profit margins [122]. However,
in 2008, the introduction of new V2| communication technologies allowed the Travolution project
to rekindle research on GLOSA [123].

Currently, GLOSA services provide guidance to both human and, in the near future, autonomous
drivers on the ideal speed to maintain in order to pass through signalised intersections with a green
light. GLOSA achieves this by broadcasting information about the traffic light signal phases to
approaching vehicles. This data is communicated using the Signal Phase and Timing (SPAT)
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information, leveraging both traffic light communication systems and the vehicle's onboard
functionalities [124], [125].

GLOSA methods are categorised into two approaches and specifically [126]:
e The single-segment approach, which involves calculating speed advice for the segment
directly before the closest traffic signal.
e The multi-segment approach, in which GLOSA calculates a series of optimal speeds,
provides one-speed recommendation for each segment before the vehicle enters the first
segment.

Required infrastructures and technologies
In a manner similar to other traffic-light-related C-ITS, such as the previously mentioned TSP, GLOSA

requires both roadside and on-board equipment. A simplified C2X system specification and protocol
stack with relevant GLOSA software and hardware components is depicted in Figure 7.

Applications GLOSA

HMI

r
GPS
fY Applications POTI
GPS REM Facilities D

. ITSTGS [T!IGS - HMI
= = .
Lt L] e " § |t
Controller E _.:ccfss I ’W E é f;“s“ l IWI g CAN
Roadside Unit On-Board Unit
(a) Roadside Unit (RSU) (b) On-Board Unit (OBU)

Figure 7 Simplified C2X system specification and protocol stack with relevant GLOSA software and hardware components [taken
from:[127]]

Main challenges, benefits and risks

Relevant literature has explored the benefits of GLOSA, either through simulation or, in fewer cases,
using real-world methods (e.g., pilots, field operation tests) [128], on the following [125]:

e safety

e energy consumption,

e travel times,

e idle times, and

e emissions

GLOSA is a service that, as previously mentioned, aids in reducing fuel consumption and minimising
wait times at intersections. When integrated with dynamic eco-driving systems that primarily
employ mathematical programming techniques to calculate optimal energy consumption and
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traffic-related acceleration or deceleration [129], GLOSA can offer additional support. This support
can be either advisory or, in the context of autonomous vehicles, fully automated [130].

The vehicle is capable of operating in six distinct states, each characterised by unique CO; emissions
and fuel consumption levels that are directly proportional. Specifically, the operating states are
those of Constant Velocity, Acceleration, Braking, Stopping, Freewheeling, and Coasting [122].
Dynamic eco-driving models may vary significantly in terms of their optimisation objectives, which
include fuel consumption, idle time, and tractive force [129].

In situations where traffic signals are fixed and the timing of the next change is known beforehand,
the signal controller sends out a message well in advance of the switch. Under such conditions,
various methods have been explored to optimise approaching traffic signals, such as using rule-
based algorithms and applying optimal control strategies [131].

Conversely, dealing with real-time traffic signals that update at very short intervals presents more
complexity due to the lack of precise advance knowledge regarding the next time the signals will
switch [131]. In such cases, Artificial Intelligence and learning techniques have been explored [112],
[132], [133].

Main KPIs and key decision variables to measure/optimise impact

Suggested KPls to measure and optimise the performance of GLOSA include the following [134]:
e Speed adaptation
e Instantaneous accelerations and decelerations
e % of vehicles able to cross the intersection without stopping
e Time between the instant the light turns green and the departure
e ChangeinJourney Time
e Change in Total time spent by all vehicles in queue

Real case study applications

In August 2016, Audi of America became the first car manufacturer to launch a Traffic Light
Information (TLI) service, collaborating with Traffic Technology Services for connected and
automated vehicle applications. Initially, TLI was available in select models like the Audi Q7 and A4
in 2017, but it's now included in a far broader range of models [135].

GLOSA, an enhancement of the TLI system, advises drivers on the ideal speed to catch green signals,
utilising traffic signal data and the vehicle's position. Another feature, Time-To-Green, displays the
time remaining for a traffic signal to turn green on the dashboard. Like other emerging C-ITS
technologies, Audi's GLOSA utilises Vehicle-to-Infrastructure (V2I) and Vehicle-to-Vehicle (V2V)
technology, allowing the vehicle to communicate with traffic signals and nearby vehicles for optimal
speed prediction. Furthermore, it employs complex algorithms, drawing data from traffic signal
control programs, real-time traffic computers, and road occupancy sensors. Currently, the service
is offered in New York, San Francisco, Los Angeles, Ingolstadt, and Dusseldorf. It is stated that with
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advancements in machine learning and traffic pattern analysis, GLOSA's effectiveness is expected
to improve further [135].

GLOSA is implemented in the Netherlands on a corridor level in the province of North Brabant.
During this project, a feasible application framework was developed, which is recognisable for
motorists as well as service providers. The implementation uses the Urban Data Access Platform
(UDAP), which is developed and widely used for C-ITS use cases in the Netherlands. Multiple
sequential intelligent Traffic Light Controllers (iTLCs) were connected to UDAP, which in turn is
connected with service providers that can provide information to end-users through mobile apps.
Two different levels of GLOSA, increasing in quality and complexity, are available to drivers through
this project:

1. Phase end time with a longer window than 10 seconds, which is relevant for speed
recommendations in the GLOSA use case. This level helps avoid unnecessary stops at
simple junctions.

2. Continuous provision of speed profiles or phase time and queue information along the
corridor with a large time window. Large enough to provide speed profiles for the entire
arm of a junction. This level is equal to a green wave.

The project concluded that, even though the technology works, GLOSA is still unsuitable in the full
Dutch context due to the traffic engineering requirements and preconditions from road authorities.
However, on roads where a main traffic stream is important, GLOSA could be implemented. This
requires the possibility of making a reservation. The project identified many other C-ITS message
related requirements. A first concept of Time Slot Reservation was successfully tested in the
5GBlueprint project.

2.4 Traffic management of planned and unplanned events
Definition and review of their evolution

Planned and unplanned events may have significant impacts on both traffic demand and network
capacity (Table 4). While the impacts of planned events are predictable and can be managed using
established mitigation strategies, non-recurring congestion resulting from unplanned events can
significantly disrupt mobility, safety, and environmental conditions in an unpredicted and complex
manner [136]. The severity of unplanned events can vary from minor traffic incidents to major
collapses in transportation infrastructure. Based on the scale of an event, two significant changes in
event management might occur, namely, a decrease in public preparedness and an increase in the
need for efficient collaboration among multiple stakeholders. Overall, the objective of traffic
management in the case of both planned and unplanned events is to minimise the resulting traffic
delays and the required time to restore normal flow condition.

Table 4: Congestion impacts of planned and unplanned events [based on: [137]]

Event Category Event-Generated Impact
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Traffic Demand

Road Capacity

Major roadway construction
and maintenance

Increases background traffic
demand on parallel freeways and
arterials.

Closes travel lane(s) or road
segments

glare)

°
()]
f=
c
£
= Planned special event Generates new trips and increases Closes travel lane(s) or road
traffic demand on all corridors segments to stage event (typically
serving the event. street use events).
Traffic incident (e.g., crash, Causes background traffic diversion | Blocks travel lane(s) or road
disablement, spilled load, to parallel freeways and streets. segments.
debris)
Emergency road work Causes background traffic diversion | Blocks travel lane(s) or road
IS to parallel freeways and streets segments.
£
?::. Adverse weather (e.g., snow, | Decreases traffic demand Reduces vehicle operating speeds
=) ice, fog, heavy rain, sun (potentially). and increases headways, thus

reducing capacity.

Emergency (e.g., severe
weather, natural disaster,
terrorism)

Causes evacuations that generate
extreme traffic demand.

Renders road segments impassable
(potentially).

[138] gives an overview of the state-of-the-art of traffic management strategy implementation for
Major Events. Transport resilience is the key enabler of traffic management effectiveness. Analysed
by [138], maintaining a level of service when facing disruption is defined as resilience[139].
Resilience relies on the configuration of the network and strategies to preserve and restore the
network functions in case of an event. Interventions may be pre-incident or post-incident. [140]
introduced ten dimensions for transportation resilience, see Table 5.

Table 5:Transportation Resilience dimensions [140]

Dimension Definition
Redundancy Indicates that multiple, components serve the same function
Diversity The components are functionally different
Strength Indicates the system’s ability to withstand an event
/Robustness
Efficiency Indicates input-output ratio optimisation
Autonomous The ability to operate independently
Transport
. Components
Resilience .
Safety The system does not harm its users
Mobility Indicates that travellers are able to reach their chosen destinations
at an acceptable level of service
Recovery Acceptable level of service can be restored rapidly and with
minimal outside assistance after an event occurs
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Adaptability Implies that the system is flexible and elements are capable of
learning from past experience
Collaboration Indicates that information and resources are shared among
components or stakeholders

Required infrastructures and technologies

Planned events such as cultural and sports activities, conventions, exhibitions, and entertainment
events cause significant non-recurring congestion in urban and rural areas. The magnitude of the
impacts of planned events on traffic congestion is highly correlated with the event location, type,
time and duration, expected attendance, area type, and other factors [141]. Construction work
zones also induce lower traffic stream speeds and reduced lane capacities based on the analysis of
vehicle trajectory data [142]. The impacts of construction work zones on traffic flow performance
are amplified in case planned special events are concurrently organised [143]. Hence, optimal
scheduling of work zone projects and efficient traffic management and control during planned
events are necessary for alleviating their adverse impacts on traffic operations, safety, and the
environment.

Prediction of the impact of planned and unplanned events is an evident enabler of proactive
operational traffic management. [144] focused on the prediction and management of traffic in a
large-scale network using models and algorithms that leverage traffic sensing and machine learning.
The goals are to predict non-recurring traffic conditions for at least 30 minutes in advance and
provide real-time recommendations for operational management. The framework proposed
interconnects sub-tasks that 1) integrate data from multiple sources to capture mobility patterns,
2) learn from the underlying processes, 3) adapt the model online to address new and previously
unseen non-recurrent events, and 4) recommend optimal proactive traffic management strategies.

Planned events

[145] developed a bi-level genetic algorithm (GA)-based optimisation problem to estimate the
optimal starting dates of different work zone projects to sequentially optimise the total travel time
over the planning period and the travel times of individual travellers. The authors assumed a priori
knowledge of traffic demand, the number of work zones, and their durations. The numerical
experiments of this study proved the efficiency of the proposed algorithm but also indicated that
the mobility performance of a whole network can be significantly influenced by the reduction of the
capacity of a single roadway network. A Non-Dominated Sorting Genetic Algorithm (NSGA2) was
used to determine a set of Pareto-optimal highway work-zone layouts [146]. The proposed multi-
objective optimisation problem considered several decision variables (i.e., Work Zone (WZ) speed
limit, construction start time, shoulder use, lateral clearance, WZ segment length, TTC measures,
WZ access, and egress method) to provide near-optimal solutions that constitute trade-offs
between the minimisation of traffic delays and the minimisation of the probability of traffic crashes.
A similar multi-objective optimisation program was used to identify work zone layouts that
simultaneously minimise traffic delays and construction costs [147].
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Dynamic merging of traffic for work zones or other types of lane closures could help reduce the
impact of delays and postpone the moment a traffic jam arises. With the support of Intelligent
Transport Systems (ITS) in the USA, extensive research has been carried out on the deployment of
Dynamic Lane merging systems (DLMS) focusing on the use of early or late merging and the usage
and projection of ITS systems of which an overview and research can be found here [148]. [149]
researched through simulation the usage of DLMS in combination with variable speed limits to
investigate the optimisation of the throughput at the work zone. [150] developed an online system
control algorithm for multilane freeway merging areas by optimising vehicles’ lane changing and car
following trajectories in a CAV environment. The Horizon 2020 project TransAID analysed traffic
conditions with mixed traffic (Vehicles, Connected Vehicles and CAVs) approaching works zones and
identified measures to mitigate the risks that can occur when CAVs reach their functional system
limits and enable the transition of control back to the driver in a safe fashion and identified needed
extensions of the C-ITS message set next to work and future research on the topic [151].

Merging traffic control via the installation of traffic lights upstream of the lane drop area was
proposed to smoothen traffic flow operations and alleviate congestion issues in the proximity of
work zones [152]. An ALINEA-like Pl-type feedback regulator was introduced to control traffic signal
operations, and an automated fine-tuning (AFT) algorithm was employed to calibrate the
parameters of the regulator. A microscopic traffic simulation model of a hypothetical work zone was
developed to test the performance of the control strategy for different positions of the traffic lights
upstream of the merge area. [153] optimised pre-timed signal control plans for the case of planned
mega-events. They introduced a mixed integer linear programming formulation that concurrently
optimises traffic signal settings (offsets, split times, and phase sequence) and route choices. The
results of their numerical analysis for a real-world case study (football match in the city of Cottbus,
Germany) indicated that the optimised pre-timed signal control could produce substantial travel
time savings compared to a “do nothing” scenario.

Unplanned events

The foundations of Traffic Incident Management (TIM) concentrate on enhancing communications,
on-scene management, and coordination of actors at various levels. Typically, TIM includes the
following aspects [154]:

e Detection and verification

e Traveller information

e Response

e Scene management

e Traffic control

e Quick clearance and recovery

To support the aforementioned TIM aspects, a range of tools and processes are employed. Examples
include:
e Technologies aiming for faster incident detection, such as the use of deep learning [155]
and floating car data [156]
e Improved awareness and expedited clearance at the scene [157]
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e Improved traveller information and demand management, such as through C-ITS services
[158]
e Al-based traffic signal control optimisation upon incident detection [159]

The CEDR-project “SHADAR” (Stopped Vehicle Hazards — Avoidance, Detection, And Response)
investigated the detection of stopped vehicles, road authority responses and road user behaviour.
Through surveys and interviews, detection and response by national road authorities on stopped
vehicles were analysed. The number of connected vehicle sources is growing. Stopped vehicle
detection sources have varying performance characteristics and varying sensitivity to environmental
conditions, which suggests there could be potential for data fusion from multiple sources. With data
characterising the performance of individual sources, the performance characteristics of a stopped
vehicle data fusion system can be derived using probability theory. Experiments with road users
using virtual reality simulations illustrate a very wide range of behaviour in response to stopped
vehicles. [160]. The study investigated emerging detection methods like connected vehicles (C-ITS,
eCall), social media, and aerial imagery and analysed data fusion methods identifying stopped
vehicles.

A novel system for accurate incident detection and optimised traffic signal control in urban road
networks was proposed by [161]. The system is comprised of three main components responsible
for traffic state estimation, incident identification, and management of traffic signals, respectively.
On the higher level, raw detector data are used for the estimation of several traffic measures such
as average link speed; traffic counts on links in passenger car units (PCU), queue length on each link
in PCU, and various vehicle-type proportions. On the intermediate level, traffic disruptions
attributed to incidents are identified based on different indexes that are calculated from the traffic
measures of the higher-level process. Finally, on the lower level, a fuzzy logic controller was
developed to optimise traffic signal timings in the presence of incidents. Fuzzy sets were estimated
for different incident indexes, and the actual green time of each phase was determined according
to the degree of membership of each incident index in the different fuzzy sets. A mesoscopic
simulation approach was used to assess the performance of the fuzzy logic controller based on
travel time measurements for different traffic conditions and signal parameters.

A genetic algorithm (GA) was developed to optimise signal control plans in an urban road network
when severe incidents take place [159]. Phase durations were selected as decision variables, while
the travel time minimisation was the objective function. Multiple modules of the algorithm
(tournament, crossover, mutation, and fitness calculation) were fine-tuned to estimate the optimal
traffic signal timings. The performance of the algorithm was evaluated with the use of a microscopic
traffic simulation model and yielded significant travel time savings (40.76% total travel time
reduction compared to a baseline traffic signal control scheme without the GA) in the case of a
hypothetical urban simulated network. Machine learning was adopted to boost the performance of
the latter GA by increasing travel time savings when severe incidents occur in a signalised urban
network [162]. Specifically, an Extreme-Gradient Boosting Decision-Tree (XGBT) was used to predict
total travel time based on past simulation results for each new traffic signal plan that the GA
estimated. Thus, traffic simulation modelling was replaced by the ML model in the algorithm training
phase, which significantly expedites the optimisation process. Moreover, in the boosted GA-ML

Deliverable 5.1: Analysis of current and future mobility approaches in optimisation of Page 55 of 120
TNM

Copyright © 2023 by SYNCHROMODE Version: 1.0



@

SYNCHROMODE

case, the estimation of the optimal phase durations was based on the averaging of all the
chromosomes. This approach resulted in further travel time savings compared to the GA-only case
(total travel time is lowered by 43%).

[163] proposed an alternative strategy for traffic signal control in order to provide route guidance
to drivers during incidents. Their strategy assumes the introduction of two new signal lights. One is
for banning traffic from travelling along specific directions, and one is for recommending alternative
routes. Timed Petri nets were used to facilitate cooperation between the existing traffic lights and
the new warning lights. The two-level strategy (ban signal strategy and warning signal strategy) was
evaluated with the use of a cell transmission model and proved to be efficient for specific inflow
rates, turning rates and incident reaction times when a simplified two-way grid network is
considered.

Main challenges, benefits and risks

Table 6 summarises the challenges that may be faced in the context of event management. These
challenges both affect individual actors and are often compounded when collaboration between
multiple actors is required.

Table 6: Challenges in the context of event management [based on: [154]]

Functional Challenge Brief Description
area

Data Accuracy Collection and processing of low-quality data, as well as dissemination of
outdated data, can adversely impact the accurate prediction of future traffic
states, the precise identification of incidents, and the deployment of
dynamic traffic control measures pertinent to the evolving traffic conditions.
Thus, inefficient traffic management can exacerbate traffic congestion.

Traveller Inaccurate traveller | The accuracy and detail of information from emergency responders to
information information dispatch can diminish when it is relayed to a third party.
Inconsistent There are two schools of thought regarding the use of dynamic message
dynamic message signs. One argues for only emergency or incident-related messages to be
sign use displayed so as to attract attention and avoid dulling motorists’ sensitivity

due to repetitious messages. On the other hand, there is the argument of
acclimating motorists to observing such signs through general use.

Traffic control | Real-time Solving an optimisation problem for multimodal traffic control in real-time is
performance a complex challenge that requires robust algorithms that can handle multiple
data and conduct intricate computations in an efficient manner. The
integration of the latter algorithms in actual traffic control systems is also a
demanding technological feat.

Optimisation Existing methodologies have mainly emphasised the optimisation of traffic
Objective performance measurements such as total travel time or average travel time
per kilometre travelled. Optimal traffic control in terms of environmental
impacts has not been thoroughly investigated in the case of planned and
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unplanned events despite alarming climate change phenomena. Moreover,
optimised traffic control in a multimodal road environment requires the
reconciliation of conflicting objectives among different transport modes.

Scene Confusion over Disagreements among responders, particularly about actions like road
management | authority/roles closures, can cause stress and harm long-term interagency relationships.
These disagreements often arise from varying agency priorities: while
transportation personnel usually prefer to keep roads open to reduce
congestion and prevent secondary incidents, police and fire agencies often
advocate for road closures to protect responders and preserve evidence at
the scene. This conflict highlights the complexities of decision-making in
emergency response scenarios.

Difficult on-scene Traditionally, emergency vehicles are parked based on convenience, without
manoeuvrability considering how they might block access or roadways. This becomes
problematic when a vehicle needs to be moved, and its driver is not readily
available, leading to unnecessary delays in managing the incident. This
situation highlights the need for more strategic planning in the positioning
of response vehicles at emergency scenes.

Safety Responder and There is in several instances a real possibility for law enforcement, fire and
personnel safety rescue, and road maintenance personnel to be killed after being struck by
passing vehicles.

Secondary Secondary incidents are additional accidents caused by motorists
incidents approaching an existing incident scene. They can increase the number and
severity of injuries, exacerbating congestion and delaying road clearance.
Minor incidents, if not quickly resolved, can escalate into major incidents,
like when a moving vehicle hits a disabled vehicle or a pedestrian. Major
incidents can also cause multiple minor incidents, such as fender benders in
traffic queues. Identifying and quantifying secondary incidents is challenging,
partly because many are minor and go unreported. In the USA, estimates
suggest that 14 to 18 per cent of total incidents are secondary in nature.

Cascade Excess delay Roadway capacity reductions exceed the physical blockage resulting from
Effects an incident, exacerbating congestion and delay levels.

Main KPIs and key decision variables to measure/optimise impact

Besides the commonly used KPIs, such as total delays and average speeds, Table 7 also summarises
additional KPIs related to planned and unplanned event management.

Table 7 Planned and Unplanned Traffic Event Management KPIs

KPIs Description
Average Travel The average amount of time it takes for vehicles to travel one kilometre in a specific area or
Time route. A lower average indicates more efficient traffic flow. Helps in identifying specific areas
and times where traffic flow is particularly inefficient.
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Travel Time Measures the consistency and predictability of travel times over a period on a road network.

Reliability It's calculated by dividing the average travel time during peak periods by the travel time
during free-flow conditions.

Traffic The number of vehicles that pass a certain point on a road within a given time period. It is a

Throughput direct measure of the efficiency of traffic flow and is significantly impacted during events
when increased volumes (traffic demand) or road closures lead to traffic flow breakdown.

Modal Split Distribution of trips to different modes of transportation (like cars, public transit, bicycles,

walking) in a given area and time period. Effective multimodal traffic management should
ideally lead to a more balanced modal split during planned events, reducing reliance on single-
occupancy vehicles and mitigating congestion phenomena.

Emission Levels

Amount of greenhouse gas emissions (GHG) and pollutants released per kilometre travelled by
different vehicle types. GHGs encompass Carbon Dioxide (CO2), while pollutants can
encompass nitrogen oxides (NOx), particulate matter (PM) and volatile organic compounds.

Energy efficiency

Measures the distance a vehicle can travel per unit of fuel (combustion engine vehicles) or
energy (electric vehicles).

Incident Response
Time

This indicator measures the time taken from the detection of an incident (like an accident or a
breakdown) to the arrival of the response team. It's critical for unplanned events as faster
response can minimise the impact on traffic flow and improve safety.

Emergency
Vehicle Access

Average response time of emergency vehicles to incidents within the event area compared to
the average travel time in normal conditions to reach the same destination.

Average
“Roadway”
Clearance Times

The time between the first recordable awareness of an incident by a responsible agency and
the first confirmation that all lanes are available for traffic flow.

Average
“Incident”
Clearance Time

Time between the first recordable awareness of the incident by a responsible agency and the
time at which the last responder has left the scene.

Average Number
of Secondary
Crashes

Number of unplanned crashes beginning with the time of detection of the primary incident
where a collision occurs either a) within the incident scene or b) within the queue, including
the opposite direction, resulting from the original incident.

Real case study applications

Throughout Europe, countries, regions, and cities are working on traffic management at different
kinds of levels. Starting from stand-alone traffic lights at junctions, coordinated strings or grids of
traffic lights, for instance, the work done in Helmond using apps[164]. Next to that, on highways,
Motorway Traffic Management systems are used throughout the EU in different shapes and sizes
summed up [165]. Also, traffic information is provided by road authorities using, for instance,
Variable Messages Signs (VMS) and sharing information through national access points. In the ITS
directive, data items to be made available can be found in the Annex [166]. All this is coordinated
within the different member states and managed by a large number of Traffic Management Centres.
Amongst a lot of sources, CEDR keeps track of developments like Traffic Information services; see
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[167] and [168]. From all of this everyday work on the job, a lot of information can be found on
implementation and learnings, but mostly not tight to a specific study as such.

Two instances of event management are presented subsequently. The first system (incident
decision-support) is capable of reacting to disruptions from both planned and unplanned events,
while the second system (ARIS) explicitly focuses on the provision of real-time travel information in
the case of incidents.

An incident decision-support system has been integrated with the Advanced Data Analytics in
Transport (ADAIT) platform of the Transport Management Centre (TMC) of Sydney [169]. The
system is capable of detecting incidents and classifying them into recurrent and non-recurrent ones,
predicting traffic demand (multimodal OD matrix estimation) and future traffic states based on a
machine learning data-driven model, and recommending alternative response plans that have been
previously evaluated via mesoscopic or microscopic simulation models. The different modules of
the system consume multi-source data that encompass survey data, traffic counts collected from
Sydney’s Coordinated Adaptive Traffic System (SCATS), smart transit card data, public transit
monitoring data (following the General Transit Feed Specification (GTFS)), crowd-sourced data, real-
time incident monitoring data, and travel time data. The incident detection and classification
module can determine the incident pattern, location, start time, duration, and severity. Results from
the simulation module are used to compare the performance of alternative response plans based
on the average travel time per kilometre index. The system has been tested in a large case study in
the city of Sydney and has managed to efficiently alleviate congestion issues attributed to recurrent
and non-recurrent incidents when response plans encompass the activation of Variable Message
Signs (VMS) for redirecting traffic.

The AZTech Regional Information System (ARIS) is another key tool providing real-time incident
notifications and relevant traffic information during incidents. AZTech, a regional traffic
management partnership in the greater Phoenix area, involves major transportation and public
safety agencies, along with private technology and media companies. It utilises ITS technologies for
efficient traffic management. ARIS differs from general traffic websites and focuses on providing
precise, incident-centric information such as maps, Closed Circuit TV (CCTV) images, and traffic data
on a tactical screen for effective traffic management. It addresses challenges like notifying local
agencies of freeway incidents in their jurisdictions and providing integrated information for quick
response. ARIS consists of an incident monitoring web portal and a notification feature, sending
alerts via email or text. It's been effective since its 2014 launch, serving over ten agencies with real-
time notifications. ARIS is integrated with the AZTech Regional Archive Data System (RADS) for data
processing and archival. With over 900 daily notifications, ARIS is highly regarded, winning the 2014
Best Use of ITS Industry Product or Service Award [170].
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3 Artificial Intelligence methods for optimising
Transport Network Management

The objective of this section is to review the state of the art regarding Artificial Intelligence methods
that can potentially be used to solve the optimisation problems to be addressed in the subsequent
tasks of the WP5 of SYNCHROMODE. Concretely, in this section, we will cover the following Al
methodologies:

e Model-based optimisation

e Reinforcement learning

e Learning-based Model-predictive control
e Generative Al applied to optimisation

For each of these methodologies, we will provide a brief description, review their main categories
of techniques and discuss their main strengths and weaknesses.

3.1 Model-based Optimisation techniques

Model-based optimisation (MBO) is a critical component in contemporary modelling, simulation,
and optimisation activities. Recognised as an exceptionally effective method for addressing real-
world optimisation challenges that are both cost-intensive and time-consuming, MBO leverages the
use of a more efficient surrogate model to evaluate scenarios, which can lead to substantial savings
in time, space, and computational resources [171]. MBO is particularly relevant in engineering fields
[172].

The importance of model-based optimisation lies in its ability to reduce computational time for
problems where the solution space and the complexity of the model make traditional recursive
methods too computationally expensive and, hence, infeasible. For example, metamodels can
provide quick solutions to operational problems that require decision-making in a short timeframe
or promote a greater understanding of the optimisation process. This makes metamodel-based
optimisation particularly valuable in scenarios where quick, efficient, and accurate decision-making
is crucial, such as in industrial processes, healthcare, logistics, and traffic management.

In this section, we will first provide a brief overview of the main categories of methodologies for
model-based optimisation that we can find nowadays in the literature, and after that, we will discuss
the main benefits and challenges of using model-based optimisation.

3.1.1 Main categories of methodologies within Model-based Optimization
In order to describe the main categories of model-based optimisation methodologies that can be
found in the literature, we will base ourselves on the taxonomy proposed in [171]. According to this

work, we can differentiate between the following categories and sub-categories:

Distribution-based optimisation
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Surrogate model-based optimisation
o Single Surrogate
o Multi-fidelity surrogate
o Ensemble surrogate

In the following subsections, we describe each of them.

Distribution-based optimisation algorithms

Distribution-based algorithms [171] are a class of algorithms used in optimisation and machine
learning that focus on modelling and sampling from probability distributions. Essentially, these
algorithms work by maintaining and updating a probability distribution over the search space. Over
time, this distribution evolves to increasingly favour regions of the search space that contain high-
quality solutions. The key principle behind distribution-based algorithms is that they do not just
search for a single optimal solution. Instead, they explore a range of solutions by sampling from a
probability distribution. This approach allows them to navigate large, complex search spaces
effectively compared to other methods.

There are several types of distribution-based algorithms, each with its own specific mechanisms and
applications. Some of the most common examples of distribution-based algorithms are:

e Estimation of Distribution Algorithms [173]: They explicitly build and update probabilistic
models of promising solutions. They use these models to generate new candidate solutions
for the optimisation problem.

e Bayesian Optimization [174]: This method uses Bayesian techniques to model the objective
function and makes decisions based on this probabilistic model. It is particularly useful for
optimisation problems where function evaluations are expensive.

Surrogate-based optimisation algorithms

Surrogate-based optimisation algorithms are advanced computational methods used to efficiently
solve complex optimisation problems, particularly those where direct evaluations of the objective
function are computationally expensive or time-consuming [175], [176], [177], [178]. The core idea
of surrogate-based optimisation is to create a surrogate model, an approximate representation of
the actual objective function. This surrogate model is computationally cheaper to evaluate and is
constructed using a limited number of evaluations of the true objective function.

The optimisation process in surrogate-based algorithms typically involves two main steps: building
the surrogate model and then optimising this model. Initially, a few samples of the objective
function are taken, often using design of experiments techniques. These samples are used to
construct the initial surrogate. The optimisation algorithm then iterates between updating the
surrogate model with new samples and finding the optimum of the current surrogate.
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Three variants of surrogate-based optimisation algorithms have become increasingly popular in
recent years [171]: single-surrogate models, multi-fidelity surrogate models and ensemble models.
We review each of these variants below:

Single-surrogate models: Single-surrogate optimisation algorithms are a type of surrogate model-
based optimisation where only one model is used to accelerate the search process. One of the most
known approaches within single-surrogate models is surrogate-assisted evolutionary Algorithms
(SAEAs) [179], which is a variation of evolutionary algorithms that utilise meta-models to
approximate the fitness function. The surrogate models or meta-models that have been used in
SAEAs can be classified into the following categories:
o Absolute Fitness Models: These models aim to directly predict the fitness function values
of candidate solutions. They are further divided into:
= Regression-based Models: These models use regression techniques to model the
relationship between inputs (candidate solutions) and outputs (fitness values)
[180].
= Similarity-based Models: These models approximate fitness based on the
similarity or correlation between unevaluated and evaluated individuals [181].
o Relative Fitness Models: These models focus on estimating the rank or preference of
candidates rather than their absolute fitness values. They are subdivided into:
= Rank-based Models: These models predict the relative rank of individuals in a
population based on evaluated samples [179].
= (lassification-based Models: These models categorise individuals based on a
comparison result with a reference solution, determining whether they are
'better' or 'worse' [182].

Multi-fidelity surrogate models: Multi-fidelity surrogate models [183] are algorithms that integrate
different levels of fidelity, i.e., detail and accuracy, to achieve a balance between computational
efficiency and accuracy in predictions. These models combine high-fidelity models (HFMs), which
offer detailed and accurate results but are computationally expensive, with low-fidelity models
(LFMs), which are less detailed but computationally cheaper. MFMs are particularly useful in
applications where high-precision modelling is required but are restricted by computational
resources.

There are two main types of MFMs: Multi-Fidelity Surrogate Models (MFSMs) [184] and Multi-
Fidelity Hierarchical Models (MFHMs) [185]. MFSMs use algebraic surrogates to correct LFMs based
on HFM predictions, while MFHMs combine different fidelities based on specific criteria without
constructing a surrogate model. Within these categories, various methods like additive and
multiplicative corrections, comprehensive corrections, and space mapping are used to integrate
different fidelity levels. The choice of method depends on the specific characteristics of the problem
at hand.

Some of the most commonly used models for Multi-fidelity surrogate optimisation are Support
Vector Regression Models [186], which map high and low-fidelity samples into a high-dimensional
space using a kernel function and then apply a linear model to determine the input-output
relationship, co-kriging models [184], that extend the concept of Kriging or Gaussian process
regression to multiple levels of fidelity, modelling the correlation between different fidelity levels;
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or deep learning approaches [187], [188], [189], particularly multi-fidelity deep neural networks
(MFDNN), are used to capture complex, nonlinear relationships between different fidelity levels.

Ensemble-based surrogate models: An ensemble surrogate model is a composite model that
combines multiple surrogate (or proxy) models to make predictions or perform analyses. Each
surrogate model in the ensemble is designed to approximate the same underlying system but may
use different modelling techniques, assumptions, or data subsets [171], [175]. These surrogates
might include various types of models like polynomial regressions, kriging models, radial basis
functions, neural networks, or any other statistical or machine learning method capable of capturing
the behaviour of the system of interest. Unlike multi-fidelity models, which integrate models of
varying levels of fidelity, classical ensemble methods typically combine data-driven models of similar
or identical fidelity. The key idea behind ensemble surrogate models is to leverage the strengths of
multiple modelling approaches to achieve greater accuracy and robustness than what might be
obtained from any single surrogate model. By combining models, the ensemble can compensate for
individual weaknesses and capitalise on unique strengths.

Ensemble-based surrogate models can be categorised according to the type of methodology used
to build the ensemble. In this way, we can find the following categories: 1) Bagging [190], [191],
which generates multiple data subsets through bootstrapping, training a model on each, and
averaging their outputs; 2) Boosting [192], which sequentially trains models to focus on previous
errors, with the final prediction being a weighted sum of all models; 3) Stacking [193] which trains
multiple models on the same data, then uses a new meta-model to combine these predictions; 4)
Wrapping [194] which employs a wrapper algorithm to select the best combination of models and
features, often using cross-validation; and 5) Gradient Boosting[195], which builds models
sequentially, with each new model correcting the errors of its predecessor, guided by the gradient
of the loss function.

3.1.2 Discussion on Model-based Optimisation methods

Model-based optimisation stands out for its ability to efficiently navigate through complex or
extensive solution spaces, thanks to the use of predictive models that focus the search on the most
promising outcomes. This efficiency is coupled with conservation of resources, as the reliance on a
model for decision-making means that computational resources and time are used more
strategically, avoiding the exploration of less beneficial solutions.

One of the key strengths of this approach is its adaptability. The ability to update and adapt the
model to reflect changes in the environment ensures that the optimisation process remains relevant
and effective over time. Moreover, the process of creating these models often leads to a deeper
understanding of the system being optimised. This not only generates valuable insights into the
system’s internal dynamics but also helps in understanding the interrelationships within it.

Another significant benefit is the robustness of a well-designed model. Such models are adept at
finding solutions that are resilient to uncertainties and variations in the environment, providing a
structured way to handle unpredictability and enhancing the reliability of the optimisation results.
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However, the success of model-based optimisation heavily depends on the accuracy of the model.
If the model does not accurately reflect the real-world system, the results might be suboptimal.
Building an accurate model is particularly challenging for complex systems, as capturing all relevant
factors becomes increasingly difficult with the complexity of the system.

Furthermore, the computational cost associated with this approach can be considerable, especially
for intricate models and optimisation problems, which might limit its feasibility in time-sensitive or
resource-limited scenarios. Regularly updating the model to mirror changes in the system is also
essential for maintaining its effectiveness, but ensuring a smooth and accurate updating process
without disrupting ongoing operations can be a challenge. Additionally, since models often rely on
assumptions about the system, there is a risk that if these assumptions are incorrect or
oversimplified, the optimisation results may not be applicable or reliable in real-world scenarios.

In summary, while model-based optimisation offers several advantages, such as efficiency,
adaptability, and insight generation, its effectiveness is highly linked to the balance between model
accuracy and the complexities of the systems it represents. Successfully navigating these challenges
is crucial for the practical application of model-based optimisation in transport network
management.

3.2 Reinforcement Learning methods

Reinforcement Learning (RL) [196] is a paradigm of machine learning that focuses on how agents
should take actions in an environment to maximise some notion of cumulative reward. The
fundamental principle of RL is centred on the concept of agents learning to make decisions by
interacting with their environment, where these interactions are framed in terms of states, actions,
and rewards. RL has been successfully applied in various domains, including robotics, gaming,
healthcare, finance, and autonomous vehicles.

The objective in RL is to find a policy, which is a mapping from states to actions, that maximises the
expected cumulative reward over time. This objective often involves balancing the exploration of
uncharted territory in the state-action space (exploration) against the exploitation of current
knowledge to gain higher rewards (exploitation).

Key components of reinforcement learning include [196]: 1) Agent: the learner or decision maker;
2) Environment: The external system with which the agent interacts; 3) State: A representation of
the status of the environment; 4) Action: An intervention or decision made by the agent; and 5)
Reward: A scalar feedback signal indicating the success of an action.

In RL, the agent learns a policy through trial-and-error interactions with the environment. The
learning process involves evaluating the consequences of actions and refining the policy to improve
the expected rewards.
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Similar to the previous section, we begin by presenting an overview of the primary categories of
Reinforcement Learning methodologies currently prevalent in the literature. Subsequently, we will
discuss the main advantages and challenges associated with the implementation of Reinforcement
Learning.

3.2.1 Main categories of methodologies within Reinforcement Learning
In this deliverable, we will focus on the following four categories of the main methodologies for
Reinforcement Learning:

e Continual Reinforcement Learning

e Multi-agent Reinforcement Learning
e Off-line Reinforcement Learning

e Hierarchical Reinforcement Learning

Although other categories of Reinforcement Learning methods can be found in the literature, in this
deliverable, for the sake of space, we have focused on the four categories that, in our opinion, have
the best applicability to the area of Transport Network Optimisation. In the following subsections,
we will review each of these categories.

Continual Reinforcement Learning

Continual Reinforcement Learning (CRL) [197] is an advanced paradigm within the field of machine
learning that focuses on the development of learning agents capable of adapting over a continuous
stream of experiences. CRL extends the principles of traditional reinforcement learning by
emphasising the agent's ability to learn incrementally across a non-stationary distribution of tasks.
This approach is particularly aimed at addressing real-world scenarios where the environment's
dynamics are subject to change over time, and the learning process itself cannot be confined to a
fixed set of tasks or datasets. CRL encompasses strategies for retaining previously acquired
knowledge, minimising catastrophic forgetting, and efficiently adapting to new situations and tasks
as they arise.

Continual Reinforcement Learning (CRL) approaches can be broadly categorised into three main
categories [197]:

Explicit Knowledge Retention: This approach emphasises the importance of preserving knowledge
gained from previous experiences. This is critical in continual learning environments to mitigate the
issue of catastrophic forgetting, where the acquisition of new knowledge leads to the erosion of
previously learned information. Within this strategy, various techniques are employed: 1) Latent
Parameter Storage [198], which involves maintaining essential parameters in a latent form that
encapsulates past learning; 2) Distillation-Based Methods [199], which focus on extracting and
preserving the crucial knowledge components from a model; and 3) Rehearsal-Based Techniques
[200], which simulate or replay past experiences to reinforce previous learning.
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Leverage Shared Structure strategy: This approach is focused on the identification and utilisation
of common structures across different tasks or environments and promotes retention and transfer
across the lifetime of an agent. Some of the methodologies proposed to leverage this shared
structure are 1) Modularity and Composition [201], which aims to address the challenge of creating
machines capable of compositional generalisation. Compositional generalisation involves using past
experiences to solve variations of previous problems or even more complex issues that are new to
the agent; 2) State Abstractions [202], which aims at identifying and harnessing common structures
across different tasks, thereby potentially enabling the effective forward transfer of knowledge
among related tasks; 3) Skill-Focused Approaches [203], which represent learning strategies that
bypass the necessity of making decisions at every single time step; 4) Goal-Focused Methods [204],
which aims to deal with complex problems by concentrating on reasoning based on goals, which
can be defined as a state the agent want to reach, a specific reward target for the agent, or the
endpoint of skill; and 5) Auxiliary Task Focused Techniques [205], which aim at learning
representations that encapsulate the fundamental, task-independent dynamics of the world.

Learning to Learn: Also known as meta-learning, it is about enhancing the agent's ability to learn
more effectively over time. This category includes Context Detection [206], where the agent learns
to recognise and adapt to different contexts or environments; Learning to Adapt [207], which aims
at imparting a bias that enhances the agent's efficiency in learning new behaviours with fewer
samples; and Learning to Explore [208], which involves developing strategies to provide the agent
with the intrinsic motivation to explore and acquire new knowledge efficiently.

Multi-agent Reinforcement Learning

Multi-agent reinforcement learning (MARL) [209] is characterised by the interaction of multiple
agents within a shared environment. These agents simultaneously learn to make decisions, often
with varying objectives. The environment in MARL scenarios is typically non-stationary from the
perspective of any individual agent due to the concurrent learning and actions of other agents. This
non-stationarity poses a significant challenge for algorithm design and convergence to stable
policies.

MARL can be categorised based on the nature of interactions among agents [209], which can be
fully cooperative, fully competitive, or cooperative-competitive. Below, we describe each of them:

Fully cooperative multi-agent reinforcement learning [210] involves scenarios where multiple
agents work together towards a common goal. In this context, agents are designed to collaborate,
sharing information and strategies to optimise a collective reward function. The challenge in fully
cooperative MARL lies in efficiently coordinating the actions of all agents to achieve optimal
outcomes. This requires agents to not only learn from their individual experiences but also to
consider the actions and learning processes of their peers.

Fully competitive multi-agent reinforcement learning [211] involves scenarios where multiple
agents operate in an environment with the goal of maximising their own individual rewards, often
at the expense of other agents. In this setting, agents are in direct competition with each other,
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leading to a zero-sum or adversarial situation. Each agent aims to optimise its own performance
without cooperation or communication with other agents.

Cooperative-competitive multi-agent reinforcement learning [212] is a hybrid approach where
agents in a shared environment exhibit both cooperative and competitive behaviours. In this
framework, agents may form alliances or compete against each other, depending on the context
and objectives of the scenario. This approach models complex real-world situations where entities
have overlapping but not identical goals. Agents must learn to optimise their strategies through
both collaboration with some agents and competition against others.

Offline Reinforcement Learning

Offline Reinforcement Learning (ORL) [213] is defined as a data-driven formulation of the traditional
reinforcement learning (RL) problem. In ORL, the primary objective remains the optimisation of a
specified goal, similar to standard RL. However, a significant deviation is that the agent in ORL does
not interact with the environment for additional data collection through a behaviour policy. Instead,
ORL employs a static dataset of transitions D, which the learning algorithm utilises to derive the best
possible policy. This approach aligns more closely with the framework of standard supervised
learning, where D serves as the training set for the policy.

The core challenge in ORL is for the learning algorithm to acquire a comprehensive understanding
of the dynamics of the Markov Decision Process (MDP) solely from this fixed dataset. Subsequently,
the algorithm must construct a policy it that aims to achieve the highest cumulative reward when
interacting with the MDP. The Dataset D is presumed to consist of state-action tuples that are
sampled according to the distribution of states and actions.

The main categories of methodologies proposed so far in literature for ORL are the following [213]:

Offline Evaluation and Reinforcement Learning via Importance Sampling [214]: These methods are
important for evaluating the return of a given policy or for estimating the policy gradient in offline
variants of policy gradient methods. A common approach in RL involves the use of importance
sampling to estimate the expected return of a policy. This estimation is carried out using trajectories
sampled from a behaviour policy. This process is termed as "off-policy evaluation."

Offline Reinforcement Learning via Dynamic Programming [215]: These methods focus on learning
a value function to derive the optimal policy or estimate policy returns. For example, offline
adaptations of basic Q-learning and policy iteration methods have been adapted by initialising with
a non-empty buffer and setting collection steps to zero. Such approaches, including deep
reinforcement learning variants, have been effective, but additional online fine-tuning can
significantly enhance performance over training solely on logged data.

This class of ORL methods faces challenges due to distributional shifts when only offline data is used.
Solutions are categorised into policy constraint methods, which keep the learned policy close to the
behaviour policy to reduce distributional shift, and uncertainty-based methods, which estimate the
uncertainty of Q-values to identify distributional shifts.
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Off-Policy Model-Based Reinforcement Learning [216]: Model-based reinforcement learning (RL)
algorithms can be adapted for offline settings by training with offline data, with minimal changes to
the algorithm itself. These methods, which include uncertainty estimation to limit model
exploitation, are effective in ORL. Notably, model-based methods have demonstrated excellent
performance in both conventional off-policy and offline RL settings. Recent works have also
explored the use of high-capacity predictive models and hybrid approaches combining model-free
and model-based elements for complex tasks like mobile robot navigation. Additionally, recent
advancements in model-based ORL include conservative model-based algorithms. These methods
aim to provide performance bounds by adjusting the learned model to encourage conservative
behaviour. This involves penalising the policy for exploring areas where the model's accuracy is
guestionable.

Hierarchical Reinforcement Learning

Hierarchical Reinforcement Learning (HRL) [217] is a variant of reinforcement learning that focuses
on decomposing complex, long-horizon tasks into simpler subtasks. This is achieved by organising
the learning process into a hierarchy of policies, each operating at a different level of abstraction
and timescale. The higher-level policies in this hierarchy select subtasks, which themselves can be
reinforcement learning problems to be solved by lower-level policies. This structuring into a
hierarchy allows for more efficient learning and problem-solving in environments where considering
the entire action space at once would be impractical or infeasible due to its complexity or size. The
concept of HRL is beneficial for dealing with long-horizon tasks and large state-action spaces, where
traditional reinforcement learning approaches might struggle due to their inherent complexity.

The main typologies of HRL methods that we can find in the literature are the following [217]:

Learning Hierarchical Policies (LHP) [218]: In this HRL approach, the lower-level policies are typically
predefined and handle specific, detailed tasks. The upper levels are responsible for broader strategic
decisions. This methodology is effective in scenarios where basic tasks are well-understood but
complex, higher-order planning is required. The primary challenge in LHP is to orchestrate these
predefined tasks efficiently to achieve complex objectives. It is particularly useful in environments
where foundational actions or decisions are established, but coordinating them towards
complicated goals presents a significant challenge.

Learning Hierarchical Policies in Unification with Subtask Discovery (UNI) [219]: It is a
comprehensive HRL methodology that seeks to concurrently identify subtasks and develop
hierarchical policies. This dual process of discovery and learning is pivotal in situations where the
division of tasks into subtasks is not predefined. The UNI approach facilitates an integrated learning
experience, enabling a system to dynamically uncover task structures while simultaneously
developing strategies to solve them. It is particularly beneficial in complex environments where task
decomposition and strategic learning need to occur in an adaptive and cohesive manner.

Independent Subtask Discovery (ISD) [220]: This HRL approach focuses on the autonomous
identification of subtasks independent of any specific main task. This approach primarily involves a
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pre-training phase, where useful subtasks are discovered through exploration and analysis of the
environment. These subtasks are task-agnostic, meaning they are not tailored to any particular task
but are rather general in nature. Once these subtasks are identified, they can be applied in learning
hierarchical policies for different tasks. The key advantage of ISD lies in its ability to identify versatile
and reusable subtasks, which can facilitate learning across various scenarios and domains. This
strategy contributes to the flexibility and adaptability of HRL systems, allowing them to efficiently
handle a range of tasks by leveraging pre-identified subtasks.

Multi-Agent HRL (MAHRL) [221]: This category extends HRL into the realm of cooperative multi-
agent systems. Therefore, this methodology also focuses on learning to coordinate among multiple
agents, each potentially possessing its own hierarchical structure. The fundamental challenge in
MAHRL lies in enabling these agents to effectively collaborate and learn in a shared environment,
often towards a common goal or in pursuit of aligned objectives. Each agent in MAHRL is typically
equipped with a hierarchy of policies, where decisions and actions at various levels of abstraction
must be synchronised with those of other agents. This synchronisation is crucial to ensure coherent
and efficient behaviour across the multi-agent system. MAHRL is highly relevant in complex, real-
world scenarios where multiple entities must work in unison, such as in robotics, autonomous
vehicles, and distributed systems.

Transfer Learning with HRL (TransferHRL) [222]: This approach addresses the challenge of
transferring knowledge and skills acquired in one task to improve or accelerate learning in another.
This approach leverages the hierarchical organisation of tasks and subtasks in HRL to transfer
learned policies, subtasks, or other relevant information across different but related tasks. The
objective is to enable the HRL system to utilise previously gained experience, thereby reducing the
need for learning from scratch in new tasks. This is particularly useful in complex environments
where similar tasks or structures recur, allowing for more efficient adaptation and learning across
varied challenges.

3.2.2 Discussion on Reinforcement Learning methods

Reinforcement Learning (RL) is an increasingly significant field in the realm of artificial intelligence,
with a wide number of potential applications in Transport Network Optimization offering a range of
benefits and facing various challenges. At the core of its advantages lies its flexibility and
adaptability, as RL empowers systems to learn from experiences and adapt to new circumstances
without the need for explicit programming. This characteristic renders RL particularly suitable for
dynamic and ever-changing scenarios. Moreover, RL excels in optimising complex decisions. It
proves highly effective in situations where decisions are sequential and interconnected, optimising
decision-making processes in intricate scenarios.

Another key benefit of RL is its ability to handle uncertainty and incomplete information. By
continuously learning and updating strategies based on feedback from the environment, RL models
demonstrate a robust capability in managing unpredictable situations. This adaptability extends to
its versatility, with RL finding applications across various domains. This diversity in application
showcases RL's potential in addressing a wide range of problems.

Deliverable 5.1: Analysis of current and future mobility approaches in optimisation of Page 69 of 120
TNM

Copyright © 2023 by SYNCHROMODE Version: 1.0



@

SYNCHROMODE

However, alongside these benefits, RL faces several challenges. One significant challenge is sample
efficiency. RL often requires extensive data or experience to learn effectively, posing a hurdle in
real-world scenarios where data collection is costly or time-consuming. Additionally, the exploration
versus exploitation trade-off presents a critical balancing act in RL. Determining the optimal balance
between trying new actions to discover better strategies (exploration) and leveraging known
successful strategies (exploitation) is especially challenging in complex environments.

The design of reward functions and the issue of sparse rewards also pose significant challenges.
Creating an appropriate reward function that accurately reflects the objectives of a task is essential.
Sparse or poorly designed rewards can hinder learning, making it inefficient or even ineffective.
Furthermore, generalisation and transfer learning are challenging aspects of RL. Generalising
knowledge learned in one environment to perform well in new, unseen environments remains a
hurdle. Transfer learning, where knowledge from one task is applied to enhance learning in another,
is a key area of ongoing research.

Safety and ethical concerns are also paramount when deploying RL systems in the real world.
Ensuring that RL algorithms operate responsibly and align with ethical considerations is an ongoing
challenge. Lastly, the computational complexity of RL algorithms, particularly in large-scale or
intricate environments, can limit their applicability in real-time or resource-constrained settings.
This complexity presents a barrier to the broader adoption of RL in various applications. Despite
these challenges, the field of RL, in our opinion, offers a wide range of advantages and a high
potential for applicability in Transport Network Management.

3.3 Learning-based Model Predictive Control

Learning-Based Model Predictive Control (LBMPC) [223] is a novel control strategy that combines
the robustness of model predictive control (MPC) with the adaptability of learning mechanisms. At
its core, LBMPC is defined by its utilisation of a predictive model that is continuously updated based
on data acquired during the system's operation. This fusion of predictive control with learning
mechanisms allows LBMPC to effectively handle complex, nonlinear systems that are subject to
uncertainties and changing environments. However, learning and data-based adaptations in MPC
extend beyond improving the predictive models. On the one hand, they also use this learning
capability for designing and enhancing controllers. Additionally, other authors have used learning-
based MPC to ensure safety and constraint satisfaction while optimising closed-loop performance
through methods like reinforcement learning.

The main benefits of LBMPC stem from its unique combination of predictive control and learning.
Firstly, it offers enhanced adaptability and flexibility, as the learning component allows the
controller to refine its model in response to new data, thereby improving its performance over time.
This is particularly valuable in scenarios where the system dynamics are too complex or uncertain
to be captured accurately by a pre-defined model. Secondly, LBMPC maintains the inherent
advantages of MPC, such as the ability to handle constraints and multi-step prediction horizons. This
enables it to ensure safety and stability in control applications, which is critical in many industrial
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and technological contexts. Lastly, the learning aspect of LBMPC can lead to more efficient control
strategies, as the system can learn to predict and pre-emptively counteract disturbances, leading to
improved overall system performance.

As in previous sections, a brief overview of the main categories of LBMPC methodologies currently
available in academic literature will be presented first, and subsequently, a discussion will be
conducted on the principal advantages and challenges associated with the application of LBMPC.

3.3.1 Main categories of methodologies within Learning-based Model Predictive Control

To describe the main categories of LBMPC methodologies, we will use the taxonomy outlined in
[223]. According to this reference, the following categories of methodologies can be distinguished:
e Learning the System Dynamics within MPC
e Learning Controller Design within MPC
e MPC for Safe Learning

Below, we will describe each of these categories.

Learning the System Dynamics within MPC

Traditional MPC relies on pre-established parametric prediction models derived offline using
physical principles and system identification techniques. This approach includes robust or stochastic
MPC to handle uncertainties and disturbances, with models and uncertainties predefined and fixed
offline. In contrast, learning-based MPC [224] adapts dynamically, incorporating real-time data such
as state measurements. LBMPC techniques often differentiate between a nominal system model
and an additive term that accounts for uncertainty. They usually assume that control based on the
nominal model is feasible if the appropriate data can be safely collected from the real system.
Furthermore, these methods typically do not differentiate between real system dynamics and
predictive dynamics, assuming no model mismatch when the appropriate parametrisation of the
model is established. This category of LBMPC can, in turn, be classified into those using robust
paradigms and stochastic techniques [223]. A more detailed definition of both is provided below:

Robust Models. Robust Model Predictive Control [225] schemes ensure that constraints are
satisfied under uncertainty. These schemes often split the model into a nominal part and an additive
uncertainty component, assuming the uncertainty lies within a defined set. Then, the controllers
are designed to be robust against this uncertainty. Many LBMPC approaches focus on estimating
model uncertainty directly from data. These techniques aim to adjust the uncertainty set over time
to reduce conservatism. In this line, we can distinguish between parametric models [226], which
seek parameter values consistent with observations, and nonparametric models [227], which
estimate the function directly from observed data points and establish function bounds.

Stochastic models. Unlike Robust MPC, which relies on hard bounds covering all uncertainty, which
can be conservative, stochastic MPC [228] uses distributional information about uncertainty
without relying on hard bounds, although this makes theoretical analysis more challenging and
often leads to less rigorous results. Again, we can differentiate between parametric and non-
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parametric models. In this case, parametric approaches are usually based on scenario optimisation
techniques [229] and non-parametric on Gaussian Process Regression [230].

Learning Controller Design within MPC

This type of LBMPC technique uses learning mechanisms to design the MPC problem to achieve a
desired controller behaviour by using models for approximating the cost function and/or the
constraints. These approaches can be divided into two main categories [223]:
Performance-driven controller learning: This approach aims to enhance closed-loop performance
by inferring the parametrisation of the MPC problem that minimises the difference between the
closed-loop performance and the optimal control problem [231]. This inference can be addressed
in two ways. The first one [232] consists of solving a black-box optimisation problem in which the
controlleris a smooth function (e.g. Gaussian Processes) and a black-box optimiser iteratively adapts
the parameters of the smooth function to optimise the true closed-loop cost. Bayesian optimisation
is one of the most common approaches [233]. The second one addresses the learning of the terminal
components, making use of collected data[232], [234]. Terminal components refer to the terminal
cost and constraints used at the final prediction step. They guide the system toward a desired
terminal state or behaviour, addressing the limitation of a short prediction horizon. By incorporating
these terminal components, MPC can effectively control the system over a finite prediction horizon
while considering long-term objectives and promoting stability and convergence in the closed-loop
system.

Learning from Demonstration with Inverse Optimal Control: This approach leverages observed
data from demonstrations to design an automatic controller [235]. In MPC, traditional controllers
are often designed based on mathematical system models. However, inverse optimal control takes
a different path by learning from real-world demonstrations of desired control behaviours. In this
context, demonstrations involve observing how an expert or desired control system performs a
specific task or responds to varying conditions. Instead of explicitly modelling the system dynamics,
inverse optimal control aims to capture the underlying control strategy from these demonstrations
and translate it into the parameterisation of the MPC problem. A related field is Inverse
Reinforcement Learning [236], a technique for identifying cost or reward functions in probabilistic
decision-making. This method helps interpret optimality conditions probabilistically, typically using
likelihood maximisation but is usually limited to discrete state and action spaces without considering
system constraints. However, recently, they have been expanded to continuous state spaces by
introducing a probabilistic control objective [237].

Model Predictive Control for Safe Learning

Ensuring safety in learning-based control is very challenging, particularly in the context of
reinforcement learning, where safety constraints may not always be guaranteed during the learning
process [238]. To address this, safety frameworks have emerged, combining model-based control
for safety assurance (model predictive safety filters) with learning-based controller methods to
optimise overall performance. This approach separates constraint satisfaction handled by MPC from
performance optimisation through learning-based methods, primarily due to the complexity of
stochastic optimal control problems.
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MPC techniques can then be used as safety filters to transform a safety-critical system into a safe
one. The main function of a Model Predictive Safety Filter [239] is to assess the control inputs
generated by the learning-based controller and verify that they adhere to predefined safety
constraints. If the proposed control inputs are deemed unsafe, the safety filter modifies them or
computes a safe backup trajectory to bring the system back into a safe state. This adaptive approach
allows the system to operate robustly even in the presence of disturbances or uncertainties,
providing an added layer of safety assurance.

3.3.2 Discussion on Learning-based Model Predictive Control

Learning-based Model Predictive Control (MPC) is a promising approach at the intersection of
control theory and machine learning, offering several significant benefits and addressing unique
challenges in control system design. One of the main advantages of learning-based MPC is its
adaptability. Traditional MPC relies on accurate system models, which can be challenging to obtain
for complex and dynamic systems. In contrast, learning-based MPC leverages data-driven models,
allowing it to adapt to system changes and uncertainties. This adaptability enables the controller to
perform effectively in real-world scenarios where model accuracy may vary.

Another benefit is the ability to handle high-dimensional and nonlinear systems. Learning-based
MPC can effectively control systems with complex dynamics, making it suitable for applications such
as robotics, autonomous vehicles, and industrial processes. It can learn intricate control policies that
might be challenging to derive analytically. Furthermore, learning-based MPC can incorporate safety
constraints and optimise performance simultaneously. By learning from data and adapting to real-
world conditions, it can strike a balance between achieving control objectives and ensuring safety.
This feature is vital in applications where safety is critical.

However, learning-based MPC faces its share of challenges. One of the primary issues is the need
for large amounts of data for training, which can be impractical in some cases. Additionally, ensuring
the controller's safety during the learning process and handling exploration of the control space
without violating constraints remains a challenge. Moreover, interpretability and guaranteeing
theoretical properties are less straightforward in learning-based MPC compared to traditional
control methods. Understanding the learned control policies and providing formal guarantees on
system stability and performance can be complex.

3.4 Generative Al applied to Optimisation

A subclass of artificial intelligence systems known as "generative Al" or "generative artificial
intelligence" is defined by its ability to create original content that is similar to the training data.
These systems are based on generative models, which are algorithms designed to identify and
reproduce patterns in data, allowing for the production of creative results.

In optimisation theory, generative Al-based techniques are essential instruments because they
provide creative solutions for the complexities of high-dimensional and challenging optimisation
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issues. Neural network-based Variational Autoencoders (VAEs) and Generative Adversarial
Networks (GANs) exhibit impressive potential for examining various solution spaces and identifying
non-linear patterns in data. The use of generative models is noteworthy in the field of combinatorial
optimisation, where GANs show promise in producing excellent solutions for challenging
combinatorial problems. Generative Al is important because it can improve global optimisation by
minimising the chance of getting stuck in local optima through effective navigation of intricate
terrain. This capacity satisfies the requirements of a number of fields, including supply chain
management and logistics, where traditional approaches might have trouble locating global optima.
Furthermore, hybrid methods that combine the best features of both paradigms for more reliable
and adaptable optimisation processes are produced by fusing generative Al with conventional
optimisation techniques. Recent studies have shown how generative Al improves sample efficiency,
resilience, and flexibility in optimisation, highlighting the technology's significance in developing the
area.

3.4.1 Main categories of methodologies within Generative Al
In order to describe the main categories of generative Al-based methods for optimisation that can
be found in the literature, we will use the following structure:

e Generative Al methods applied to surrogate optimisation
e Generative Al used in sample generation for optimisation

In the following subsections, we describe each of them.

Generative Al methods for surrogate creation — Building the surrogate model

This presents a novel approach to the optimisation of difficult-to-manage complicated simulations,
particularly those that exhibit random or uncertain behaviour. In domains such as engineering and
physics, these simulations are frequently difficult to comprehend or control. This approach makes
use of sophisticated mathematical models that are able to imitate those simulations in tiny,
controllable regions through learning. The researchers assert that by doing this, they can more
effectively determine the ideal simulation parameters, even in situations when other widely used
approaches falter. In this section, we discuss the application of generative-based methods in the
creation of the black-box function of such sophisticated mathematical models or surrogates.

The article [240] offers a novel strategy for overcoming the excessive variance observed in score
function gradient estimators while utilising the benefits of gradient-based optimisation. By
parameterising the surrogate model with pertinent simulator parameters, this approach uses deep
generative models as differentiable surrogate models to approximate non-differentiable simulators.
This allows for the approximation of the stochastic behaviour of the simulator and allows for direct
gradient-based optimisation of an objective. The proposed technique, called local generative
surrogate optimisation (L-GSO), makes strategic use of successive local neighbourhoods of the
parameter space at each step of parameter optimisation. This is especially useful in dealing with
high-dimensional parameter spaces, where training surrogates over the entire parameter space can
be computationally expensive if it follows the workflow of the generative adversarial networks to
conduct the optimisation process.
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The article [241] explains a novel regression model based on beta-variational Autoencoders (beta-
VAEs) that optimises oilfield development decisions. Optimisation studies based on reservoir
modelling are commonly used to guide decisions in the oilfield development environment. The
computing cost of these simulations, which compare various production scenarios and well controls,
is high. Surrogate models are frequently employed to expedite this research. Even if they work well,
traditional deep-learning models for creating surrogates have drawbacks, such as an inability to
guantify prediction uncertainty and a lack of interpretability. These problems are addressed by the
suggested beta-VAE-based regression model. Regression is performed using the interpreted,
factorised representation of choice variables in a latent space that is provided by Beta-VAE. The
model includes probabilistic dense layers that help with approximate Bayesian inference and
measure prediction uncertainty. The need for thousands of compute-intensive simulations runs to
determine real-valued objective functions, such as weighted cumulative fluid production or net
present value, is a substantial difficulty in these optimisation investigations. In lieu of full-physics
simulations, surrogate models—such as the beta-VAE-based regression—are employed to speed up
the optimisation process and provide prompt scenario analysis. By manipulating the beta value,
latent factors are separated in this manner, improving interpretability at the expense of perhaps
raising reconstruction error. For the purpose of modelling high-dimensional decision variables and
determining uncertainty, the probabilistic thick layers are essential. In order to guarantee that the
encoder discovers significant latent representations for the downstream supervised learning task,
the beta-VAE and regression networks are trained in tandem. The Olympus benchmark, which
consists of test cases with a variety of well-controlled and placement decision variables, is used to
validate the efficacy of the model. Weighted cumulative fluid output and net present value of cash
flow are the two distinct objective functions that are assessed. The latent variable representation
first gets better as the beta value goes up from the value used in the original VAE, but at higher
values, it starts to get less distinct. This suggests that interpretability and reconstruction accuracy
can be balanced with an ideal beta value. For the purpose of modelling intricate, high-dimensional
decision factors and calculating prediction uncertainty, probabilistic thick layers are essential. By
using quantification to determine whether a full simulation is required or if the predictions are
reliable, the optimisation research can be completed more quickly without compromising the
quality of the results. The regression model based on beta-VAE offers a meaningful and
comprehensible latent representation of the data. The probabilistic dense layer helps to measure
prediction uncertainty, and a well-chosen beta value guarantees a balance between factor
disentanglement and reconstruction accuracy. In oilfield development, this method helps to make
decisions more effectively and intelligently by identifying the situations in which full-physics
simulations are required.

Generative Al methods for surrogate creation — Sample generation for pre-training of the model
Apart from the objective function creation for the underlying surrogate, generative Al-based
methods can also aid in synthetic data points or sample generation for the creation of the surrogate
process. In simple terms, when a lack of original samples affects the pre-training phase of the
surrogate machine learning model, generative Al-based methods can be used to generate synthetic
samples for pre-training purposes. In this section, we discuss such endeavours of generative Al-
based methods.
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An empirical study [242] on the applicability of key dimensionality reduction methods for building
surrogate models in high-dimensional optimisation situations is included in the text. The goal of the
research is to construct surrogate models more effectively by condensing intricate, high-
dimensional design spaces into compact, low-dimensional representations. This work investigates
four methods for reducing dimensionality: Principal Component Analysis (PCA), Autoencoders (AEs),
Kernel Principal Component Analysis (Kernel PCA), and Variational Autoencoders (VAEs). The quality
of the low-dimensional surrogate models generated by these methods is assessed, and they are
tested in various situations with varying dimensionalities, benchmark problems from continuous
optimisation, and surrogate modelling methods such as Kriging and Polynomials. The study's
findings demonstrate the efficacy of PCA and autoencoders in terms of global optimality and
modelling accuracy, respectively. Due to their historical importance in machine learning applications
such as feature learning, dimensionality reduction, data compression, and data visualisation, PCA
and AEs were selected. In order to create effective surrogate models, kernel PCA, a non-linear
extension of PCA, and VAEs, non-linear stochastic encodings of the data space, were included. With
the support of a thorough quality evaluation of the associated low-dimensional surrogate models
(LDSMs) across a wide range of test scenarios, the paper attempts to offer a fresh viewpoint on the
suitability of these dimensionality reduction techniques (DRTs) in surrogate-assisted optimisation
(SAO).

Generative Al methods for sample generation

GANs and VAEs are two examples of generative Al techniques that are skilled in producing artificial
data samples for surrogate optimisation. Real data is used to train these models so they may
discover the underlying trends. After being taught, they can produce new, artificial samples that
replicate the dataset's statistical characteristics. These artificial samples are essential for surrogate
optimisation. They are employed in the creation of a surrogate model that mimics a sophisticated,
frequently computationally demanding simulation. Because it uses readily created synthetic data
rather than constantly executing the actual simulation, this model training is significantly more
efficient. After that, the surrogate model aids in optimisation by offering fast estimates for a range
of input parameters and assisting in the discovery of the best configurations. To ensure the accuracy
of the surrogate, genuine data from the actual simulation is periodically used to modify this process.
For this reason, surrogate optimisation becomes much more efficient thanks to generative Al
techniques, which allow for quick and affordable exploration and optimisation of complicated
systems without requiring a lot of simulation or real-world testing. In this section, we discuss the
application of a generative Al-based method for the synthetic sample generation process to aid the
surrogate validation and training phases. It can be seen from the literature that this sample
generation can be performed in two main ways, first by latent space transformation and second by
distribution-based. In the coming subsections, we discuss these two approaches for sample
generation for the surrogate optimisation process.

The article [243] talks about the use of VAEs in offline model-based optimisation, especially in
situations where the purpose is to maximise a black-box objective function with a static dataset of
designs and the scores that go along with them. Numerous fields, including material design,
robotics, DNA sequencing, and protein engineering, frequently encounter this optimisation
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dilemma. The traditional method uses the static dataset to train a Deep Neural Network (DNN) as a
proxy function. Gradient ascent is then applied to the current designs to find possibly high-scoring
ones. Unfortunately, the out-of-distribution problem frequently arises with this approach, which
results in inaccurate design predictions. Bi-directional learning for offline Infinite-width model-
based optimisation (BDI) is the suggested remedy to this problem. The two mappings that make up
the BDI are the forward mapping, which predicts scores for high-scoring designs using the static
dataset, and the reverse mapping, which predicts scores for the static dataset using the high-scoring
designs. In contrast to earlier research that frequently disregarded backward mapping, BDI
recognises its importance in enhancing the high-scoring designs by extracting additional information
from the static dataset, thus reducing the out-of-distribution issue. The article highlights that there
is a considerable decline in design quality for finite-width DNN models because the loss function of
the backward mapping is intractable and only has an approximate shape. In order to get over this
restriction, an infinite-width DNN model is used, and a closed-form loss for more precise design
updates is produced by using the associated neural tangent kernel. This decision is meant to
improve the optimisation process's accuracy in offline model-based settings.

Generative Al methods for sample generation — based on latent space transformation

By altering the latent space, generative Al techniques such as VAEs and GANs can be used in
surrogate optimisation to produce synthetic examples. The most important aspects of the data are
captured in a compressed, lower-dimensional form known as the latent space. These generative
models acquire the ability to map actual data to and from the latent space through training on real
data. The generative model explores this latent space to generate new data samples for surrogate
optimisation. In order to create new, synthetic samples, this is accomplished by slightly altering
points in the latent space and then converting these points back into the high-dimensional space of
the original data. These samples are unique in their details, yet they preserve the original dataset's
statistical characteristics. These artificial samples are then used to train the surrogate model, which
enables an effective approximation of a resource-intensive, complex process. Generative Al
techniques provide more effective and efficient optimisation procedures by generating diverse and
informative samples for surrogate models through the exploration and modification of the latent
space. With the use of latent space manipulation, this method produces a large range of synthetic
samples that can greatly increase the surrogate model's capacity for learning and generalisation,
which in turn improves the optimisation process. In this section, we discuss the application of
generative-based methods for latent space transformation-based sample generation for surrogate
optimisation.

This paper [244] presents a generative solution to a classic mechanical materials design problem by
integrating LSTM neural networks with VAE. VAEs are known for their ability to extract low-
dimensional representations from large and complicated datasets, especially for generative
applications like rebuilding complex data like images. On the other hand, LSTM neural networks are
quite good at figuring out logical trajectory correlations inside datasets. The developers of this
combination method, known as VAE-LSTM, concentrate on a cantilever design-related compliance
optimisation challenge. An LSTM is used to learn trajectories inside this latent space that correlate
to the optimisation process after a VAE is used to encode cantilever structures into a 2D latent
space. The cantilever design space can be clearly shown thanks to the final model, which also makes
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it possible to create new, incredibly low-density ideas outside of the initial dataset. Additionally, the
method makes it easier to extract the best cantilever structures that are modelled after natural
phenomena. Crucially, 3D printing can be used to produce the created designs, offering a quick
turnaround time from concept to prototype. According to the article, this technique can be used for
other image-based datasets that record changes due to various circumstances. Intelligent design
and manufacturing of material structure difficulties are noted as areas where the interpretability of
complicated behaviour through representations in a simplified space is recognised as having
substantial potential applications.

Generative Al methods for sample generation — Distribution based

Generative Al-based models can comprehend how data is distributed across features since they are
initially trained to grasp the underlying probability distribution of a specific dataset. Following this
learning phase, the model's sample points from this learnt distribution to create fresh, synthetic
samples, thereby producing data that is a statistical mirror of the training set. The diverse and
representative samples produced by this procedure are essential for developing a reliable and
accurate surrogate model. In this section, we discuss the application of Generative Al methods for
distribution-based learning for synthetic data generation for the surrogate optimisation process.

In data-driven multi-objective optimisation problems (DD-MOPs), where the amount of data
accessible from actual engineering trials is constrained by time and expense, the article [245]
presents a novel solution to these difficulties. Traditionally, using trained surrogate models,
evolutionary algorithms indirectly solve DD-MOPs. Unfortunately, the accuracy of the estimated
Pareto front that is obtained frequently deteriorates significantly due to a lack of practical data. The
study presents two cutting-edge tactics that a GAN uses to combat this. The first technique, called
critical fitness, presents a new critical fitness that is made up of the prediction value of the surrogate
model and the critical score obtained from the discriminator of the GAN. The second tactic is data
augmentation, in which fresh samples are produced by the GAN to enhance the surrogate model's
training. Through the integration of both techniques, the GAN fulfils the dual function of
augmenting data and improving critical fitness, hence effectively overcoming the issues associated
with DD-MOPs.

In this article [246], a unique way to use GANs to improve the performance of model-based
evolutionary algorithms is presented. To operate at their best, traditional model-based evolutionary
algorithms mostly depend on the calibre of the training set. But when the problem gets bigger, the
curse of dimensionality becomes a concern, and performance deteriorates quickly. The suggested
approach makes use of a multi-objective evolutionary algorithm powered by GANs to solve this
problem. To train the GANs, parent solutions are first divided into real and false samples in each
generation. Then, using the trained GANs, progeny solutions are sampled. Because GANs are
powerful generative algorithms, the suggested technique can produce plausible offspring solutions
even in high-dimensional decision spaces with a small amount of training data. Experiments on ten
benchmark issues with up to 200 choice variables demonstrate the algorithm's usefulness and
indicate that it can overcome the problems brought on by the curse of dimensionality while still
exhibiting increased performance.
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The article [247] presents a brand-new image-based route planning algorithm that aims to
overcome the drawbacks of the conventional sampling-based approaches used in robot path
planning. This method makes use of a GAN, in contrast to uniform sampling strategies that explore
the state space without complex geometric modelling of the configuration space. Without any
further preprocessing, the environment map—represented as an RGB image—is fed into the GAN.
The result is also an RGB image with a segmented promising section highlighted that probably
contains a workable path. This promising region addresses the issues of delayed convergence to the
optimal solution and initial solution quality by acting as a heuristic for attaining non-uniform
sampling in the path planner. The suggested method's higher performance in terms of initial
solution quality and convergence speed as compared to conventional approaches is validated by
simulation experiments. Notably, the approach demonstrates strong performance in settings that
differ markedly from the training context, underscoring its adaptability and versatility.

3.4.2 Discussion on Generative Al Applied to Optimization

There are various benefits of using generative Al-based techniques for creating surrogates.
Synthetic sample generation is fast and efficient, allowing for a quick process of creating surrogates
and minimising the need for expensive experiments or resource-intensive simulations. This
affordability is especially useful in fields where it may not be feasible to conduct real-world testing.
Because generative models are naturally able to identify a wide range of patterns in the training
data, the resulting surrogate model is guaranteed to generalise effectively over a wide range of
scenarios and input changes. Furthermore, these techniques provide a useful approximation for
complicated systems that are difficult to represent explicitly. Because the procedure is iterative, the
surrogate model can be continuously improved, increasing its relevance and accuracy over time. In
addition to enabling focused parameter space exploration that supports effective optimisation,
generative Al offers a controlled environment for the creation of a variety of synthetic samples in
situations involving restrictions or control challenges. Finally, the capacity of surrogate models
trained on synthetic data to be transferred to other contexts improves their versatility, which makes
generative Al a powerful tool for optimising a range of intricate systems and procedures.

Utilising strategies such as VAEs and GANs, these approaches enable the creation of synthetic
samples by exploring the latent space, a lower-dimensional representation of the data that captures
important properties. This method offers a sophisticated investigation of the underlying data
distribution by adjusting points in the latent space, which makes it easier to create representative
and varied samples. The capacity to produce samples in the latent space offers a way to
methodically investigate various configurations, enabling a cheaper and faster way to feasible and
promising solutions. Additionally, it provides a productive means of enhancing datasets for
surrogate model training, especially in situations where data is scarce or costly to produce. Latent
space transformation's versatility makes it possible to create fresh, insightful samples, which helps
in the development of surrogate models that can faithfully represent intricate relationships found
in the data. Using generative Al in latent space transformation improves synthetic sample creation's
overall effectiveness, diversity, and informativeness, which helps with surrogate model training and
optimisation procedures.
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Although using latent space transformation to generate samples for surrogate optimisation via
generative Al presents significant benefits, there are still a number of obstacles to overcome. One
challenge is the intricate nature of generative models, such as GANs and VAEs, which require careful
tuning to appropriately represent the complex data distribution because of their complexity and
training requirements. It is still difficult to guarantee that produced samples are diverse and
accurately reflect the features of real data; problems such as mode collapse in GANs result in
surrogate models that are biased. Interpretability and explainability of the models are limited by
the black-box character of some generative techniques. Two persistent issues are avoiding over-
reliance on synthetic samples and generalisation to unexpected events. Furthermore, the ethical
issues surrounding the unintentional replication of biases in generated data highlight the need for
ongoing research to improve the robustness and moral application of generative Al in surrogate
optimisation. The computational resources required for training complex generative models can
also be a limiting factor.
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4 Definition of the selected problems and
advancement beyond SOTA

In general terms, the aim of this section is to define the selection of optimisation problems that
will be addressed in the following tasks of SYNCHROMODE WP5, which are as follows:
e Integration of Demand Responsive Transport with Public Transit Modes
e Freight on Transit
e Optimization of traffic management strategies in connected and automated environments
e Automatic and real-time recommendation of traffic management interventions

For each of the selected problems, we will give a definition from an optimisation perspective and
justify their alignment with the objectives of the use cases established for SYNCHROMODE. In
addition, we will briefly review the state of the art in terms of optimisation models and methods
and point out what progress we expect to make on each of these problems with respect to the
state of the art.

4.1 Integration of Demand Responsive Transport with Public Transit
Modes

4.1.1 Description of the problem and alignment with SYNCHROMODE’s case studies

One of the optimisation problems to be addressed in the WP5 of SYNCHROMODE will be the
Integration of DRT with Public Transit Modes. As discussed in Section 2.2, this integration may play
a pivotal role in augmenting the efficacy and extent of public transportation networks, especially
covering the first and last-mile legs of public transport trips of passengers from sparsely populated
or remote areas to major transit nodes, thereby broadening the reach of mainstream transit
services. This expansion is vital for enhancing access for individuals who may be marginalised due
to geographic or economic factors, fostering a more inclusive transport ecosystem. Furthermore,
the flexibility and personalised nature of these services can lead to improved user satisfaction and
can potentially elevate overall public transit utilisation.

The selection of this problem has been done, considering the objectives posed for the case study in
Madrid. Concretely, it has been chosen to address the following goal of the Madrid use as discussed
in Deliverable D2.5. Case Studies Description:

To design solutions for the optimal provision of complementary mode services (SM, DRT) to allow
for:
e More efficient multimodal trip chains for passengers and parcels and,
e A better public transport coverage for unattended transport users in rural and peri-urban
populations.
From an optimisation problem perspective, the integration of demand-responsive transport with
public transit modes involves determining the best routes, schedules, and allocation of resources
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(vehicles) to maximise system performance while minimising costs and ensuring passenger
satisfaction. In general terms, the most common decision variables in this type of problem include
determining the vehicle paths from origins to destinations, scheduling vehicle departures and
arrivals, assigning appropriate vehicles to specific routes based on their capacity and operational
costs, and allocating passengers to vehicles in a manner that respects their time preferences and
constraints. As for the objective functions, they typically focus on reducing operational costs (like
vehicle distance and fuel consumption), minimising passenger travel time (including waiting and
total travel time), maximising system efficiency (such as the number of passengers served or vehicle
utilisation rates) and reducing environmental impacts like emissions. Finally, the most common
constraints are related to the maximum capacity of each DRT vehicle, passengers' time windows for
pick-up and drop-off, synchronisation of DRT vehicle routes with public transit schedules,
operational hours of the system, and maintaining a certain level of service quality, which could
encompass aspects like maximum waiting and travel times.

4.1.2 Review of the state of the art in terms of optimisation models and methods

In this section, we will outline the main models and optimisation methods recently used in the
literature concerning the integration of demand-responsive transport with public transit modes.
Starting with optimisation methods, according to their typology, we can divide them into three main
categories: exact methods, heuristic methods and metaheuristic methods. Regarding exact
methods, we can find works using numerical analysis methods [248], mathematical programming
methods such as CPLEX [249] or the Interior Point Method [59]. The main drawback of this type of
method is its limited scalability, which in this type of problem reduces the level of demand that can
be optimised. That is why, in recent years, the number of papers using these methods is scarce. As
for heuristic optimisation methods, most of the optimisation models we find for this type of problem
are usually based on the insertion heuristic [250]. Finally, as regards metaheuristic methods, this is
the block in which the largest number of works are included. In the literature concerning DRT and
public transit integration, we can find articles using trajectory-based metaheuristics [251], [252],
population-based metaheuristics [253], [254], or construction-based metaheuristics [255], [256]. It
is also interesting to highlight the wide use of hybrid metaheuristics in recent years due to their
more robust performance [257], [258], [259].

Regarding the most commonly used optimisation models used in works dealing with the
optimisation of DRT and PT integration, we can differentiate between static and dynamic models
[260]. Dynamic optimisation models are those that allow modifications to the basic schedule based
on real-time demand, with the flexibility to make changes either online (during the operation of
services) or offline (before the service starts but not during operation). On the other hand, static
optimisation models are those that finalise the planning before operations commence, with a set
schedule for the entire planning horizon that remains unchanged during operations.

Some of the main gaps that we can find currently in the literature are the following [260]:

e Lack of realistic demand and supply data: the number of studies based on realistic conditions
is limited due to the lack of “real-life data”, leading to the use of data sets that do not
necessarily reflect real-world demand and operational conditions.
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e Lack of insights into system characteristics: despite advancements in modelling and
algorithmic approaches, there's a noted lack of comprehensive understanding or insights
into the characteristics and practical implications of the design of the system components
or their configurations (e.g. What is the ideal bus capacity? What is the impact of this type
of service on the network? etc.).

4.1.3 Advancement beyond the state of the art in SYNCHROMODE

The main advances beyond the state of the art that we propose in SYNCHROMODE regarding the
development of models and optimisation methods for DRT integration with Public Transit Modes
will be the following:

e More realistic demand data for these types of services will be used thanks to the data
analysis models and demand forecasting models to be developed in WP3 and WP4,
respectively.

e Development of more complete and realistic models in terms of the objective function,
considering measures related to the impact of these services on society (e.g. emissions) and
not only measures of interest to passengers and transport operators; in terms of constraints,
considering a larger number of constraints which will lead to more realistic results; and in
terms of travel times, considering time-dependent models.

e More scalable optimisation methods through parallelisation and the use of High-
Performance Computing to address problems in larger areas and, therefore, with a higher
level of demand and vehicle fleet.

e Development of a decision support tool for the design of such systems by integrating the
developed optimisation methods and models and connecting them with the Aimsun Ride
transport simulator to obtain more realistic travel times in different scenarios, as well as to
measure the impact of such services on the overall transport network.

4.2 Freight on Transit

4.2.1 Description of the problem and alignment with SYNCHROMODE’s case studies

The second problem that will be addressed in the WP5 of SYNCHROMODE is the optimisation of
Freight on Transit systems. As also discussed in Section 2.1.2, FoT refers to the integrated
transportation of goods and passengers using the same urban public transit system, often seen as a
strategy to optimise the use of available infrastructure while reducing the environmental impact of
logistics activities. This innovative approach takes advantage of the underutilised capacity of public
transportation, especially during off-peak hours, to move goods efficiently through urban areas. The
main benefits of FoT include reducing traffic congestion by decreasing the number of delivery
vehicles on roads, lowering carbon emissions and pollution through the use of cleaner, shared
transport modes, and potentially decreasing transportation costs due to shared resources.
Additionally, it can lead to improved urban logistics efficiency and service levels by leveraging the
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regularity and network coverage of passenger transit systems. These advantages contribute to
creating more sustainable, efficient, and liveable urban environments.

This problem was also selected based on the objectives outlined for the Madrid case study.
Specifically, it aims to tackle the two following goals related to Madrid's use case as described in
Deliverable D2.5. Case Studies Description:

e to demonstrate data fusion and Al techniques for multimodal network management, with a
focus on load balancing between transport sub-networks, including collaboration between
passenger and freight transport operators for last-mile delivery services;

e to understand the benefits and challenges of passenger-freight transport integrated
solutions, both in terms of individual mobility needs and system-wide impacts (e.g.,
passenger travel times, public transport financial viability, reduced congestion, ...), both
under standard and disruptive conditions.

From an optimisation point of view, among the different optimisation problems that we can find in
FoT [261], in SYNCHROMODE, we will focus on two: freight hub location and route planning for
supportive vehicles. In the first one, the aim is to strategically choose among existing passenger
public transport stations to serve as distribution centres for delivering or transhipping goods. In this
case, the most common decision variables are related to the selection of the public transport
stations to be used as hubs and the allocation of demand points to hubs. As for the objective
functions, they are usually oriented towards minimising the total distance or time taken for
transporting goods from hubs to their destinations, minimising operational costs and maximising
service quality (e.g. on-time deliveries, delivery delays, etc.). Finally, in terms of constraints, the
most common are related to capacity, connectivity of the hub with the demand points and
operations (e.g. operating hours, type of goods that can be handled, etc.).

Regarding route planning for supportive vehicles, it is important to first mention that by supportive
vehicles, we refer to those vehicles, like small trucks or electric vehicles operated by logistics
companies, that bridge the gap between fixed-route public transport modes and the need for door-
to-door delivery services by covering the first/last-mile legs. From an optimisation point of view,
this problem is often formulated as variants of pickup and delivery vehicle routing problems. In this
way, the most common decision variables are related to route planning (the order in which pickups
and deliveries occur for each vehicle) and load allocation (assignment of freight items to specific
vehicles, considering their capacity and compatibility with the goods). Continuing with the objective
functions, they are usually related to reducing travel times and overall operational costs and/or
maximising the level of service (e.g. minimising delivery times, adhering to agreed time windows,
etc.). The most frequent constraints are related to vehicle capacity, time windows for pick-ups and
deliveries, and operational constraints like driver working hours regulations or vehicle availability.

4.2.2 Review of the state of the art in terms of optimisation models and methods
In this section, we aim to provide an overview of prevalent models and optimisation techniques
featured in recent literature on Freight in Transit. Similarly, to the previous problem, we can
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categorise the optimisation methods applied in the reviewed literature into three main groups:
exact methods, heuristic methods, and metaheuristic methods.

In this case, exact methods encompass approaches such as branch and price [262], mathematical
programming methods [1] or analytical methods [263]. Heuristic methods can also be found in
some papers, such as [264], where dispatching rules and decomposition heuristics are used.
Metaheuristic methods, on the other hand, form the most extensive category in the literature on
Freight in Transit, as we also observed in the previous problem. Studies in this area have applied
various metaheuristic approaches, including trajectory-based (e.g. large neighbourhood search
[265]), population-based (e.g. genetic algorithms [266]), construction-based metaheuristics (e.g. ant
colony optimisation [267]) or hybrid metaheuristics (e.g. large neighbourhood search + sample
average approximation [2], GRASP [14]).

When it comes to the optimisation models employed in Freight on Transit, it is important again to
differentiate between freight hub location and route planning for supportive vehicles. The first one
is usually modelled as a variant of the hub location problem using Mix-Integer Programming models
that minimise costs [2], [268] or distance from demand to hubs [269]. The second one is usually
modelled as a Pick-up and Delivery Vehicle Routing Problem with Time Windows and Scheduled
Lines (PDVRPTW-SL) using either Mix-Integer Programming [262], Mix-Integer Linear Programming
[2] or Stochastic Programming [2], among others.

Finally, some of the main gaps identified in the current literature are the following [261], [270]:
e Lack of studies considering external effects such as vehicle emissions or congestion in the
optimisation or in the analysis.
e Few papers contemplate dynamism or stochasticity in the data to account for new orders or
different travel times at different times of the day.
e lLack of simulation studies related to the optimisation of Freight on Transit.

The number of studies considering realistic demand predictions for Freight on Transit is very limited.
4.2.3 Advancement beyond the state of the art in SYNCHROMODE

We propose the following advancements beyond the current state of the art in SYNCHROMODE
related to Freight on Transit:

e Develop new optimisation models that will consider vehicle emissions in the optimisation
process and, optionally, other external costs.

e Develop time-dependent PDVRPTW-SL models that account for different travel times at
different times of the day to reflect pick and off-peak periods to lead to more realistic
solutions.

e As in the previous problem, the optimisation models and methods developed will be
integrated with Aimsun Ride to create a decision support tool that allows the simulation of
different Freight on Transit scenarios and to better measure the impact of such services on
the overall transport network.
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e The optimisation and simulation analysis will be based on the demand prediction algorithms
for Freight on Transit developed in WP3 and WP4, which will lead to more realistic and
scalable results.

4.3 Optimization of traffic management strategies in connected and
automated environments

4.3.1 Description of the problem and alignment with SYNCHROMODE’s case studies

The third selected problem to address in WP5, is the optimisation of different traffic management
strategies that leverage the potential of connectivity and automation in future mobility.
Concretely, we will focus on:

Social routing: Socially aware routing strategies in road transport networks prioritise routes and
traffic management decisions that consider the broader social impacts, such as reducing emissions
and promoting equity by improving access to transportation for underserved areas. For example,
by nudging users towards routes that distribute traffic more evenly across the network, these
strategies can reduce congestion in overburdened areas, leading to more efficient overall mobility.
They can also support environmental sustainability by encouraging routes that minimise fuel
consumption and pollution.

GLOSA: As described above, GLOSA systems provide real-time speed recommendations to drivers
or vehicles, advising them on the optimal speed to maintain in order to hit the next traffic light when
it is green. The benefits of GLOSA are manifold: it helps in reducing stop-and-go driving, leading to
smoother traffic flow and decreased congestion, and lower emissions.

Transit Signal Priority: As also stated above, TSP is a technology that modifies the normal operation
of traffic signals to favour public transportation vehicles with the goal of improving the reliability
and efficiency of public transit services. The primary benefit of TSP is the reduction in travel time
and improved schedule adherence for public transportation, which can lead to increased use of
public transport.

This optimisation problem and the specific traffic management strategies were chosen in alignment
with the goals established for the Thessaloniki and the Dutch case studies. Regarding the
Thessaloniki case study, it specifically targets the following three objectives as detailed in
Deliverable D2.5, Case Studies Description:

e Develop a resilient traffic management system capable of effectively responding to both
planned and unplanned events, ensuring minimal disruption to traffic flow in conjunction
with minimal recovery time.

e Effectively integrate and manage emerging transportation technologies, such as connected
and autonomous vehicles, into the existing traffic management system, ensuring safety and
optimising traffic flow.

e Balance the load across various modes of transport to maximise the efficiency and capacity
utilisation of the transportation network.
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As for the Dutch case study, the optimisation problem and the selected traffic management
strategies are aligned with the following objectives:
e Develop a seamless (multimodal) travel experience for the public based on an integral
approach of resilient multimodal traffic management.
e Steer to create optimal accessibility to Keukenhof and beach areas using a multimodal
traffic management approach
e Reduction of accidents by creating a more fluid and stable traffic flows based on
multimodal traffic management and informing the end user of upcoming events and traffic
situations

Analogously to previous problems, we provide below a description of each of the traffic
management strategies selected from an optimisation point of view:

Social routing strategies: From an optimisation perspective, the decision variables depend on the
approach used to reach social or system optimum through routing. In the context of autonomous
vehicles, the decision variables are related to the assignment of vehicles or demand to routes,
whereas in the case of connected or conventional vehicles, the decision variables are related to the
steering mechanism used for the route guidance (e.g. information through navigation apps, VMS,
C-ITS; use of dedicated lanes; tradable credits; congestion charging mechanisms; etc.). The objective
functions more commonly employed are oriented towards measuring system performance (e.g.
travel times, travel delays, congestion levels, etc.), although environmental indicators are also being
included in recent studies. Finally, the constraints frequently included in these problems are usually
related to the total demand satisfied and the user’s unfairness (e.g. deviations between the travel
time of the shortest route and the used route).

GLOSA: As an optimisation problem, the decision variables usually used are the speed advised to
drivers or vehicles, the frequency of that advice and, for automated vehicles, the spatial trajectory.
As for the objective functions, they are usually related to minimising pollutant emissions and the
number of stops, reducing travel time and fuel consumption, and mitigating time delays. Finally, the
constraints are commonly associated with maximum and minimum allowable speeds or safe
manoeuvres, among others.

Transit signal priority: In this type of problem, the common decision variables are related to traffic
signal cycles (e.g. phase sequences, cycle lengths, phase splits) and the policy to deal with conflicting
priority requests. The usual objective functions can be classified as vehicle-based or person-based
(being more frequent), which include aspects such as person capacity or person delay. As for the
constraints, they are usually related also to traffic signal cycles (e.g. maximum and minimum green
times, cycle lengths, phase skipping, signal coordination), conflicting trajectories or arrival times at
intersections or transit schedule deviations.

4.3.2 Review of the state of the art in terms of optimisation models and methods

Starting with social routing, one of the most common approaches for its optimisation is to model it
as a static traffic assignment problem [271] that finds a balance between user equilibrium and
system optimum. In this sense, we can differentiate between two categories of methods [271]:
those integrating fairness constraints for users within the system optimum [272], [273], [274] or
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those relaxing the requirements of user equilibrium [275], [276]. Apart from this, there is another
large body of work that addresses the problem of social routing by optimising some form of steering
mechanism to lead road users to system optimum. Some of these mechanisms are informing users
through travel information systems [277] or variable message panels [278], the use of dedicated
lanes [279] or congestion charging schemes [280].

When it comes to the optimisation of GLOSA, the optimisation methods can be categorised as rule-
based, optimization-based, and learning-based methods. The rule-based approach [281] employs
mathematical formulas and constraints for strategy training. While easy to implement, it
necessitates expert knowledge and often results in local optima. Additionally, it struggles to adapt
to dynamic traffic conditions. To address these shortcomings, optimization-based methods [282],
[283] have been developed. However, these methods usually present significant computing time
requirements and struggle to account for various vehicle behaviours like lateral trajectories.
Learning-based approaches were introduced mainly to fulfil the need for real-time and dynamic
performance. Reinforcement learning [284], [285] is one of the more frequently used methods.

Regarding the optimisation methods for TSP problems [284], mathematical programming [285],
[286] is commonly used, but its main disadvantage is that it oversimplifies the dynamic and
stochastic nature of traffic by making assumptions such as deterministic traffic flow. This issue also
extends to TSP models based on arrival or travel time predictions. In contrast, approaches based on
Reinforcement Learning [287], [288] do not rely on these assumptions, making them more robust
to randomness in realistic traffic conditions. Additionally, approaches based on Reinforcement
Learning provide a faster and more reliable computation time compared to mathematical
programming. The main drawbacks of RL methods are related to their complex training process and
the unstable generalisation power when real conditions change.

As we have seen above, social routing, GLOSA and TSP have already been extensively studied in the
literature in an isolated way; that is, each problem has been addressed independently. However,
the number of studies that combine the joint analysis of the three traffic management strategies in
connected and automated environments is still limited.

4.3.3 Advancement beyond the state of the art in SYNCHROMODE

In SYNCHROMDE, the main advance beyond state of the art related to the optimisation of traffic
management strategies in connected and automated environments will be the joint analysis of the
optimisation and use of the three traffic management strategies reviewed in this subsection: social
routing, GLOSA and TSP. Concretely, we plan to develop a multi-level framework that will have a
social routing optimiser at the upper or macroscopic level and GLOSA and TSP schemes at the lower
or local level. The framework developed will not only optimise system performance but will also
consider user fairness, energy consumption and environmental impact.
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4.4 Automatic and real-time recommendation of traffic management
interventions

4.4.1 Description of the problem and alignment with SYNCHROMODE’s case studies

The fourth problem to be addressed in WP5 will be the development of an automatic and real-time
recommendation system for traffic management. These systems usually employ a variety of data
sources, including real-time and historical traffic data, events, or information from other factors that
might affect traffic, such as roadworks or accidents. By integrating artificial intelligence and machine
learning algorithms, these systems can provide actionable insights and recommendations to traffic
managers.

From the perspective of a traffic manager, such systems offer a multitude of potential benefits.
Primarily, it enhances the ability to make informed decisions regarding traffic control and
management. In combination with traffic prediction and traffic state detection mechanisms, the
system allows for proactive measures to be taken, thereby reducing the likelihood of traffic
disruptions and reducing recovery time. This can lead to more efficient use of existing road
infrastructure. Moreover, recommendation systems for traffic management can facilitate better
coordination during event management. For instance, in the event of an accident, the system could
quickly recommend rerouting traffic, minimising disruptions and aiding in faster response times for
emergency services.

The selection of this problem was also guided by the objectives set forth for the Thessaloniki and
Dutch case studies. Regarding the Thessaloniki case study, particularly it aims to address the two
following goals outlined in Deliverable D2.5. Case Studies Description:

e Develop a resilient traffic management system capable of effectively responding to both
planned and unplanned events, ensuring minimal disruption to traffic flow in conjunction
with minimal recovery time.

e Implement advanced traffic management strategies using high-fidelity data and novel traffic
management approaches to improve accuracy in traffic flow predictions and management.

The objectives of the Dutch case study aligned with this problem are the following:

e Reduction of traffic congestion and impact on PT-services during planned and unplanned
events by developing a resilient traffic management system capable of effectively
predicting and responding to these events.

e Implement advanced traffic management strategies using high-fidelity data to improve
accuracy in traffic flow predictions and management.

Unlike the previous problems, which are "pure" optimisation problems, we are dealing with a
machine learning problem in this case, so the concepts of decision variables, objective function, and
constraints do not make sense. Therefore, we will briefly summarise how the development of this
type of system is normally approached. More specifically, the development of these systems usually
relies on a database with historical data about traffic conditions in the road network and the specific
interventions established by the traffic managers (e.g. traffic control plans applied). This data,
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together with other relevant data sources if needed (e.g. weather, events, etc.), is used to create a
dataset to train the recommendation models that are usually based on machine learning
techniques, depending on how these machine learning models are trained and the available data,
the models will be able to suggest in real-time potentially adequate interventions to manage the
traffic from those actions/interventions available in the training set. Some recommendation
systems, once they are deployed, they also include continuous monitoring mechanisms that detect
whether traffic patterns and behaviours change over time or not to alert about requiring
adjustments and updates to the system.

4.4.2 Review of the state of the art in terms of recommendation systems

Despite the widespread use of recommendation systems in several areas, e-commerce, health,
education, etc. [289], [290], [291], such systems are relatively understudied in the scientific
literature related to traffic management. The first approaches of recommendation systems for
traffic management were based on the use of collaborative filtering techniques to determine
optimal signal timings based on databases of traffic data [292], [293] or to determine the incident
signal plan [294]. The main drawbacks associated with these methodologies based on collaborative
filtering are that they are not able to incorporate information about the topology of urban traffic
networks and manage intersections in an isolated way.

Other recommendation systems that we can find in the literature are based on Latent Factor
Analysis for suggesting traffic signal timings [295] or tensor factorisation models for detecting non-
recurrent congestion events [296]. However, these methods also present relevant shortcomings,
like their heavy dependence on precise feature engineering and hyperparameter tuning.

In recent years, deep learning-based approaches have emerged as powerful techniques to build
these recommendation systems. Recent developments include end-to-end recommender
frameworks for urban traffic control, focusing on tactical level recommendations, like signal phase
timings [297], [298] or on the strategic level [299], [300], [301].

However, most of the papers reviewed focus on single intersections or on a limited group of
intersections. In this way, the research on recommendation systems for traffic management at the
network level is still in its infancy, with only two addressing these issues, as far as we know. The first
one is presented in [297], where the authors propose a human-in-the-loop parallel learning
framework that has been applied to an end-to-end recommendation system for traffic signal control
train with large-scale and multi-dimensional data. The system was tested in Hangzhou, China, and
it led to notable enhancements in traffic efficiency. The second one, described in [300], propose a
human-in-the-loop, multi-agent based recommendation system designed for strategic urban traffic
management. It features a regional agent dispatcher for on-demand operations, triggered by daily
traffic needs at the control object level. Each control object is managed by a strategic agent,
employing a deep recommender model with a unique architecture, facilitating customised traffic
strategies at intersections. The system's effectiveness was validated through a real-world traffic
data case study, showing that it can potentially outperform human-operated systems in providing
traffic management strategies across various scenarios.
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4.4.3 Advancement beyond the state of the art in SYNCHROMODE

The state-of-the-art developments in automatic and real-time recommendation of traffic
management intervention that we intend to carry out in SYNCHROMODE are as follows:

Deepen the development of recommendation systems for traffic management at the
network level, taking advantage of the potential of Graph Neural Networks [302] to
recognise and learn patterns of traffic conditions or states at the network level.

Unlike previous studies based on historical traffic and intervention data, in this project, we
intend to enrich these databases by means of the optimisation and simulation methods
developed in WP5 and WP4. Concretely, they will be used to create synthetic data to enrich
the training data sets with more traffic conditions and actions/interventions.

Given that the training data will be based on the actions/interventions applied by traffic
managers, we plan to analyse the developed recommendation models to extract insights
into the behaviour of traffic managers. These will also help to make these recommendation
systems more reliable and trustworthy since this type of analysis contributes to the
understanding of how the models makes its decisions.
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5 Conclusions

In this document, we have reviewed the state of practice in Transport Network Management
policies and interventions, focusing specifically on aspects relevant to optimising their design and/or
deployment in relation to the SYNCHROMODE case studies. Concretely, they were related to the
four following areas: integration of transportation for people and goods, coordination of public
transport with shared mobility, advanced traffic management in connected and automated
environment and traffic management for planned and unplanned events. Additionally, we have
explored the state-of-the-art Artificial Intelligence techniques that could be utilised to enhance the
design or deployment of these policies or interventions, covering the following methodologies:
model-based optimisation, reinforcement learning, learning-based model predictive control, and
generative Al applied to optimisation. Furthermore, we have described the optimisation problems
selected to be tackled in the subsequent tasks of Work Package 5 (WP5), justifying their alignment
with the objectives of the SYNCHROMODE case studies and highlighting the progress beyond the
current state of the art in each of them. The specific problems selected have been the following:
Integration of demand-responsive transport with public transit modes, freight on transit,
optimisation of traffic management strategies in connected and automated environments, and
automatic and real-time recommendation of traffic management interventions.

Regarding the review related to transport network management policies and interventions, the
main conclusions obtained are the following:

Integration of transportation of people and goods

o Shared infrastructures for public transport and freight: transport hubs and
consolidation centres have evolved to facilitate both passenger and freight transport,
reducing congestion and emissions. Solutions like lockers in public transport stations
and passenger and freight mobility hubs can be innovative ways to merge these
systems, offering convenience for users and efficient space utilisation. The
cooperative models between transport and logistics sectors promise to enhance
urban liveability by minimising the transportation footprint and leveraging
underused spaces during off-peak hours for logistics operations. Despite the
potential benefits, challenges such as space optimisation, security, infrastructure
adaptation, and regulatory compliance can be significant hurdles.

o Freight on Transit: This approach involves the shared use of infrastructure and
vehicles, where parcels are transported alongside passengers or during off-peak
hours. FOT schemes, which can utilise buses, trams, metros, and even vessels, offer
potential revenue increases for transit agencies and cost reductions for freight
operators. The model is deemed particularly effective for low freight volumes and
limited delivery locations. Key to FOT's success are governance models and revenue-
sharing structures, alongside adaptations to vehicles, tracking systems, and low-
emission last-mile delivery solutions. Challenges include funding, vehicle and
infrastructure adaptation, and maintaining service levels. Despite these hurdles, FOT
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can offer significant benefits, such as reduced emissions and traffic congestion,
creating a new revenue stream for public transport and optimising resource use.
Passenger and Goods Share-a-Ride (SaR): The concept distinguishes itself from
Freight on Transit by utilising taxis or ride-hailing services to transport both parcels
and passengers, aiming to maximise underutilised vehicle capacities. SaR can operate
under varying levels of integration, from delivering goods only when no passengers
are aboard to full integration, where parcel delivery occurs alongside passenger
transport. This scheme requires advanced digital infrastructure for logistics
management, including real-time tracking and efficient routing. Challenges include
ensuring reliability, security for passengers and parcels, regulatory compliance, and
managing technological demands. Potential benefits of SaR include reduced traffic
congestion, lower emissions, and increased income for service providers by
optimising vehicle use.

Coordination and integration of public transport and shared mobility

O

Integration of Public Transport with Demand Responsive Transport (DRT): it
provides a flexible and efficient alternative to fixed-route transit (FRT), especially
beneficial in less populated areas where FRT can be costly and inefficient. DRT adapts
to daily demand, offering services ranging from bus-like operations to taxi-like
flexibility, and has evolved significantly since its inception in the 1970s. Despite early
challenges, many DRT projects operate successfully today, with advancements in
information and communication technologies enhancing their implementation.
Integrated Demand-Responsive Transport (I-DRT) services, which connect DRT with
traditional public transport systems, address the "last mile" problem, offering a more
accessible and efficient public transport solution. I-DRT requires advanced digital
platforms for coordination, potentially benefitting from automated vehicle
technologies to reduce operational costs. Challenges include aligning DRT's dynamic
schedules with FRT's fixed timetables and ensuring service marketing meets actual
demand.

Advanced Traffic Management in connected and automated environments

(@)

Navigation-based traffic management: it aims to address the inefficiencies of
individual-based routing by implementing social routing strategies that benefit all
road users. These strategies seek to optimise network traffic flow and improve travel
experiences to and from events by guiding drivers to optimal parking locations.
Studies indicate that drivers are likely to follow social routing advice when it involves
minor time sacrifices, suggesting a potential for improving network efficiency. This
approach requires connected navigation tools and coordination between city
authorities and service providers. Benefits include enhanced road safety, real-time
information provision, and optimised traffic flow, while challenges involve driver
adaptation to social routing and the establishment of co-creative traffic management
frameworks with authorities and service providers.

C-ITS-based traffic management: it represents a significant evolution in the field of
traffic management, utilising Cooperative Intelligent Transport Systems (C-ITS) to
enhance the safety, efficiency, and eco-friendliness of road networks. By integrating
C-ITS services, traffic management can now inform, control, and reroute traffic more
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effectively, catering to diverse end-users, including individual drivers, vulnerable
road users, and various fleet operators. The implementation of such systems
depends on the availability and scale of C-ITS services, user distribution, and road
network complexity. While the potential benefits are substantial—ranging from
accident reduction to optimised traffic flow— it faces relevant challenges such as
cybersecurity risks, data quality issues, high initial investment costs, and the need for
widespread user adoption.

o Traffic Signal Priority (TSP): it is a strategy aimed at enhancing the efficiency of
transit through signal-controlled intersections, distinguishing itself from emergency
vehicle pre-emption by focusing on improving transit service reliability and travel
time without adversely affecting general traffic flow. TSP's evolution is closely linked
with advancements in Cooperative Intelligent Transport Systems (C-ITS) and
Connected and Automated Vehicle (CAV) technologies, which facilitate real-time
data exchange between vehicles and traffic signals to optimise signal timing for
transit priority. The implementation of TSP can be passive or active, involving
techniques like green extension and early red phase rotation to minimise transit
delays. Although TSP offers numerous benefits, including reduced travel time for
transit vehicles, environmental improvements, and enhanced service reliability,
challenges such as data collection difficulties, the complexity of technology
integration, and the need for tailored evaluations to account for unique city
conditions can make its deployment difficult.

o Green Light Optimal Speed Advisory (GLOSA): it can offer substantial benefits for
traffic management and driver assistance by providing speed recommendations that
align with traffic signal phases. Some of these benefits include enhancing safety,
reducing energy consumption and emissions, minimising travel and idle times, and
promoting eco-friendly driving practices. However, it also poses challenges
associated with real-time traffic signal adjustments.

Traffic management of planned and unplanned events

o Traffic management of planned and unplanned events: The management of traffic
during planned and unplanned events focuses on minimising traffic delays and swiftly
restoring normal flow, leveraging the resilience of transport systems. While planned
events allow for pre-emptive mitigation strategies due to predictable impacts,
unplanned events require rapid, efficient collaboration among stakeholders to
manage their unexpected, often severe disruptions. Traffic management strategies,
underpinned by transport resilience, involve pre-incident planning and post-incident
response to preserve or restore network functionality. Implementing technologies
for prediction and real-time management, including machine learning and data
integration from diverse sources, plays a crucial role in proactively addressing non-
recurring traffic conditions. The main challenges, in this case, are related to data
accuracy, traveller information reliability, and the complexity of scene management.

Regarding Artificial Intelligence methods for optimising Transport Network Management, the
main conclusions obtained for each of the methodologies are the following:

Deliverable 5.1: Analysis of current and future mobility approaches in optimisation of Page 94 of 120
TNM

Copyright © 2023 by SYNCHROMODE Version: 1.0



&

SYNCHROMODE

Model-based Optimization: Model-based optimisation is recognised for its efficiency in exploring
complex solution spaces through predictive models, focusing efforts on promising outcomes while
conserving computational resources and time. This method is adaptable, allowing models to be
updated in response to environmental changes, thereby maintaining relevance and effectiveness.
The creation of these models often enhances understanding of the system's dynamics and
interrelationships, leading to robust solutions that can withstand environmental uncertainties.
However, the approach's success hinges on the model's accuracy, which is challenging to achieve
for complex systems. The computational costs can be significant, and the necessity for regular
model updates to reflect system changes poses additional challenges. Moreover, the reliance on
assumptions can compromise the optimisation's applicability in real-world scenarios if these
assumptions are incorrect. Despite these challenges, model-based optimisation offers substantial
benefits, including strategic resource use, adaptability, and a structured approach to managing
unpredictability, provided that the balance between model accuracy and system complexity is
effectively managed.

Reinforcement Learning: Reinforcement Learning (RL) is a rapidly growing area in artificial
intelligence with significant implications for Transport Network Optimization, characterised by its
adaptability and flexibility. It enables systems to learn from interactions within an environment,
optimising decision-making in complex, dynamic scenarios without explicit programming. RL is
particularly adept at handling uncertainty and making interconnected decisions, showcasing
versatility across a wide range of applications. However, it faces challenges such as sample
efficiency, requiring large amounts of data to learn effectively, and the exploration-exploitation
trade-off, which necessitates balancing between trying new actions and sticking with known
strategies. Designing appropriate reward functions, achieving efficient learning with sparse rewards,
generalising to new environments, and transfer learning are additional hurdles. Moreover, RL's
deployment raises safety and ethical considerations, while its computational complexity can limit
real-time or resource-constrained applications.

Learning-based model predictive control: It merges control theory with machine learning to
enhance adaptability and effectiveness in managing complex, dynamic systems. Unlike traditional
MPC, which depends on precise system models that are often difficult to obtain, learning-based
MPC utilises data-driven models to adjust to system changes and uncertainties, making it highly
applicable in real-world scenarios where models may not always be accurate. This approach is
particularly advantageous for controlling high-dimensional and nonlinear systems, such as robotics
and autonomous vehicles, where it can learn complex control strategies that are hard to achieve
analytically. Additionally, it adeptly balances safety constraints with performance optimisation,
which is essential in safety-critical applications. Despite these benefits, its application poses
significant challenges, including the need for extensive training data, ensuring safety during the
learning phase, exploring the control space without breaching safety constraints, and the
complexity of interpreting learned policies and guaranteeing theoretical properties such as system
stability and performance.

Generative Al applied to optimisation: The utilisation of generative Al techniques, such as GANs
and VAEs, for creating surrogate models presents significant benefits and challenges. These
methods enable efficient and cost-effective generation of synthetic samples, facilitating the rapid
creation of surrogate models without the need for expensive real-world experiments or simulations.
Generative Al excels in identifying patterns within training data, ensuring that surrogate models
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generalise well across diverse scenarios. This adaptability is particularly advantageous for
approximating complex systems and allows for continuous model improvement and focused
exploration of parameter spaces. Latent space transformation, a core feature of these techniques,
aids in producing diverse and informative samples, enhancing surrogate model training and
optimisation. However, the complexity of generative models demands careful tuning, and there is
a diverse set of challenges that still persist, such as ensuring sample diversity, avoiding model
collapse, and addressing the interpretability and generalisation of models. Ethical considerations
regarding biases in generated data and the computational demands of training also pose significant
hurdles. Despite these challenges, the potential of generative Al to revolutionise surrogate
optimisation is clear, provided that issues related to model training, data quality, and ethical
concerns are effectively addressed.

Finally, the selected optimisation problems to be addressed in the subsequent tasks of WP5 have
been the following: Integration of DRT with Public Transit modes, Freight on Transit, Optimization
of traffic management strategies in connected and automated environments and Automatic and
real-time recommendation of traffic management interventions. Below, we describe the main
advances beyond the state of the art we plan to accomplish in each of these problems:

Integration of DRT with Public Transit modes:

o Leverage advanced data analysis and demand forecasting models (developed in
WP3 and WP4) to utilise more realistic demand data for DRT services.

o Improve current optimisation models by expanding the objective function to
include societal impacts like emissions, broadening constraints for more accurate
results, and incorporating time-dependent travel models.

o Enhance the scalability of current optimisation methods via parallelisation and
High-Performance Computing, enabling the system to manage larger areas with
increased demand and vehicle fleets.

o Build a decision support tool by integrating the developed optimisation methods
and models with the Aimsun Ride transport simulator.

Freight on Transit:

o Develop of new optimisation models that factor in vehicle emissions and,
optionally, other external costs into the optimisation process.

o Creation of time-dependent PDVRPTW-SL models that reflect varying travel times
throughout the day to better account for peak and off-peak periods.

o Similar to the previous problem, the optimisation models and methods will be
integrated with the Aimsun Ride simulation software to create a decision support
tool.

o The optimisation and simulation analyses will leverage demand prediction
algorithms developed in WP3 and WP4, ensuring results that are both realistic and
scalable.

Optimisation of traffic management strategies in connected and automated environments:

o Joint analysis of the optimisation and use of three traffic management strategies:

social routing, GLOSA and TSP
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o Development of a multi-level framework that will optimise social routing at a
macro-level in a sequential way and GLOSA and TSP schemes at the lower or local
level.

o The framework developed will optimise not only system performance but also user
fairness, energy consumption, and environmental impact.

Automatic and real-time recommendation of traffic management interventions:

o Expand the development of traffic management recommendation systems at the
network level by employing Graph Neural Networks (GNNs)

o Use optimisation and simulation methods developed in work packages WP5 and
WP4 for data augmentation, aiming to cover a broader range of traffic conditions
and traffic management interventions.

o Analyse the trained recommendation models to extract insights about the actions
and interventions made by traffic managers that will help to enhance the reliability
and trustworthiness of the recommendation systems.
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