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Abstract  

This document presents a series of innovative intermodal concepts based on information sharing 
between air transport and other transport modes. The document starts with an analysis of the current 
policy context and intermodality trends. It then defines several coordination mechanisms between the 
ATM system and ground transport modes, as well as different innovative passenger information 
services. A literature review on the modelling of intermodal solutions and information services in then 
included, in order to discuss how the new proposed concepts could be modelled. Finally, it presents 
the specification of the TRANSIT case studies, which will be developed in the subsequent work 
packages.  
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1 Introduction 

1.1 Scope and objectives 

The objectives of the TRANSIT project are the following: 

1. Propose innovative intermodal transport solutions based on information sharing and 
coordinated decision-making between air transport and other transport modes.  

2. Develop multimodal KPIs to evaluate the quality and efficiency of the door-to-door passenger 
journey.  

3. Investigate new methods and algorithms for mobility data collection, fusion and analysis 
allowing a detailed reconstruction of the different stages of long-distance multimodal trips and 
the measurement of the new multimodal KPIs.  

4. Develop a modelling and simulation framework for the analysis of long-distance travel behaviour 
that allows a comprehensive assessment of intermodal solutions in terms of the proposed 
multimodal KPIs.  

5. Assess the expected impact of the proposed intermodal concepts and derive guidelines and 
recommendations for their practical development and implementation. 

Specifically, this document aims to: 

• propose a set of new intermodal concepts; 

• review the modelling of intermodal solutions and information services; 

• propose a set of case studies to test these new intermodal concepts 

The document is structured as follows: 

• Section 2 analyses the current policy context and intermodality trends.  

• Section 3 proposes a set of advanced coordination mechanisms based on information sharing 
between the ATM systems and grounds transport modes.  

• Section 4 defines a set of innovative passenger information services.  

• Section 5 discusses the modelling of intermodal solutions and information services.  

• Section 6 specifies the case studies that will be run to test these new intermodal concepts in the 
two evaluation scenarios foreseen by the project: Madrid-Spain and Paris-France. 

• Appendix I: 1st Stakeholder Workshop summarises the discussion and results of the first TRANSIT 
stakeholder workshop, which took place on the 11th of November 2020 and whose conclusions 
were used as an input for the preparation of this deliverable. 
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1.2 List of acronyms 

Acronym Definition 

ACO Ant Colony Optimisation 

ADS-B Automatic Dependent Surveillance–Broadcast 

AMAN Arrival Manager 

ANS Air Navigation Services 

ANR  Access-Node Routing  

ARES Airspace Reservation/Restriction 

ATC Air Traffic Control 

ATFM Air Traffic Flow Management 

ATM Air Traffic Management 

CDG Charles de Gaulle Airport 

CDM  Collaborative Decision Making 

COMAC Commercial Aircraft Corporation of China 

DFA Deterministic Finite Automaton 

DMAN Departure Manager 

D2D Door to Door 

D2K Door to Kerb 

EC European Commission 

EW Newark Airport 

FNDP Feeder Bus Network Design Problem 

GAs Genetic Algorithms 

FRA Frankfurt Airport 

JFK Fitzgerald Kennedy Airport 

LGA La Guardia Airport 

ICAO International Civil Aviation Organisation 

IoT Internet of Things 

K2G Kerb to Gate 

KPA Key Performance Areas 

KPI Key Performance Indicators 

NM Network Manager 

SA Simulated Annealing 

SDALT State Dependent ALT 

SES Single European Sky 

SESAR Single European Sky ATM Research 

SFO San Francisco Airport 
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Acronym Definition 

TS Tabu Search 

WCA Water Cycle Algorithm 

Table 1 - List of acronyms 
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2 Analysis of policy context and 
intermodality trends 

Long-distance journeys within Europe relies on air transportation system. Nevertheless, air trips are in 
practice impossible without multimodality. Multimodality could be defined as “the movement of 
passengers from door-to-door using a combination of different transport modes”. Indeed, reaching or 
leaving the airport is made by the use of cars, trains or public transports. In this context, we can 
introduce intermodality such as “the coordinated use of more than one transport mode in one trip”. 
Therefore, experiencing a seamless trip depends on a smooth and coordinated use of several 
transportation modes. This stems from information sharing between passengers and transportation 
actors but also between actors themselves in order to provide passengers with a consistent service. In 
the next years, passengers could expect to travel faster, safer and greener. The information availability 
for passengers and coordination mechanisms between transport modes will be essential to deal with 
passengers’ expectations, environmental issues and economic challenges. 

This section introduces an analysis of the ATM policy context and the intermodality trends and 
provides and insight on the evolution of the intermodal transport in Europe as a whole, the key factors 
driving its implementation, as well as the emerging technologies that are enabling and facilitating the 
widespread use of multiple modes for door-to-door long-distance trips. 

2.1 Factors that may influence the evolution of intermodal transport 
in Europe 

2.1.1 Growing demand for travel 

The growing trend of demand for travel over the last years lets foresee a saturation in transportation 
capacity (Figure 1). According to some studies, the demand in air transportation in 2040 may lead to a 
surplus of 1.5 million flights which could not be accommodated [1]. This congestion will lead to more 
delays and pressure on the transportation network.  
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Figure 1 - Passenger-Kilometres Performed Total Scheduled Traffic, 2009-2018. Source: ICAO 

 

In order to absorb this growing demand, transportation operators will have to adapt their offer to 
serve all passengers. However, increasing the capacity means facing safety and environmental issues 
that cannot be ignored. 

2.1.2 Green wave 

Environmental issues are one of the biggest challenges of the 21st century, and transport represents 
the second source of CO2 emissions (Figure 2).  
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Figure 2 - CO2 emission by sector from 1990 to 2018. Source: IEA 

Within the transportation system, road transport (personal and freight vehicles) is the main 
greenhouse gas producer, followed by air and maritime transport. More and more, people get 
concerned about environmental issues. Alternative green transportation services have increased all 
over Europe through the emergence of carpooling apps, electric scooters, bicycle sharing systems or 
the construction of clean public transportation lanes in big cities. People start to shift from their 
unimodal transportation operated by their personal vehicle to “greener” multimodal transportation 
and therefore reduce traffic congestion. This trend is growing in urban mobility, but the aviation 
system is also affected by the green wave.  

 

Figure 3 - Greenhouse gas emission by transportation means. Source: European Environment Agency (EEA) 
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As an example, the anti-flying #Flygskam movement (“flight shame”), which started in Sweden in 2018, 
has had a deep impact on the Swedish Air Traffic. The idea was to encourage people to stop taking 
flights in order to lower carbon emission. This movement resulted in a reduction of domestic flights 
and in an increase of rail travel inside the country. In addition to people’s initiatives, governments tend 
to reduce transportation emissions by encouraging people to take the train for short distances 
(<1000km), using public transportation and discouraging the purchasing of pollutant vehicles with 
higher taxes. However, air travel remains the fastest transportation mode for long-distance trips or to 
cross natural barriers (mountains, sea…) and integrating new mobility services (e.g., by offering a 
luggage service to allow passengers using public transport more comfortably or carpooling to reduce 
parking fare) is an opportunity for air transport stakeholders to offer passengers a reliable and 
seamless journey.  

2.1.3 Data accessibility 

Intermodality needs to be enabled by the accessibility to transportation data. The development of 
mobility apps (Moovit, Urbi, Moove, …) lets people have a better knowledge of their available options 
depending on cost, travel time, etc. Moreover, the advent of integrated tickets (which offer the 
possibility to travel, for example, by plane and train with a single ticket) may also favour multimodality. 
Some airlines already offer this option, such as KLM and AIR-Transat, for which passengers may book 
a flight and a train with an integrated ticket.  

2.1.4 COVID-19 pandemic 

The COVID-19 pandemic is an unprecedented crisis in aviation history. Travel restrictions, lockdowns 
and flight suspension have led to the largest decrease in number of passengers that the aviation sector 
has ever faced. 

 

Figure 4 - Evolution of the passenger traffic evolution in the world. Source: ICAO Air Transport Reporting 
Form A and A-S plus ICAO estimates 
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The drop in passenger traffic illustrated in Figure 4 brings about economic challenges for airlines, which 
directly suffer from the closure of borders, but will also have to face the looming economic crisis. The 
decrease of household purchasing power, the spending reduction of companies and the generalisation 
of teleworking may significantly reduce and change air travel demand. Indeed, business class, which 
represents up to a third of airlines revenues for only 10% of passengers, may be seriously affected by 
the spreading of teleworking and the budgetary restrictions of companies. Some airlines such as Virgin 
Atlantic or Thai Airways are now facing bankruptcy and debt restructuring. The COVID-19 crisis may 
lead to a global restructuring of the air transportation system with disappearing or buyout of weakest 
airlines, workforce reduction and government support plans (nationalisation, bailouts, etc..). 

Moreover, airports and airlines must adapt their operations in order to reduce the risk of 
contamination: measures such as mandatory PCR tests before take-off, social distancing and cleaning 
and disinfecting may significantly increase the processing time at the airport. Even in the case of air 
travel demand going back to its previous level (which is already the case in China, as presented in 
Figure 5), these additional constraints will affect the flow capacity at airports and aircraft.  

Finally, the COVID-19 worldwide fast spreading highlights the role of aviation in virus propagation. Hub 
airports are crossing places for thousands of people where the risk of contamination is high. 
Consequently, we may see people who avoid these areas by switching from hub-and-spoke to a more 
“point-to-point” scheme. 

 

Figure 5 - Global scheduled flights change 2020-over-2019. Source: OAG schedules analyser. 

 

2.2 Evolution of intermodal transport in Europe 

2.2.1 Authorities’ investment in transportation 

The European long-term vision for aviation described in the report “Flightpath 2050- Europe’s vision 
for aviation” [2] is to maintain a global leadership and meet societal and market needs while protecting 
the environment. “In 2050, passenger experience is paramount”. Such a new trend stresses the 
growing awareness of the importance of passenger experience inside the transportation system. One 
of the main objectives is defined as follows: “90% of travellers within Europe are able to complete their 
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journey, door-to-door within 4 hours. Passengers and freight are able to transfer seamlessly between 
transport modes to reach the final destination smoothly, predictably and on-time”. In this context, 
Europe heads for a resilient, seamless and efficient intermodal system with high-speed communication 
to ensure passengers a continuous journey.  

Some projects are currently running to improve the transportation supply. For example, the Grand 
Paris Express project presented in Figure 6 aims to increase the accessibility of the centre while 
reducing pollution and traffic jam. The future network will connect peripheral municipalities to 
business centres but also to airports and train stations.  

 

 

Figure 6 - Grand Paris Express Project. Source: Société du Grand Paris. 

 

Moreover, government, encourage more and more people to use ‘soft’ transportation modes: cycling, 
walking, roller-skating etc… in order to reduce congestion and pollution. Cities invest in this new 
mobility by building “green lane” for buses and bicycles in order to encourage people to be more 
‘multimodal’ and drop their car.  
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2.2.2 Opening of competition 

The opening of competition among operators could significantly improve passengers’ intermodal 
experience. Indeed, historical operators might lose their total control of the supply and therefore will 
have to improve their customer-oriented services in order to keep attracting passengers. For example, 
in France, people are reluctant to take the train because of its weak reliability. Fair competition may 
encourage companies to offer passengers the best transportation service and to build a trust 
relationship between them.  Moreover, competition induce a price drop and therefore in the end, 
multimodality could be more attractive than using its personal vehicle. 

Competition might also appear in next years in the air sector with the emergence of COMAC 
(Commercial Aircraft Corporation of China), which is likely to have a strong impact on air transportation 
in Europe. Indeed, this new manufacturer is willing to sell in Europe a medium range aircraft called 
C919 (Figure 7) starting in 2021, in order to compete with Airbus 320 and Boeing 737.  

 

Figure 7 - Aircraft C919 of COMAC 

 

2.2.3 Feeder flights removal 

Environmental policy tends to reduce transportation pollution and some countries have decided to 
remove feeder flights (short-distance flights used to bring passengers to hub airports where they can 
catch long-distance flights). For instance, in France, government stated that flight which could be 
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operated by trains in less than 2h30 should be removed. Passengers would then have to take a train 
before their long flight. Then a better coordination between trains and flights could be expected. 
Moreover, the removal of these short flights in hub airports should increase their capacity by releasing 
some slots for long distance flights. 

 

2.3 Emerging technologies 

2.3.1 Data release 

The emergence of new technologies allows passengers to be more confident about multimodality. The 
increase of real-time data sources, such as FlightRadar24, as well as communication from 
transportation companies through social networks (Twitter or Facebook), provides passengers with 
accurate information on their transportation modes. This makes multimodality easier for passengers, 
who can plan their trips in advance and adapt them in real-time in case of disruptive events. Data 
collected through mobile devices and IoT (Internet of Things) systems are also useful for operators to 
gain insights on passenger behaviour and design new passenger-oriented metrics to evaluate the 
performance of the global transportation system. 

 

2.3.2 Technological advances 

At the same time, new technologies are changing the classical vision of transportation. Over the past 
few years, the transportation system has been altered with the emergence of ride sharing apps. 
Platforms such as Blablacar or CarFly (an application launched in 2017 that aims to connect passengers 
taking the same flight in order to enable them to use ride-sharing to reach or leave the airport) are 
now competing with public transportation or even air transport on short distance trips. Emerging 
means of ground transportation could also have a deep impact on the global transportation system 
structure. For example, even though it still raises many unanswered questions, the hyperloop project 
launched by Elon Musk (see Figure 8) would make passengers travel at hypersonic speed thanks to a 
system of tubes with low air pressure, in a range of 1,500km. This system would be faster than the 
train while being much more energy efficient than aircraft.  
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Figure 8 - The Hyperloop project of encapsulated transportation of humans (Source: 
http://www.dailymail.co.uk/sciencetech/article-2912170/LA-San-Francisco-half-hour-moves- closer-Elon-

Musk-reveals-plans-Hyperloop-test-track-Texas.html) 

At airport level, emerging new technologies are also likely to reduce the processing time of passengers 
at departure and arrival airports. As an example, biometrics identification systems are already 
implemented in several airports, like the Automated EasyPASS border checks at Frankfurt Airport 
which lets passengers clear border checks faster. The development of end-to-end touchless technology 
might grow rapidly, especially with the COVID-19 crisis. The generalisation of such systems in European 
airports would help reach the Flightpath 2050 goal of 4 hours door-to-door travel.  

Finally, the improvement of Internet connectivity with 5G deployment is also likely to have an impact 
on passenger behaviour. Due to COVID-19, most business trips have already been replaced by 
videoconference and teleworking. After the post-COVID crisis, 5G is likely to encourage companies to 
keep increasing the use of videoconference while reducing business trips and may badly impact the air 
transportation system. 

 

2.3.3 Mobility-as-a-Service 

The emergence of new apps with real-time information (Google Maps, Moovit, Citymapper, etc) 
enables people to have a clear vision of the system state. Indeed, combined multiple transportation 
modes may appear uncertain or unreliable. Thus, the development of accessibility to information, at 
the planning scale but also in real-time, is an essential point to “transfer seamlessly between transport 
modes” and increase the confidence of passengers in the transportation system. 

 

http://www.dailymail.co.uk/sciencetech/article-2912170/LA-San-Francisco-half-hour-moves-%20closer-Elon-Musk-reveals-plans-Hyperloop-test-track-Texas.html
http://www.dailymail.co.uk/sciencetech/article-2912170/LA-San-Francisco-half-hour-moves-%20closer-Elon-Musk-reveals-plans-Hyperloop-test-track-Texas.html
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2.4 Societal attitudes towards long-distance travel 

2.4.1 The importance of the value of time 

Each unit of time is valuable and perceived differently depending on the activity running. Especially, 
time spent on transport is considered by users as a loss of time. Numerous transfers, waiting time, and 
uncertainties have a higher value of time than in-vehicle times. Indeed, waiting minutes could be 
perceived by passengers as twice the in-vehicle time [3]. In order to shift from the usual road mono-
mode to a greener multi-mode trip, transportation operators must ensure seamless and reliable trips 
to make intermodality attractive. 

 

2.4.2 Social attitudes 

Over the past few years, the performance of the transportation system was assessed by means of 
transport-centric metrics. The idea that the passenger experience could appear as a good indicator of 
the system performance was slowly arising but has become clearer with the COVID-19 crisis: without 
demand, the overall transportation system collapsed. Thus, the societal attitude towards the 
transportation system is an essential parameter to ensure its sustainability. Today, people’s sentiments 
begin to be considered by transportation stakeholders and are at the centre of transportation system 
challenges.  

The green wave actions, such as #Flygskam, aviation bashing or the recent demonstration at Paris-CDG 
airport to protest against the airport expansion project, tend to reduce air traffic and long-distance 
travel. Secondly, the pandemic curbs long-distance travel demand. Indeed, with uncertainties about 
the evolution of the world health situation and the risk of lockdowns, people are cautious and prefer 
to travel inside their borders. Moreover, the risk of contamination inside aircraft and hub airports, 
coupled with the heavy process to respect social distancing, discourages some people to take 
long-distance flights. 

This unwillingness to travel is also easier to share for people since the explosion of social media. More 
and more passenger experiences are shared on Twitter [4]. Social actions, new trends and information 
arise on social networks and propagate faster than ever around the world. The transportation system 
must be aware of people’s minds and not neglect these data in order to fit the passengers’ 
expectations and adapt its offer. 
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3 Definition of coordination mechanisms 
between the ATM system and ground 
transport modes 

This section describes a set of innovative coordination mechanisms at tactical and strategic level 
between ATM and ground transportation systems that could be explored. These mechanisms relate to 
the system stakeholders (ATM, airlines, railway operators, public transportation) which interact with 
each other at different scales (from urban to international scale). While information sharing may allow 
them to better adapt their connections, this bilateral transparency may also be useful for passengers, 
who are the final users of this complex system. 

3.1 Definition of coordination mechanisms at strategic level 

In this section, we present a number strategic coordination mechanisms between ATM and ground 
transportation systems that refer to long-term scheduling (months, weeks in advance). These 
mechanisms are summarised in Figure 9. 

 

Figure 9 – Coordination mechanisms at strategic level 
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3.1.1 Long-distance coordination mechanisms at strategic level 

An efficient transportation system must meet the needs of its users. A better knowledge of the actual 
behaviour of passengers is essential to provide them with reliable, safe, and suitable transportation 
services. This can be achieved through an improvement of the existing information sharing schemes. 

Identification of origin-destination demand 

All passengers rely on several transportation modes articulated around their flights to perform their 
journey from door to door. While many passengers opt for on-demand services, such as taxi, 
ride-hailing and, possibly, future urban air mobility services, most rely on scheduled transportation 
services, such as trains and light rail, as well as on the use of private vehicles. Identifying the scheduled 
multimodal patterns of air passengers provides an initial “state of the system”. Feasibility of such an 
identification task is supported by prior research. For example, cell phone positioning data has been 
successfully validated against traditional data available from the US air transportation system, such as 
airport congestion, air traffic delays, irregular operations, and passenger transit time [5]. Moreover, 
this data also contains detailed information about the ground transportation part of the passenger 
journey. Figure 10 illustrates this claim by revealing the “ground transportation reach” of New York’s 
main airports, Newark (EWN), John Fitzgerald Kennedy (JFK), and La Guardia (LGA) airports. The black 
circles indicate the locations of cell phones that were used during a flight into or out of any of these 
three airports. LGA and JFK airports serve some radius in the east and north directions, in particular 
Long Island. However, EWR serves a much broader area south, including passengers going/coming 
from as far as Philadelphia and Wilmington, PA, west as far as Allentown, PA, north as far as Albany, 
NY, and East as far as Providence, RI and Hartford, CT. Unlike LGA and JFK, EWR serves almost no 
passengers in Long Island, thus indicating a geographical partition of New-York passengers. The 
highway system seems to be playing an important role here, with zip codes lined up along highways to 
the airports showing up distinctly. However, the striking difference between EWR and JFK/LGA relates 
to the presence of another transit system opposed to the highway system: the public transit system, 
of interest to our study. As it happens, EWR has a direct stop on two different regional trains connected 
to the centre of Manhattan, whereas JFK and LGA are much harder to access, requiring connecting 
trains and/or buses.  
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Figure 10 - Ground connectivity of the three major New-York airports. The connectivity of Newark airport 
(EWN) goes farther than that of John Fitzgerald Kennedy airport (JFK) or La Guardia airport (LGA), due in part 

to its excellent connectivity to the rail system. Note, however, that EWN hardly serves any Long Island 
resident, thus indicating a strong geographical partitioning of airport clientele. European airports such as 

Frankfurt (FRA) or Charles de Gaulle (CDG) are expected to follow the same patterns. (Source: [5]) 

The use of mobile phone records for estimating the catchment areas of airports has been also exploited 
in Europe. This type of analysis has revealed the differences between accessibility to airports and 
high-speed train stations in corridors where there is competition between both modes ( [6]) and has 
also shed light on the access and egress mode used in combination to the flight to complete the whole 
trip ( [7]). Mobile phone data can be complemented with other data sources such as passenger 
statistics, parking data or passenger surveys. Data sharing among different stakeholders can therefore 
enrich these analyses. 

Having a better knowledge of passengers is valuable for the transportation system which can adapt its 
offer by proposing consistent choices. The table below summarises the data that can be leveraged for 
this analysis. 

Stakeholders Airlines, Tour operators 

Input Data 
Passenger click stream (coupled with IP address), mobile phone 

passenger tracking historical data, passenger profiles 

Decision Variables Estimated door to door demand 

Constraints Transportation network constraints 

Objective Minimise the demand prediction error 

Table 2 - Identification of origin-destination demand problem  
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Gate and apron assignment  

At the airport, boarding and deboarding occurs at gates or aprons that are allocated by airports (UE) 
or airlines (US) for each flight (see Figure 11). This allocation is done by identifying statistically 
significant flights that may have frequent connecting passengers. Data sharing by ground 
transportation companies may help airlines identify passengers coming to the airport by trains or other 
scheduled transportation modalities and then provide this information to the managers of airport 
departure operations, especially those in charge of optimising gate allocation, to minimise passengers’ 
connection time. Likewise, informing airport ground operation teams with train connections of arriving 
passengers may be factored into arrival gate optimisation. Extracting historical gate allocation data 
and train schedules from published information by airport, airlines, and rail service providers allows 
analysts to provide decision-makers with estimates of the impact of such optimised operations on 
passenger experience. The resulting analyses necessarily include other factors currently accounted for 
in airport airside operations, including fairness requirements when several airlines and ground 
operators are involved. This mechanism can be part of the coordination between feeder trains and 
flights, in a similar fashion to the current coordination mechanisms between connecting flights.  

 

Figure 11 - Gate assignment for passengers connecting with ground transportation system (Source: [8]) 

Input Data 
Historical gate allocation, train schedules, flight schedules, passenger 

connection information 

Decision Variables Gate assignment 

Constraints Gate capacity 

Objective 
Minimise transfer time from ground transportation terminal to gate and 

gate to ground transportation terminal. 

Table 3 - Gate assignment optimisation problem 
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Air-rail timetable synchronisation  

Based on the overall traffic demand in both the aircraft network and the rail network, timetables are 
established for trains and aircraft in order to adapt capacity to the corresponding demand. Limited 
railroad / air transportation schedule coordination efforts exist wherever airports are co-located with 
a large railway station, but this area deserves further investigation, including when train departure and 
arrivals and airports are not co-located. More attractive schedules could be developed that include 
one or multiple performance criteria, such as connection robustness, connection transfer time, etc. 
Such optimisation processes may have to consider intra-mode synchronisation schemes that optimise 
individual transportation modes. For instance, if the arrival time of an aircraft is changed in order to 
maximise the synchronisation with a train, the impact of this change on connecting aircraft must also 
be considered. This synchronisation optimisation process must also be done jointly with the frequency 
optimisation of the transportation modes used for connecting airports to the railway stations. Based 
on the optimised timetable of trains and aircraft, such optimisation process aims at adapting the 
ground transportation mode frequencies (light rail, bus, regional and national trains...) to provide 
passengers with robust and efficient transfers between airports and railways stations. Link and node 
capacity constraints must also be considered in order to avoid congestion in the ground transportation 
system. A synopsis is shown in Figure 12 that illustrates the foregoing needs. 

 

Figure 12 - Timetable synchronisation between several transportation modes minimises slack time between 
transportation modalities and optimises robustness against modal and transfer time disruptions. 

In this figure, three transportation modes are considered with their own schedules. The left column 
identifies the arrivals and the right one the departures. The lines between such columns correspond 
to the intra-mode connection. By considering transfer time (including holding time), it is possible to 
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synchronise transportation modes at the strategic level for transportation actors to optimise a global 
efficiency objective (e.g., average or worst-case passenger journey duration). The red line on the figure 
represents journeys of passengers connecting origin O to destination D. The necessity to arrange 
smooth journeys for a large number of passengers is reminiscent of the classical “green wave” design 
problem in urban traffic optimisation, whereby as many drivers as possible must only meet green lights 
during transit [9]. 

Such multimodal transportation schedule optimisation, where multiple, possibly independent business 
entities with differing objectives must interact, may borrow from the distributed optimisation 
literature and practice to implement convergent and easy-to maintain strategies in a decentralised 
fashion ( [10], [11]). The challenge is then to determine the minimal information that each entity must 
share to enable such a distributed optimisation scheme. Traditional approaches to the solution of such 
problems rely on nonlinear variants of the Dantzig-Wolfe decomposition and other primal-dual 
approaches to distributed optimisation. 

Input Data OD demand (door to door), initial transportation mode schedules 

Decision Variables Transportation mode schedules 

Constraints Capacity, airport opening/closing time 

Objective Maximise inter/intra mode connections (robustness, shortest time, etc...) 

Table 4 - The aircraft/train timetable synchronisation optimisation problem 

Actual time estimation  

Collecting historical mobile phone and GPS data (FlightRadar24, SNCF) on flights or trains make it 
possible to identify their actual arrival time distributions [12]. For instance, the arrival time distribution 
of shuttle flights into SFO may be statistically very different from scheduled arrival times, due to 
uncertainty about San Francisco fog evaporation. Likewise, air traffic congestion may force an arriving 
flight to enter a holding pattern or a ground delay program. Such congestion management procedures 
usually result in delayed actual arrival time relative to scheduled arrival time. This analysis could be 
extended to rail transportation, which is also subject to delays. Estimating the actual transit time is 
helpful in order to engineer a resilient door-to-door journey schedule. The sharing of such information 
between ATM and ground transportation would let stakeholders adapt their schedules (for instance 
flights/train connections) to minimise missed connections between them. This work could also be used 
to gain insights on delays factors. 

Input Data Historical scheduled flight times/ train journey times and real travel times 
(source: FlightRadar24, SNCF.com, mobile devices) 

Decision Variables Probability density function parameters (mean, variance) 

Constraints Physics of the system (e.g., flight time > 0) 

Objective Minimise prediction error 

Output Flight/Train delay probability distribution function 

Table 5 - Actual travel time estimation optimisation problem 
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Integrated ticketing  

One of the benefits of better information coordination between ground transport and the ATM system 
is the plausibility of ticket integration between rail (maybe also other modes) and air transport. This 
mechanism comes in addition to other solutions presented in this document (e.g., gate and apron 
assignment optimisation) to achieve a seamless journey where the use of feeder trains or buses has 
no differences with the current integration schemes between feeder and long-haul flights. Integrated 
ticketing is regarded by passengers as a “journey guarantee” in a multimodal system between ground 
and air modes [13]. However, it entails several adoption barriers for the involved organisations, such 
as technological challenges for integrating all the booking systems or commercial aspects since a 
reduction in the ticket price is expected by passengers. 

Input Data OD demand (door to door), initial transportation mode fares and 
schedules 

Decision Variables Transportation mode integrated fares and ticket conditions 

Constraints Revenues 

Objective Maximise attractiveness of the intermodal option through integrated 
ticketing without compromising operators’ revenues 

Table 5 - Integrated ticketing optimisation problem 

3.1.2 Short-distance coordination mechanisms at strategic level 

3.1.2.1 Urban scope 

Resilient urban transport network 

Urban transportation networks are composed of a set of transportation sub-networks (road network, 
train network, subway network, bikeway network, etc.) that connect airports to airports (in a given 
city) and airports to railway stations. Such sub-networks can be modelled by a set of graphs, as 
illustrated in Figure 13. 

 

Figure 13 - Urban subnetworks (road, train, subway, bikeway, etc.) 
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In this figure, three transportation networks (one for each mode) share a given area and usually do not 
interact together. In case of a link disruption (for instance RER B line connecting Paris to CDG stops) or 
a node disruption (a major subway station is closing due to a terrorist attack), the urban transportation 
network may undergo strong congestion at some locations. This phenomenon reveals that network 
flow assignment must be improved from the robustness point of view. Information sharing about the 
current congestion on each of such sub-networks could help improve the overall performance of the 
transportation system. At strategic level one must design robust flow assignment to reduce the impact 
of potential disruption in the network based on information sharing between transportation modes. 
From the transportation network theory, there are already some metrics helping measuring node (link) 
robustness ( [14], [15], [16], [17], [18]). A relevant example is the graph Laplacian associated with the 
Fieldler vector.  

Input Data Passenger demand on the network 

Decision Variables Passenger flow on each link of the network 

Constraints Train/buses/subway maximum frequency, capacity 

Objective Minimise passengers’ delays in case of disruptive event 

Table 6 - Robust urban assignment optimisation problem 

Urban public transport frequencies  

In addition to establishing a robust assignment, ground stakeholders may vary transportation 
frequencies. Information sharing between ATM, airlines and the urban public transportation system 
may allow the latter to adapt frequencies, especially on lines connecting airports to the city centre. 
Indeed, a more accurate knowledge of the air transportation system may facilitate a better frequency 
adaptation to the aircraft flows (arrival flow or departure flow). 

Input Data Passenger demand on the network (linked with flights schedules) 

Decision Variables Public transportations frequencies 

Constraints Transportation capacity, maximum frequencies 

Objective Minimising passengers waiting time 

Table 7 - Urban public transport frequencies optimisation problem 

Transfer / connection time robustness  

Travel time is often understood as “Gate-to-Gate” or “Railroad station to Railroad station” transit 
duration, exclusive of any other concern. However, modal transit durations have been shown to be 
poor predictors of door-to-door passenger transit duration. As illustrated in Figure 14, computing 
door-to-door trip duration requires computing not only the foregoing times, but also the time needed 
to reach the airport or the train station (in connection or not), the time spent at the departure airport 
(check-in, security…) and the time needed to transit from the arrival airport to the final destination 
that relies on other modalities as well. 
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Figure 14 - Door-to-door travel time decomposition (Source: [19]) 

Not only are such times/durations essential in the computation of the passenger total journey, but 
they also are the source of many uncertainties that make or break the journey. Using mobile phone 
and GPS data, an estimation of the time necessary to manage connections (walking, riding or driving) 
can be extracted from historical data. For example, a connection between two airports operated by 
car is subject to traffic jams. Consequently, the time to connect two airports may significantly vary 
from one time to another (congestion, accidents, etc.). Likewise, a non-robust connection time will 
increase the risk of missing it. Figure 15 illustrates two connection distributions times, initially 
scheduled to take 70 minutes. In the blue case, passengers succeeded in making this transfer below 
this time limit. However, the orange case illustrates a vulnerable connection subject to disruption, 
where several passengers do not get their flights (or trains). An analysis of the distribution of these 
ground transfer/connection times shared with the ATM may help them to determine if a connection 
is reliable or not and how to adapt their schedules to guarantee robustness. The proper long-term 
planning framework to handle such uncertainties may include robust and stochastic optimisation 
algorithms.  

 

Figure 15 - Example of the distribution of two connection times initially scheduled for 70 min. 
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This analysis would also benefit passengers by providing them with additional accurate information on 
their trip and may impact their choices of transfer mode or let them reconsider their connection 
schedule. 

Input Data Historical time for passengers to make the connection/transfer, historical 
flights schedules, train/subway/buses schedules 

Decision Variables Transfer time probability density function parameters (mean, variance) 

Constraints Physics of the system (e.g., travel time > 0) 

Objective Transfer time probability distribution function 

Table 8 - Robustness in transfer/connection time estimation problem 

3.1.2.2 Regional scope (travel distance <1000km) 

Resilient regional transport network 

For trips shorter than 1,000 km, sometimes one has some alternatives for choosing the transportation 
modes connecting a given origin-destination pair among a set of options (train, airlines, buses 
companies...). These transportation modes are organised into networks which share connecting nodes 
(train network, airlines network, buses network, roads, etc.) as illustrated in Figure 16. When such 
transportation networks are able to share information, it helps to design robust trip assignments in 
order to be able to propose efficient alternatives for carrying passengers from their origin to their 
destinations in case of disruption. To reach this goal, mode transfer optimisation algorithms have to 
be designed to efficiently mitigate potential network disruption (node, or link) [16].  

 

Figure 16 - Illustration of a transportation network at regional scale (<1000km) 
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Input Data Passenger demand on the network, train/flight schedules 

Decision Variables Passenger flow on each link of the network 

Constraints Train/buses/subway maximum frequency, capacity 

Objective Minimise passengers’ delays in case of disruptive event 

Table 9 - Resilient regional transport network optimisation problem 

Mode sharing allocation  

Better sharing of information between ATM and the ground transportation system may allow them to 
jointly establish a global service to passengers. As an example, European policies and government 
guidelines suggest replacing short-haul flights by high-speed trains. This initiative should be considered 
as an opportunity for airlines and railway companies to cooperate by jointly optimising the services 
provided to passengers. Optimisation algorithms might help them design their offer by assigning 
efficiently passenger flows to networks. A replacement of short-distance flight by trains may alleviate 
airport congestion, reducing cost of delays for airlines, and at the same time, allow railway companies 
to be more competitive on these routes ( [20], [21]) 

Input Data Flight/Train cost, airport capacity, passenger demand on short-distance 
flight 

Decision Variables Train/flight schedules 

Constraints Train/flight capacities, frequencies, fairness between stakeholders 

Objective Minimise passengers delays in case of disruptive event 

Table 10 - Mode share allocation optimisation problem 

3.1.3 A more futuristic view 

Some other processes may be investigated by taking into account more “futuristic” technologies, 
which might appear in the next few years. Indeed, unmanned vehicles are now integrating our lives, 
such as Amazon delivery drones or, more recently, the final testing phase of Volocopter air taxis in 
Pontoise airport. These examples invite us to reconsider our vision of mobility and leveraging them 
might be relevant in terms of multimodality coordination. Intuitively, these mechanisms could be used 
for transferring passengers between city centres and airports in order to avoid traffic jams. These 
systems could also be used for carrying luggage directly to/from the airport in order to save significant 
time at the airport (check-in time: between 30 min and 1 hour following the guidelines given at Charles 
de Gaulle airport). Thus, one can think of a luggage service through the use of unmanned ground 
vehicles. These vehicles would carry luggage from home to the airport during the evening before the 
flight and allow passengers to save time on its door-to-door travel. Moreover, allowing passengers to 
travel without carrying luggage could help reduce traffic congestion by using alternative transportation 
means (bicycle sharing system, scooter sharing system, etc...) which are less subject to traffic jams. 
The same process could be considered for the travel from the arrival airport to home and thus saving 
the waiting time at the baggage claim area. 
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3.2 Definition of coordination mechanisms at tactical level 

In this section, new coordination mechanisms between the ATM system and ground transportation 
system are explored at the tactical level, which refers to real-time planning. Long-distance and 
short-distance coordination mechanisms are analysed. At these two scales, we try to identify the 
benefits that could be obtained. Figure 17 shows the selected concepts. 

 

Figure 17 - Coordination mechanisms at tactical level 

3.2.1 Long-distance coordination mechanisms at tactical level 

3.2.1.1 Information sharing from ground to ATM 

DMAN/AMAN/XMAN  

At the airport, tactical aircraft flows are controlled by ATC tools that regulate aircraft in order to adapt 
the demand to the current available capacity. This regulation process brings together two “building 
blocks”, the departure manager (DMAN) and the arrival manager (AMAN) or its extended version, 
called E-AMAN. The DMAN assigns departure runways and departure delays to aircraft according to 
departure runways pressure, accounting for the assigned slot allocation given by the Network Manager 
(NM). The AMAN (or the E-AMAN) assigns arrival runways, speed and Mach number regulations to 
arriving aircraft in order to organise the arrival flow. From the ground side point of view, airports are 
fed by several ground transportation means like train, subway, car, buses etc., creating other arriving 
and departing flows of passengers. Such connection scheme is summarised in Figure 18. 
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Figure 18 - Connection scheme between landside and airside at the airport 

In the case of passenger flow disruptions, information sharing between ground transportation modes 
(referred as “the landside”) and air transportation (referred as “the airside”) could significantly 
alleviate deleterious effects. Examples of such information could include real-time subway 
frequencies, train delays, and road traffic throughput. A detailed case study could include airside 
adaptation to landside traffic perturbations. For example, let us assume that the incoming passenger 
flow arriving at the airport is strongly reduced because of a large disruption of ground traffic. DMAN, 
AMAN and E-AMAN could be used to maximise gate holds for departing aircraft, allowing them to 
“recover” as many delayed passengers as possible. Such decision making would be coordinated with 
airlines in order to take into account other aircraft connections and avoid the high cost of 
airport-stranded passengers, who need to be provided with hotel amenities, reimbursements, and 
rebooking. Actions on DMAN and AMAN would also require collaboration with the Network Manager 
for the modified traffic to still meet airspace constraints. It is worth noting that increased passenger 
position granularity automatically improves the quality of the DMAN, AMAN (E-AMAN) decisions by 
assigning delay to individual aircraft based on the requests of the airlines (who would now know the 
individual locations of their passengers) instead of controlling flows of aircraft. This information might 
be obtained directly from ground transportation companies (e.g., SNCF might trigger an alarm to 
inform CDG that a TGV is delayed), or with an estimate of the time to reach the airport. Under optimal 
conditions, rail operators could share passenger identities with airlines in order to target which aircraft 
have to be maintained at the gate. Information on current traffic jams (exceptional events) might also 
be useful for ATM to regulate aircraft flow. 

Input Data Ground transportation users flows into the airport, departure schedule, 
airline connection schedule 

Decision Variables Departure delay (DMAN), Mach clearance (AMAN) 

Constraints Gate occupancy constraint, AMAN and NM constraints, boarding time 
constraints 

Objective Minimise missed passenger boarding and missed connections 

Table 11 - DMAN/AMAN optimisation problem 
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Security checkpoints  

Security checkpoints inside the airport can be a source of delay, especially when a large number of 
passengers arrive simultaneously at these checkpoints [22]. Estimating in real time the time spent by 
passengers through security could be useful for the ATM system and also for passengers. This time 
could be estimated thanks to the use of Wi-Fi and Bluetooth data inside the airport [23]. If the 
estimated time is higher than expected during the departure process, the ATM system could act on 
the DMAN by assigning delays to individual aircraft, especially if this time estimation is linked to the 
flight of each passenger inside the queuing process. This data can be extracted by scanning flight tickets 
of each passenger at the starting point of the security process. Moreover, sharing this information 
online in real time could help passengers to update their departure time from home, reducing the risk 
of missing their flight. The same process could be done at the arrival to estimate the time spent at the 
immigration control. Figure 19 illustrates the arrival process data flow. 

 

Figure 19 - Arrival process data flow (Source: [24]) 

The estimation of the processing time at security checkpoints at departure and arrival could be helpful 
for the human resources management inside the airport to select the number of agents needed in the 
security process and also to set up a guidance service for passengers in order to reduce the travel time 
to reach the gate or to get a train connection. 

Input Data Passenger flow arriving at the airport, flight schedules 

Decision Variables Processing time probability density function parameter (mean, variance) 

Constraints Physics of the system (t>0) 

Objective Minimise processing time estimation error 

Table 12 - Security checkpoints processing time estimation problem 

Input Data  Estimation of the time spent through the security process 

Decision Variables Number of staff member required at security process, implementation of 
a guidance service for passengers as needed 

Constraints Number of employees, budget 

Objective Minimise time spent by passenger to reach its gate (security process + 
travel time to the gate) or to leave the airport (immigration process + 

travel time to leave the airport) 

Table 13 - PIF/PAF staff optimisation and guidance service 
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Passenger rebooking to other transport modes 

Airlines have accurate information about passengers that must be connected at a given airport. On the 
other hand, they have limited data about the current status of passengers that have to board from the 
city where a given airport is located. As for the tactical DMAN and AMAN (E-AMAN) optimisation, if 
airlines could have information from the ground about the current location of their passengers, they 
would be able to optimise passenger sharing with other airlines in order to maximise the aircraft 
loading rate and propose backup solutions to passengers who are delayed. For instance, passengers 
blocked in traffic jams around the airport could then be informed as early as possible about solutions 
proposed by the airlines. An airline would propose alternative flight options to passengers and would 
collaborate with other airlines in order to maximise the aircraft loading or to avoid waiting for 
passengers. Microscopic collaborative decision making (CDM) would be beneficial for both passengers 
and airlines and could be implemented by means of new apps. The process is summarised in Figure 20. 

 

Figure 20 - Passenger sharing in CDM process 

This concept could be also extended to some other transportation modes (train) if passengers fly short 
distances [25]. Rail companies could also propose such alternatives to shift from train to aircraft, in the 
case of disruption or big delay on the railway system. Like for the DMAN and AMAN (E-MAN) 
optimisation, such collaborative decision-making process between airlines and passengers has to take 
into account ATM constraints like slot allocation, gate occupation, runway pressure, etc.  Fairness 
between airlines must also be taken into account in this process. 

Input Data Passenger current location and their initial associated flight  

Decision Variables Passenger assignment to a mode (initial flight or another flight/train) 

Constraints Slot time, aircraft capacities, fairness between airlines, gate occupation 

Objective Maximise average aircraft loading and minimise passengers waiting time 

Table 14 - Passenger rebooking to other transport modes problem optimisation 
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Airport reassignment 

In the case of major disruption of the ground transportation system connecting an airport (big traffic 
jam on a highway connecting a city to the airport, interruption of subway service, etc.) located in a 
large city where alternate airports are available (e.g., Paris with Roissy-CDG airport and Orly airport, 
US Metroplex), a new collaborative decision making system involving airlines, ATM, the ground 
transportation system and passengers could reassign an aircraft targeted to land at a given airport to 
another airport in the city ( [26], [27]). To organise such a diversion, one must know the current 
location of passengers (in the city), the current location of aircraft with their associated aircraft 
connection planning, the airspace ATC constraints (sectors and airports capacities) and the current 
ground transportation status in order to reassign passengers to the new airport. Again, a passenger 
sharing optimisation process between airlines would improve the airport shifting procedure (e.g., we 
could propose passengers to shift airports as well as airlines). For short distance trips, mode shifting 
(e.g., aircraft to rail) would be another option proposed to passengers. This airport shifting would have 
other secondary benefits like the fact that passengers targeted to the former airport would not use 
anymore the ground transportation connecting this airport, which would reduce the associated 
demand and induce congestion on the disrupted ground transportation section. 

Input Data Airports capacities, cost of a rerouting, flights schedules 

Decision Variables Airport assignment for each flight 

Constraints Maximum airport capacities (aircraft and passenger handling) 

Objective Minimise door-to-door travel time 

Table 15 - Airport reassignment optimisation problem 

Gate allocation 

At the airport, boarding is made through gates which are assigned for each flight by airports or airlines 
themselves. These gates can be anywhere at the airport and reaching them can sometimes take a large 
amount of time, especially at hub airports where the distance between the security checkpoints and 
the gate might exceed a kilometre. Information sharing between the ground transportation system 
and ATM might help reduce missing connection for passengers. Knowing that passengers are stuck in 
traffic jams or in a delayed train, ATM could decide to assign a gate closer to the train station. 
Depending on the duration of the delay, ATM may also choose to move the aircraft assigned to the 
gate at the apron in order to release the gate ( [28], [29], [8]).  

A typical gate conflict is illustrated in Figure 21. 
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Figure 21 - Gate conflict where two aircraft need the same gate at the same time (source: [8]) 

This information might be shared in an aggregate mode by ground transportation companies and with 
higher granularity through mobile phone devices where passengers indicate their position and allow 
airlines to inform the airport that their passengers are delayed.  

Input Data Arrival flight times, departure flight times, Passengers assigned to flights 

Decision Variables Gate or apron assignment 

Constraints Gate conflicts, maximum holding time of aircraft 

Objective Maximise loading rate, minimising cost for airlines (trade-off between 
stranded passengers and flight delayed) 

Table 16 - Gate allocation optimisation problem 

Dynamic access and egress travel times estimation 

Passengers traditionally choose their flight tickets based on fare, access time and journey time ( [30], 
[31]). However, the accurate evaluation of access and journey times requires information from 
multiple stakeholders, such as airlines, airports and ground transportation. Sharing information related 
to ground disturbances (train incidents, strikes, traffic jams) could lead to a better trip adaptation when 
these disturbances occur. For example, airlines could inform their passengers that their preferred 
mode of access to the airport is undergoing a disturbance and that they should opt for another mode 
of access or plan on leaving earlier. Moreover, we can suppose that passengers rely better on 
information provided by airlines which manage the main part of the trip. The identification of 
disturbances could be achieved by airports via GPS based applications (e.g., Waze, Google Maps) for 
road access, railway real-time information, and then shared with the airlines whose flight/passengers 
might be impacted by the disturbance. 

Figure 22 illustrates the real-time information on the status of trains in France provided by the SNCF 
website. 
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Figure 22 - A screenshot of the train n°7858 position in real-time on September 28, 10 am 

The monitoring of ground disturbances by an airport can also benefit passengers once they land. The 
journey of a passenger does not end at the arrival airport, but at their destination, and transit time 
from airport to the hotel or personal residence can often be larger than flight time. A change in a 
flight’s scheduled arrival time not only has an impact on the flight time but also on the full journey 
time. For example, flights originally scheduled to arrive outside ground transportation peak hours that 
land during peak hours - due to a late or an early arrival - can disproportionately impact passengers 
on the last leg of their journey. Similar to airport access, the monitoring and sharing of information 
relative to ground egress from an airport can help airports and airlines better inform and redirect their 
passengers for a reduced full door-to-door travel time.  

One particularly inspiring and popular door-to-door trip planning system example is that developed by 
the Greater Paris Area transportation authority and shown in Figure 23, which allows travellers to 
gather information for their trip, and plan it from any origin to any destination by combining walking 
episodes with scheduled, rail, light rail and bus modalities. 
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Figure 23 - A screenshot of the Greater Paris transportation authority trip planning and estimation 
application (https://www.ratp.fr/itineraires). In this example, the application captures an initial location at 

Charles de Gaulle airport and a final location in Ville d’Avray. It then proposes a complete, multimodal 
journey set of options that relies on walk, bus, light rail, and heavy rail availability. In this particular case, all 
other public transportation options, far preferable to the traveller, are not available due to railroad work on 

regional rail line B. Moreover, a detailed look at the itinerary also indicates uncertainty in the suggested 
itinerary. This information, shown together with car transit times, may lead the passenger to opt for a 1-hour 

taxi ride instead. 

Input Data Real time traffic (road, train), mobile phone positioning data 

Decision Variables Estimated arrival time (mean, variance) 

Constraints Traffic physical constraints 

Objective Minimise arrival time prediction error 

Output Probability density function of arrival time 

Table 17 – Dynamic access and egress travel times estimation optimisation problem 

3.2.1.2 Information sharing from ATM to ground 

Frequencies and schedule updating 

When several aircraft arrive at an airport and few passengers are performing connections, this means 
that most passengers will stop at the city where the airport is located. In this case, many of them will 
use the ground transportation system connecting the airport to the city. If, for some reason, a set of 
aircraft with few passenger connections are expected to arrive with a delay, it seems reasonable to 
adapt the ground transportation frequencies (train, subway) ( [26], [27]). This will avoid passengers 
having to wait too long for crowded trains. This information is also valuable for the immigration booths 
planning. In order to optimise such processes, the inbound aircraft delays assigned by the Network 
Manager and data from sources such as FlightRadar24 (see Figure 24) would help estimate their 
landing time. 
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Figure 24 - A screenshot of the FlightRadar24 app which tracks flights in real-time through ADS-B data. Here a 
flight going from Paris to Madrid is selected and we can see on the left of the picture the data linked to this 
flight such as the scheduled departure and arrival time, the actual departure and the estimated arrival time. 

Information about slots assigned to aircraft is known by the ATM system and must be shared with the 
ground transportation system in order to adapt their frequencies. Additionally, ADS-B data would be 
helpful to know when aircraft are effectively taking off. Such information sharing process would also 
be beneficial for road traffic users, mainly for people coming at the airport for picking-up passengers, 
as well as for rail operators connected to the airport (e.g., SNCF-CDG). 

Input Data Flight/Train schedules 

Decision Variables Train frequencies and capacity (choose a larger train (strategic)), 
additional ground transportation means (buses, subway) 

Constraints Maximum frequency, capacity 

Objective Minimise total waiting time, maximise passenger comfort 

Table 18 - Frequencies and scheduling optimisation problem 

Airport rerouting 

While established and thought independently, transportation networks (air, train, road, subways, etc.) 
are highly interdependent due to passenger flows. A disruption at an airport not only influences the 
air transportation system but has a knock-on effect on the ground transportation system. Better 
information sharing between ATM and the ground transport system may prevent from a “snow-ball” 
effect by balancing the airport disruption with a reactive ground transportation system ( [26], [27]). 
The benefit of sharing information from the ATM to the ground is illustrated in the case of the 1999 
hurricane which hit France at the end of December. This event led to a big disruption of the air 
transport system. Indeed, a lot of flights scheduled at CDG airport arrived in advance due to particular 
wind conditions but could not land because the airport had to close. These flights were rerouted to 
Brussels airport, which had to deal with a lot of passengers wanting to come back to Paris. We could 
figure out that if the ground transportation system had been aware of this information in time, a lot 
of direct trains between Brussels and Paris might have been scheduled to transfer these passengers to 
their initial destination and avoid a lot of stranded people at the Brussels airport.  
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Input Data Passengers’ demand, train/flight schedules 

Decision Variables Train frequency, passenger flow 

Constraints Maximum train frequency, capacity, airline costs 

Objective Minimise passenger rerouting time 

Table 19 - Airport rerouting (in case of a disruption) optimisation problem 

Dynamic flight time estimation 

The schedule time for a flight could be significantly different from the real flight time, especially due 
to ATM decisions which may induce delay on the ground (NM decisions) and in the air (ATC 
regulations).  Figure 25 illustrates the block-to-block flight time and displays the sources of delay with 
red points. 

 

Figure 25 - Outbound and Inbound Traffic Queues from a Flight Phase Perspective. (Source: 
https://ansperformance.eu/methodology/additional-asma-time-pi) 

Tracking the current position of the aircraft (thanks to FlightRadar24, for example) would be a way to 
estimate in real-time the delay accumulated before departure as well as the delay at the arrival. 
Moreover, this estimation could be improved thanks to information sharing with the Network Manager 
and the ATC, who know in advance which flight will be delayed on the ground and in the air. The 
estimation of the total flight delay in real-time would enhance decisions taken on the ground. For 

https://ansperformance.eu/methodology/additional-asma-time-pi
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example, if the delay of an arrival flight can be anticipated and estimated, a departure delay could be 
added to a train in order to wait for the arrival passengers.  In the same way, ATM decisions have an 
influence on the frequency of arrival flights and in some cases a large number of flights can arrive at 
an airport during a short time window. Tracking the position of arrival flights would make it possible 
to detect this problem in advance and, through information sharing with the ground, the frequency of 
public transportation or the number of taxis or Uber drivers could be adapted in order to absorb the 
extra number of passengers.  

Input Data List of flights tracks (FlightRadar24), real departure time 

Decision Variables Estimated arrival time (mean, variance) 

Constraints Aircraft physical constraints 

Objective Minimise prediction error of estimated arrival time 

Output Probability density function of arrival time 

Table 20 – Dynamic flight time estimation optimisation problem 

3.2.2 Short-distance coordination mechanisms at tactical level 

3.2.2.1 Urban scope 

Dynamic traffic assignment problem at urban scale  

Figure 26 illustrates an urban transportation network with several means of transportation such as 
subway, bus or car. At the tactical level, when the capacity of a link or a node of such a network is 
strongly reduced, coordination between transportation modes helps reassign passengers flows on the 
network in order to minimise the impact of the link/node disruption. Such robust re-assignment 
process will then propose alternative routing in the case of disruptions, in order to link the airport to 
the passenger destination or departure location ( [32], [33]). To reach this objective, ATM, airlines, rail 
operators, subway companies, road management authorities, etc. must share their information in real 
time in order to elaborate the best flow re-planning scheme. 
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Figure 26 - Urban transportation network 

Input Data Ground transportation current state 

Decision Variables Ground transportation flow assignment 

Constraints Ground transportation capacities 

Objective Maximise the throughput to/from the airport 

Table 21 - Dynamic traffic assignment problem at urban scale optimisation problem 

3.2.2.2 Regional scope (travel distance <1000km) 

Dynamic traffic assignment problem at regional scale  

Figure 27 displays a transportation network between two cities at regional scale. At the tactical level, 
when disruption happens in the network, airlines, rail operators, bus companies, etc. could share their 
real time information to elaborate a dynamic passenger flow assignment in order to mitigate the 
impact of the disruption. For instance, if we consider trips from Toulouse to Brussels, and for some 
reason the Brussels airport is closing due to a storm, involved airlines, SNCF and ATM could establish 
collaborative decision making in order to increase train frequency between Paris and Brussels. Flights 
initially targeted to arrive at the Brussels airport must be diverted to CDG airport where passengers 
could connect with Thalys train (Paris-> Brussels). 
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Figure 27 - Regional transportation network 

Input Data Trains/Flights scheduled, capacities, costs; real-time passenger demand 

Decision Variables Passenger flow on each transportation mode 

Constraints Flights/Trains capacities, Flight scheduled 

Objective Minimise the system total cost 

Table 22 - Dynamic traffic assignment at regional scale optimisation problem 

Connection time at regional scale  

A benefit of information sharing between ATM and ground transportation could also be found in the 
case of missed connection between flights. Indeed, airlines have information about connecting 
passengers. In the case of a delay, the connection time might be too short for passengers to reach their 
next flight.  If many passengers are in such situation, ATM may inform the ground transportation 
system to hold seats in their trains to reassign passengers and prevent them from waiting too long for 
another flight or, worse, from being stuck at the airport. Indeed, on short-haul flights, using high-speed 
rail might be more efficient than waiting for another flight. 

Input Data Trains/Flights scheduled, capacities, costs; number of passengers to be 
reassigned 

Decision Variables Passenger flow 

Constraints Flights/Trains capacities, Flight scheduled 

Objective Minimise the system total cost 

Table 23 - Connection time at regional scale optimisation problem 
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4 Definition of innovative passenger 
information services 

In this section we propose a set of innovative passenger information services that take advantage of 
the mechanisms described above. These services are presented according to the same structure 
presented in the first section. Some information services are directly extracted from these 
mechanisms, while others are mostly a consequence on the passenger travelling experience. 

4.1 Passenger services provided at the strategic level 

4.1.1 Long-distance passenger services 

Gate and apron assignment optimisation: a tool for planning an accurate door-to-door journey 

An accurate analysis of the average transfer time from ground transportation modes to boarding gates 
would lead to a better gate assignment to reduce the connection time between ground and flights, 
especially in large airports. The transportation system could provide this information to passengers 
who are mainly concerned by the total door-to-door travel time. Indeed, this leg of the journey is often 
uncertain, and passengers experience it in real-time. While some passengers arrive in advance and 
spend too much time waiting at the gate (which could be perceived by them as a loss of time), others 
have to run in order not to miss their flight. It could be relevant to provide a better estimation of these 
transfer times to future passengers, enabling them to plan a more seamless journey. These connection 
times between ground stations and gates could be gathered on a website, or directly provided by 
airlines via their mobile app. 

Passenger service from aircraft-train timetable synchronisation optimisation 

Aircraft-train timetable synchronisation optimisation could propose new services for passengers to 
help them organise their door-to-door journey. For a given origin-destination pair, based on the 
passengers’ preferences (time, cost, robustness...), the system could propose to passengers the best 
choices in terms of modal share, transfer efficiency, routing, time of departure, etc. This service could 
be proposed at different time scales based on available information on the overall transportation 
network. This process is illustrated in Figure 28. Several weeks in advance, the system could propose 
a door-to-door optimised journey which could be updated based on the current available information. 
For instance, a journey could be updated based on capacity issues on a given transportation mode 
(works on a train line, expected storm at a given airport, etc.). In the passengers’ advisory process, a 
machine learning approach may also be useful in order to identify recommendations which are mostly 
followed by users, in order to better tune the optimisation algorithm at system level. Passengers could 
also propose their own options and the system could qualify such options in terms of cost, time, 
robustness, etc. 
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Figure 28 - Description of passenger service rerouting in case of an expected disruptive event 

 

Flight and train actual time estimation with statistical data: a tool for planning an accurate door-to-
door journey 

Gathering knowledge on actual flights’ travel times might be relevant for passengers to achieve a 
resilient and seamless trip. Indeed, a service (website for example) which provides statistical 
information on each flight or train will be a precious tool for planning a trip, by estimating more 
precisely the arrival time and the reliability of the information given by airlines or railway companies. 
Coupled with the accurate knowledge of others journey legs times, passengers could be able to build 
a resilient and seamless door-to-door journey. 

4.1.2 Short-distance passenger services 

4.1.2.1 Urban scope 

Robust urban assignment: a more reliable transportation service 

Robust urban multimodal transportation network design ensures flow assignment resilience in case of 
link (or node) disruption (e.g., Asiana crash at San Francisco airport, which impacts air traffic but also 
affects the ground transportation network). This efficient design is the key point to offer robust 
transfer routings to passengers at strategic level. The system could propose transfer routing to 
passengers in order to minimise some criteria (cost, time, robustness.…). The system could propose 
several alternatives for each case with their associated performances and let the user take the final 
decision [26]. Again, machine learning techniques may be useful for learning users’ preferences in 
order to adapt the system optimisation algorithm for proposing user preferred options. The system 
could also evaluate performances of a routing proposed by passengers.  

Frequency optimisation:  a more reliable transportation service 

The frequency optimisation of public transport services may significantly improve passengers’ journey 
experience. Indeed, linking the airport with the destination or the departure location might sometimes 
be longer than the flight itself, especially for short-haul flights. The optimisation of public transport 
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services could decrease the waiting time of passengers, decrease their loading rate and as a 
consequence offer a more comfortable transfer and increase the time reliability of this journey leg. 

Transfer / connection time robustness: a tool for planning a seamless door-to-door journey 

Information sharing between ATM and ground transportation systems could provide passengers with 
an accurate knowledge of the transfer times and their reliability. Indeed, passengers who want to 
travel fast with a short connection time would like to know which transfer time/connection is feasible 
or not, even in the case of disruptions. This analysis, based on historical data, could be shared with 
passengers as a decision support tool for travel planning. 

An example of connection by car between two airports in Paris is depicted in Figure 29. We can observe 
that this connection time is subject to intra and inter days variation due to traffic congestion. 
Passengers which have to connect between these two airports may want to have an idea of the 
required time, depending on the time and the day. A passenger service that could be offered is an 
estimation of the required time to make a connection and its reliability for each transportation mode 
(car, public transport, etc.). For instance, if a passenger wants to reach a city with two airports (e.g., 
Paris with CDG airport and ORY airport), the comparison of the average connection time with ground 
transportation may influence the decision about the final airport (also dependent on flight availability). 
Moreover, the average transfer time between two flights or between a flight and a train can help 
passengers to purchase tickets with an accurate compromise between the risk of missing the 
connection and waiting too long (passengers are used to anticipate the risk of missing a connection by 
planning a lot of time to make it in case of unforeseen events). 

 

Figure 29 - Average connection estimation between CDG and ORLY airports operated by car on Mondays 
during AM peak (Source: Uber Data) 
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4.1.2.2 Regional scope 

Robust regional assignment: a more reliable transportation service 

In the same way as for urban assignment, a robust regional assignment would offer passengers a 
reliable transportation service. Indeed, coordination between airlines and railway companies could 
help build a more robust transportation network, in order to decrease the negative effect in the case 
of a disruptive event. For instance, if a flight from Toulouse to Paris is cancelled, the regional 
transportation network will be able to absorb stranded passengers by offering them the choice 
between another flight or a replacement rail service. The goal of this robust assignment is to offer 
passengers a seamless and reliable transportation supply. 

Modal share optimisation: a more reliable transportation service 

Modal share optimisation could be beneficial for passengers that have several modal choices on short 
distance trips. The system could propose different alternatives based on passengers’ preferences (cost, 
speed, green, etc.). Moreover, decongestion of airports should reduce flight delays and as a 
consequence, improve passenger experience.  

4.2 Passenger services provided at tactical level 

4.2.1 Long-distance services 

4.2.1.1 Information sharing from ground transportation system to ATM 

DMAN/AMAN/XMAN optimisation: real-time passenger care 

If ATM DMAN-AMAN and NM are coordinated at airports with ground transportation networks, new 
passenger services may be proposed. This coordination aims at minimising missed passenger boarding 
and maximising passenger connections (between aircraft but also between train and aircraft when a 
train station is located at the airport). 

Departing passengers who are still on the way to the airport may receive information about the new 
departure time of their flight or even new flight booking in case they are not able to reach the airport 
on time. This process is illustrated in Figure 30. In this collaborative process one must establish a 
passenger incentive process which constrains the passengers to be fair with the airlines (for instance, 
a passenger who knows that airlines will always find alternative options when he is late will not try to 
arrive on time at the airport even if there is no disruption or congestion in the ground transportation 
system).  On the other hand, airlines also have to be fair with passengers.  

For passengers arriving at the airport, airlines may use this ATM-Ground coordination decision making 
process to inform passengers about the new departure time of their next flight (or the new departure 
of time of their connecting train in the case of passengers continuing their journey with a train), or 
could also propose optimal rebooking on another flight or even a transfer to another mode (train 
instead of a flight, etc.)  
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Figure 30 - Illustration of passenger services using DMAN/AMAN optimisation 

Security checkpoints optimisation: guidance system 

As previously seen, security checkpoints are a source of congestion at the airport and may severely 
delay passengers, who risk missing their flight. This congestion might appear when a lot of passengers 
arrive at the airport at the same time. This information could be provided to the airport by the ground 
transportation system which has information on train/buses/subway frequencies in real-time. 
Informed in advance, the airport may allocate enough staff to help arriving passengers. It could also 
inform airlines that congestion occurs at the security checkpoints, and at the same time, airlines may 
identify their passengers stuck in the queue. This information could be shared from passengers to 
airlines via a mobile phone application. A real-time guidance service could be developed to guide 
passengers through the airport to the gate in order to avoid them missing their flight and stressful 
situation. This passenger service is summarised in Figure 31. 
 

 

Figure 31 - Passenger information services at security checkpoints 
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Real-time information on the security checkpoints may also be useful for passengers whose flights are 
in the next hours. Indeed, having real-time information on the congestion at the airport (like Waze for 
road traffic) could lead to the development of a guidance service from the departure place: at what 
time passengers should leave home, which transportation mode they should use, where to drop-off 
luggage, which security lane should be used, etc. until they reach their boarding gate. This service 
would support passengers along their door-to-door journey, facilitating a more seamless trip. 

Intra/inter-mode passenger sharing: rerouting alternatives in case of missed connection 

An agreement between airlines (for long distance) or airlines and railway companies (regional distance) 
to reassign passengers in case of missed connections could offer rerouting options for passengers. An 
example of such process is presented in Figure 32. For instance, in the case of a missed flight with 
airline A1 (e.g., due to traffic jam to reach the airport), passengers may choose to get seats in another 
airline A2 (or in a train for short distance flights) with the same destination. Passengers will not have 
to wait too long at the airport for the next flight from the same company (especially if it was the last 
flight of the day) and, at the same time, some passengers of the A2 flight might take seats on A1 and 
so leave earlier than expected.  

 

Figure 32 - Mode-sharing rerouting option (green) for a delayed passenger 

Airlines, airports or railways companies could offer this mode-sharing service to passengers as soon as 
they know that passengers will miss the flight and so passengers could inform companies about their 
choice. Then, based on a micro CDM process, transportation stakeholders will provide passengers with 
information about their new journey. 

Airport shifting: passengers rerouting 

When an airport undergoes a big disruption like a snowstorm, runway closure, etc, passengers 
departing from this airport and passengers connected to this airport have to be rerouted in an efficient 
manner. The new ATM-Ground Collaborative Decision Making processes proposed in TRANSIT helps 
anticipate such situations by re-organising traffic (air and ground) in order to minimise the impact on 



D2.1 - ATM ROLE IN INTERMODAL TRANSPORT: OPPORTUNITIES FOR 
INNOVATIVE INTERMODAL CONCEPTS AND PASSENGER 
INFORMATION SERVICES 

 

 

  

 

 

 

 54 
 

 

 

passenger routing. Based on this new system, passengers may be informed as soon as possible about 
the alternative options. For passengers going to the airport by subway, car, buses, etc. the system may 
propose to connect to another airport in the city and to optimise their routing to reach this new airport. 
Information about their new flight schedule, new arrival time at destination may also be given. If there 
is no alternative airport in the city, the system may propose to reach destination by train (for short 
range journeys) or to reach another airport for connecting with another flight for a long-range journey.  

For passengers arriving at the disrupted airport by aircraft, the system may propose new flight 
connections at an alternative airport for continuing their journey and alternative rail connections from 
another airport to reach the former city where they were supposed to land. 

The situation is summarised in Figure 33, where an airport located in city A undergoes a big disruption 
and aircraft rerouting to city B has to be organised. ATM, in collaboration with airlines and ground 
transport operators, reassigns aircraft targeted to land at airport 1 (in city A) to airport 2 (in city B). 
Some of the passengers are then rerouted to city A by train and the others are reassigned to new 
connecting flights at airport 2. 

 

Figure 33 - In this figure flights targeted to land at airport 1 (red arrows) are resigned to airport 2 in city B 
(green arrows). This situation happened in 1999 between Paris-CDG (city A) and Brussel (city B), for which 

CDG had to close due to a storm. 
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Real-time gate optimisation: information on connection time with the ground transportation system 

Tactical gate assignment established to coordinate ground transportation and ATM will impact the 
connection times between the ground and the aircraft. A new assignment will affect a number of 
passengers who can be alerted in real-time of the new estimated connection time. Indeed, passengers 
that connect with another flight are also impacted by the gate reassignment. This information could 
be provided to passengers by airlines via their mobile app. The process is illustrated by Figure 34. 

 

Figure 34 - Information services for connection time estimation after a gate reassignment 

Travel time from door to airport and airport to door: routing service 

The first or final leg of the trip consists of linking the airport with the departure location or the final 
destination, by means of ground transportation modes. This transfer time may significantly vary 
depending on the day, the time of the day, or the occurrence of unforeseen events. A routing service 
provided by airlines to passengers could suggest the fastest/cheapest/greenest route to take at the 
departure time, but also en-route if a disruptive event occurs on the network. 

4.2.1.2 Information sharing from ATM to ground transportation system 

Frequencies and schedules updating: comfort improvement in transfer leg 

When many aircraft arrive late at an airport for which passengers stop at this airport, one may expect 
changes in passenger flows moving towards the ground transportation network stations. The ground 
transportation system could self-adapt to this new demand, which would be shifted in time, in order 
to adapt the ground transportation capacity in the same direction. Based on this coordination, arriving 
passengers will undergo less perturbations and will transfer faster to the city (subways, buses). For 
passengers connecting with a train at the airport, the system could also act on the train schedule (in a 
limited manner) and also propose new train booking in case of big delays.  

Sometimes the situation is opposite when many aircraft arrive early. This situation happens often in 
oceanic airspace, where strong jet streams may change the ground speed on the aircraft. For instance, 
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in North Atlantic airspace, a strong East wind connects the US to Europe where aircraft try to fly so as 
to reduce their fuel consumption. When they enter this airspace organised with a track network (OTS), 
they are cleared by ATM with the same Mach number. So, depending on the strength of the wind, such 
oceanic flights may arrive early or late in Europe and may disturb the airline connection scheme.      

Airport disruption: rerouting service 

Better coordination between ATM and the ground transportation system could offer passengers a 
better support, especially under disruptive events, by proposing them multimodal alternatives. For 
instance, if an airport closes and passengers are rerouted to another airport (e.g., Brussels instead of 
Paris), rerouting options can be sent to passengers on their smartphone. Indeed, coordination 
between airlines and railway companies could provide stranded passengers with train tickets and new 
instructions to follow in order to support them until they reach their destination. 

Flight time estimation: real-time information on trips 

The estimation of the real flight time through the use of ADS-B data could be helpful for passengers. 
Indeed, airlines could anticipate if an aircraft is delayed and then communicate in advance to 
passengers of the next flight of this aircraft a new boarding time. This information would reduce their 
door-to-door travel time by allowing them to reach the airport later and so reducing the waiting time 
at the gate. The flight time estimation could also be helpful to estimate the new landing time for 
passengers on board and one could think of a service displaying an update on the travel time for 
passengers to reach their final destination from the arrival airport. 

4.2.2 Short-distance services 

4.2.2.1 Urban scope 

Dynamic urban traffic assignment: rerouting service 

A routing service from the departure location has been introduced in the section Security checkpoints 
optimisation: guidance system. Passengers could be recommended to leave earlier for the airport in 
the case of congestion at security, but we could extend this service to the total door-to-door journey. 
Indeed, under disruptive events, a real-time routing service could be proposed to passengers in order 
to facilitate airport access/egress. 

4.2.2.2 Regional scope 

Dynamic traffic regional assignment: rerouting service 

In the case of disruptive events, airlines, with the collaboration of railway companies and airports, may 
propose different re-routing alternatives to passengers. Optimisation algorithms may use real-time 
information to re-assign passengers on the network affected by the disruption. Based on a common 
situational awareness, a different transportation mode from the initially planned may be used. As an 
example, let’s assume that a flight from Paris to Toulouse is cancelled at the last moment. Passengers 
could choose among different possibilities (train, bus, wait for another flight) depending on the 
real-time availability of each transportation means and their preferences (cost, speed, green, etc). 
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Figure 35 - Disruption on the air transportation subnetwork between Paris and Toulouse 

These different options might be computed in real-time with a perfect knowledge of the overall 
transportation system based on information sharing between stakeholders. Figure 35 illustrates this 
example with a combination of different transportation means to reach Toulouse (e.g., train between 
Paris and Lyon then a flight between Lyon and Toulouse). 

This service should evaluate the different possibilities focusing on door-to-door travel in order to offer 
the best service to passengers. 

Connection time: real-time information on connection time 

In the case of a delay involving a too short connection for passengers, a rebooking service to reassign 
stranded passengers could be implemented. Once passengers land, several options would be proposed 
to them depending on their expectations (shortest travel time, robust solution...). These options to 
reach their final destination could consist, for example, in taking a high-speed rail in case of short-haul 
flight, reaching another close airport for another flight, or waiting for the next flight.  
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5 Modelling of intermodal solutions and 
information services 

Intermodality “refers to a transportation system in which the individual modes work together or within 
their own niches to provide the user with the best choices of service, and in which the consequences 
on all modes of policies for a single-mode are considered” [34]. 

Intermodal transport mainly refers to freight transport and individual human mobility. Historically, the 
main modes of transportation considered are water, air, rail, and road. However, in recent years, we 
have witnessed substantial changes in the way we travel, especially in individual human mobility, 
which is also the focus of this document. New transport modes are appearing all around the world. 
This is mainly due to the adoption of technologies such as electric vehicles, but also by new usage 
concepts such as car-sharing or ride-hailing [35], which are facilitated by the widespread use of mobile 
devices. Furthermore, we have seen an increase in the intermodal use of conventional and non-
conventional transport modes as a result of several factors, such as better integrated information 
systems, online ticket booking, high availability of micromobility, etc. This augmented transport supply 
allows travellers to easily switch to other transportation modes if the level of service does not match 
the expectations.  

New transport modes and intermodality are great challenges for transport modellers. Well-established 
practices and techniques used in the transport field must be adapted in order to model and study 
increasingly innovative, integrated, and more complex transport systems. Potential benefits of an 
intermodal transportation system are usually evaluated by modellers through systems analysis and 
design problems using computer simulation, queuing analysis, mathematical programming, 
probabilistic analysis, graphical analysis, and other approaches [36]. 

Modelling intermodal transportation involves several aspects that are usually negligible in 
conventional routing problems, which makes the problem extremely complex. It is important, for 
example, to mention that the fixed and variable transportation costs are different in each 
transportation mode. In this case, the modellers must consider not only the individual cost of each 
mode, but also the cost related to the mode switch, the accessibility, the transfer time, the reliability 
of the transport modes, etc. These types of problems are usually multi objective. That is, for instance, 
they do not only minimise the total cost, but they also minimise total travel time and/or maximise the 
reliability and accessibility of the entire trip. 

Moreover, several constraints are considered, e.g., time windows constraints that become crucial 
when considering a stochastic network, and more generally stochastic models’ parameters. 

Intermodal problems are usually non-deterministic polynomial acceptable problems. 

It is also worth mentioning that, when modelling intermodal transportation systems, there are several 
factors that can affect the representation of the reality of the system e.g., accessibility rate, transfer 
times, etc. 
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5.1 Literature review on the modelling of intermodal transportation 

Planning problems in intermodal individual human mobility can be related to different time horizons. 
Long-term, strategic planning involves the highest level of management and requires large capital 
investments over long time horizons, usually for new physical infrastructure on the network or 
modification of already existing ones to host new transport modes. Medium-term, tactical planning 
aims to ensure, over a medium-term horizon, efficient use of existing resources, in order to improve 
the system performance and the service level in the face of different travel demands, e.g., pricing 
policies and integrated tickets. Short-term, operational planning involves daily activities where the 
time factor plays a crucial role e.g., study of passengers’ behaviour in response to network disruptions, 
and multi-objective origin-destination shortest path in the intermodal network. 

Listed below, there are a few examples of mathematical models targeting intermodal problems divided 
by their time horizon. 

5.1.1 Strategic planning 

[37] presented a methodology in three phases for planning the locations of intermodal terminals in an 
urban transit context, considering future travel demand. The first phase determines the potential 
locations of intermodal terminals based on the number of citizens gravitating to a certain terminal. 
The second phase uses an optimisation algorithm in order to determine a set of locations of the 
intermodal terminals for different numbers of the terminals. The last phase assesses the solutions 
obtained by the optimisation algorithm. 

[38] presented a computer simulation model of an airport passenger terminal. The model evaluates 
the design of a passenger terminal based on passenger flows. The model begins with passenger flow 
diagrams and uses flight schedules, passenger characteristics, and facility information. The model 
outputs include statistics on the waiting times, queue lengths and occupancy counts at each service 
counter. 

5.1.2 Tactical planning 

[39] presented a nonlinear programming model of an intermodal commuter network considering auto, 
auto-to-rail, and pure (walk to rail) rail modes. The model minimises user costs. The constraints are rail 
and terminal capacity, demand conservation, and link flow conservation. Moreover, no passenger can 
unilaterally change routes or unilaterally change modes. The user costs and capital costs from the 
model help to determine if the proposed change to the network is acceptable. 

[40] presented a mathematical model to analyse the passenger waiting time of an intercity transit 
station with feeder bus services. The model provides an analytic way to accurately quantify the 
relationships between passenger waiting time in the intercity transit system (e.g., high-speed rail) and 
the reliability of feeder bus services. 

[41] presented a routing algorithm and integrated scheduling procedure to enforce the 
synchronisation of integrated mobility systems, in which a user’s trip may consist of a combination of 
dial-a-ride services and regular public transport. The latter are also called collective door-to-door 
transport. They are used to replace unprofitable public transport in rural areas.  
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[42] presented maximal entropy ensembles of spatial multiplex and spatial interacting networks that 
can be used in order to model spatial multilayer network structures. The multilayer structure is used 
to model and study the Indian air and train transportation networks, the nodes of the latter being 
stations, with pairs of them being connected if within one-stop distance. 

[43] presented a model for combining the feeder bus network design system and the railway transit 
system while minimising total cost. The optimisation model is solved by using the imperialist 
competitive algorithm (ICA) and the water cycle algorithm (WCA). A case study on a real transit 
network in Petaling Jaya, Kuala Lumpur, Malaysia is also discussed. 

[44] applied genetic algorithms (GAs), ant colony optimisation (ACO), simulated annealing (SA) and 
tabu search (TS) to resolve a feeder bus network design problem (FNDP) which improved previously-
proposed solutions. 

5.1.3 Operational planning 

[45] proposed both a model and an algorithm for an origin-destination shortest path routing in 
intermodal transportation networks, aiming at minimising the travel time. 

[46] proposed a traffic microsimulation model to investigate the resulting transport delay time due to 
a specific disruption in an intermodal transport network.  For this purpose, one link at a time is analysed 
by looking at the influences a disruption has on the traffic participants which normally pass this link. 
This helps to identify critical sections and critical networks, as a whole.  

[47] proposed a hyper-network model for simulating intermodal trips (such as park-and-ride trips) 
assuming elastic travel demand with regards to mode choice. The hyper-network model represents 
the overall multimodal system in which an all-mode OD matrix can be assigned. The assignment 
procedure also performs the modal split and calculates the flows on transfer links (from road to transit 
network). 

A report about the studies on transportation problems with operative programs is rather wide and 
dispersive. We prefer avoiding deeper descriptions of these studies and devote our attention to 
networks. 

5.2 Intermodal network graphs - multiplex networks 

Complex networks traditionally model systems by decomposing their parts into nodes and 
representing the interactions among these parts as the weights assigned to the corresponding 
connections. These connections are called links. However, treating all the network’s links in the same 
way can lead to incorrect descriptions of some phenomena. An example showing these limitations is 
shown below (the example comes from [41]). 

The traditional way of studying an Air Transport Network (ATN) is by representing it as a single-layer 
network, where nodes represent airports and links stand for direct flights between two airports. On 
the other hand, it is clear that a more accurate representation (or “mapping”) would be to consider 
each commercial airline company as a separate layer, which contains all the connections operated by 
this company. Let us suppose for a moment that one wants to make predictions on the propagation of 
the delays in the flight schedule through the system, or the effects of such delay propagation on the 
movement of passengers. Consider the problem of passenger rescheduling when a fraction of the ATN 
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links, i.e. of the flights, are randomly removed. It is well known that the commercial airline incurs high 
costs whenever a passenger needs to be rescheduled on a flight to another company, and therefore it 
tries first to reschedule the passenger by the use of the remaining links (i.e., flights) of its own network. 

Like in the example above, intermodal transport systems cannot be properly modelled by using a 
traditional network. Instead, a multi-layer network can better represent the intermodal system and its 
dynamics. A framework for carrying out intermodality has been developed in the context of multilayer 
or multiplex networks by [41] and [48].  

Each network node is associated with one or multiple layers. When several nodes in the network are 
shared by several layers the network is termed multiplex. 

Each layer is considered a separate network, it communicates with the outside world through the 
nodes that it shares with other layers. A common example is social networks. Layers usually represent 
different groups such as family, and friends. Each component of the group is represented by a node, 
while within-layer interactions are the links. Information propagation, as well as a virus spreading, 
represents a good example of how several layers interact with each other. In fact, both information 
propagation and virus spreading occur through each layer and across the full multilayer structure. 
Transportation systems are excellent candidates for a multilayer network representation. Firstly, 
because connections between different nodes are explicit, that is, their existence is published, thus 
requiring little effort for the network construction. Secondly, because transportation systems are 
usually interconnected, with a multilayer approach [41]. 

Layers are translated into different transportation modes. The connections between layers constitute 
the interchanges between these modes. 

Intermodal multilayer networks associate stops locations of each mode to nodes of a single layer and 
links to consecutive stops in a transportation line. In addition to geographical aspects, the link weights 
can also incorporate more information, e.g., the number of passengers on the same route. 

5.3 Intermodal routing algorithms 

This section discusses an approach to intermodal routing optimisation through graph theory and a few 
basic speed-up techniques. 

The label-constrained shortest paths [49] allow introducing constraints on the modes of 
transportation. It requires defining a set of modes of transportation and labels each link of the graph 
by the appropriate transport mode. It also requires the definition of additional information, such as 
permissible concatenation of the labels along the path. This is sufficient to model reasonable transport 
mode constraints in multimodal journey planning [50]. Through permissible concatenations it is 
possible to impose a hierarchy of transport modes that globally exclude (and include) certain transport 
modes. The algorithm solving this class of problems is called label-constrained shortest path problem 
Dijkstra (LCSPP-D). 

[50] have proven that the label-constrained shortest path problem is solvable in deterministic 
polynomial time. Conceptually, the algorithm consists of running Dijkstra’s algorithm on the direct 
product of the directed link-labeled weighted graph G and the finite automaton M(R) representing R, 
where R is a linear regular expression e.g., the string R[0 ... |R|−1]. 
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By concatenating all the labels on a path, this can later be interpreted as a string of labels in a set that 
we can refer to as an alphabet. Acceptable strings composed by the alphabet labels represent 
transport modes permissible concatenations. They can be interpreted as the recognised language of a 
deterministic finite automaton (DFA) M(R).  

The output, if at least one feasible solution exist, is a minimum-weight path p* in G from the origin to 
the destination such that l(p*) ∈ R, that is, the sequence of labels in p* respects all the permissible 
concatenations in R.   

For efficiency, G×M(R) is not explicitly constructed, but concatenated with the identifier of each vertex 
of G with the identifier of the appropriate vertex in M(R). This means that Dijkstra’s shortest-path 
algorithm runs on G with the following changes: each vertex is referred to by the pair consisting of its 
index in G and an integer 0 ≤ a ≤ |R| − 1 denoting the location within R. 

In the first step, a = 0 and the only “explored” vertex is (s, 0), where s is the origin vertex. In each 
subsequent exploration step of Dijkstra’s algorithm, consider only the edges e leaving the current 
vertex (v, a) with l(e) = R[a] or l(e) = R[a + 1]. If an edge e = vw with l(e) = R[a+1] is explored, then the 
vertex reached will be (w, a+1). Otherwise, the vertex reached is (w, a). The algorithm halts when it 
reaches the vertex (d, |R| − 1). 

Basic speedup techniques, such as bidirectional search, A*, and heuristic A* have been evaluated in 
the context of multimodal journey planning in [51]. [52] used time-dependent Dijkstra to compute 
multimodal journeys that contain a time-dependent subnetwork. 

The Access-Node Routing (ANR) proposed by [53] presents an efficient speed-up approach to a special 
case of intermodal route planning. Access-Node Routing is able to accelerate intermodal queries, in 
the proposed scenario, by more than 4 orders of magnitude. 

[54] proposed StateDependent ALT (SDALT). It supplements the ALT algorithm to bypass the fact that 
lower bounds from a vertex u may depend strongly on the current state q of the automaton with which 
u is scanned. SDALT thus uses the automaton to precompute state-dependent distances, providing 
lower bound values per-vertex and state. 

5.4 Literature review on the modelling of passenger information 
services  

A short review of the literature shows that it is important to specify what exactly is meant by 
“passenger information services in transportation”. Perhaps the highest level of categorisation is to 
distinguish between those information services that facilitate the operation of passenger transport 
service and those information services that facilitate the use of the passenger transport services by 
their intended customers. We focus in this literature review on information services that facilitate the 
use of transport services by their intended customers, because transportation models used in this 
project model passenger behaviour, but not operator behaviour. Furthermore, we are not concerned 
with the technology and methods that make information services possible, since it is largely irrelevant 
to modelling passenger behaviour, as we will explain. 
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5.4.1 Passenger information services - generalised categorisation 

Having established that our focus will be on the passenger information services that facilitate the use 
of passenger transport services, we will define the different “dimensions” of passenger information in 
general. 

5.4.1.1 “When” 

Generally, the consensus amongst academics and professionals studying the use of passenger 
information services from the point of view of the passenger is to categorise passenger information 
services according to the use-case location on the passenger “trip timeline” ( [55], [56], [57]). This trip 
timeline usually consists of two main phases, namely “pre-trip” and “trip execution / en route”. For 
public transport services (which, for our purposes, include air travel), these two phases are further 
broken down into subphases to reflect the complexity of navigating a public transport system. [55] 
proposed the following categorisation of passenger trip timelines that captures the phases of a public 
transport journey and yet is also generalisable to all other transport modes: 

Pre-Trip  

• planning 

Trip Execution/ en Route 

• Access transport mode 

• Orientation and Preparation at Access Point 

• Waiting for vehicle 

• Boarding 

• In-vehicle orientation 

• Riding/Driving 

• Preparation for disembarkation 

• Disembarkation 

• (Transfer) 

• Orientation at and exiting the Disembarkation location 

• Egress to final destination 

5.4.1.2 “Where” 

Furthermore, passenger information services are also classified according to where they are available. 
There are generally four physical locations that are relevant for passenger information services (based 
on [55]): 

• the planning location  

• the access/egress route 

• the station/stop 
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• the vehicle 

The intention of these four information service locations is to help define what kind of information is 
needed at each location, as well as what kinds of information are available at each location. Mobile 
information channels do not represent in and of themselves a fifth, “digital” location; instead, they can 
theoretically be used at all four physical locations. 

5.4.1.3 “What” 

Thirdly, there is the type of information that is being provided. Many classifications of the type of 
information that is being communicated are interdependent with the trip timeline or information 
service locations (“access information” is closely related to both the trip phase “access transport 
mode”, “transit stop information” is directly associated with the information location “station/stop”, 
etc.). To avoid such interdependence, we present the following, entirely content-oriented 
categorisation pointed out by [55] and sourced from [58]: 

• spatial information 

• time-based information 

• ticket (cost) information 

• disruption information 

• advertisement of events and offers 

By combining these three dimensions of “when”, “where”, and “what”, the “why”, or the “purpose” 
of the information service can be deduced. The first two dimensions of “when” and “where” also help 
determine when and where during a trip which kind of information would be most useful. More 
importantly from the modelling perspective, these three dimensions can help to pinpoint how to 
represent different kinds of information services in transportation models.  

Lastly, there is the question of who has access to which information and when. This is tightly related 
to the information channels - the “how”. But for the purposes of modelling, the various information 
channels can be reduced to when they deliver information along the trip timeline, where they are 
available with regards to information locations, what their content is, and to whom they are delivered. 

5.5 Modelling passenger information services and corresponding 
passenger reactions 

5.5.1 Pre-trip information for “foreseeable” conditions 

In most transport demand models, all travellers are assumed to have perfect, pre-trip, travel planning 
information. It is also assumed that all travellers consider all options available to them. Both 
assumptions are simplifications of reality with regards to information access and information use. 
Essential components of this perfect, pre-trip, travel planning information include the routers (spatial 
and time-based information) and the ticket (cost) information. Indeed, the routers are essential to the 
assignment step in four-step models and to the simulation step in agent-based models. The routers 
also provide the travel time information and the input for calculating ticket information, which are 
required by both the mode choice models in four step models and the various implementations of 
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behavioural models (models that represent various decision-making rules and procedures) in most 
agent-based models. Thus, modelling different types of pre-trip information generally involves 
“simply” giving the routers and the behavioural models different kinds of information. 

5.5.2 En-route Information for “unforeseeable” conditions 

Modelling information services that are active in the travel-execution phase is not a standard part of 
travel demand models. That being said, agent-based travel demand models, with their 
simulation-decision making loop, lend themselves naturally to attempting such en-route or “live” 
information service modelling. Within the literature on agent-based travel demand models, there are 
various approaches to modelling en-route information services. Central to each approach are their 
assumptions on when, where, and to whom the information is delivered, what information is 
delivered, and, most importantly, how this information is used by the agents to make decisions. 

5.5.3 Modelling decisions triggered by en-route information services 

Determining how to model how information is used to make decisions is essential to creating an 
agent-based model that can model passenger reactions to en-route information services. Most 
important for these models of passenger behaviour is: under which conditions does the receipt of 
information actually lead to a change in behaviour and what does this change consist of? 

Many of the studies reviewed simply assumed that agents act upon information immediately upon 
receiving it and follow essentially the same planning methods as they would in their “normal” trip 
planning phase, but with knowledge of the current network state and only for trips and activities 
occurring after the receipt of information ( [59], [60], [61]). Others develop intricate behavioural 
models to determine if information will be acted upon ( [57]) and how the information will be used to 
decide which action to take ( [57], [61], [62]).  

There is also the question of how often an agent should be allowed to replan. Should agents 
continuously replan: should they always be monitoring the progress of their trip to look for developing 
delays? For instance, in the traffic jam avoidance simulation performed by [61], the agents recalculate 
their route every time they exit a link based upon the most current travel time estimates.  Alternatively, 
should agents only be able to replan at the moment of receipt of new information? [59] and [60] seem 
to limit the agents to one replanning action, which must be performed when the agent is informed of 
a railway disruption. A slight variation with more behavioural nuance is depicted in the evacuation 
scenarios simulated by [62] and the traffic congestion simulations of [57], in which agents evaluate 
each new delivery of information before deciding upon an action.  

Furthermore, different models look at different choice dimensions. All consider, at minimum, route 
choice. Indeed, most applications of modelling en-route information services and associated passenger 
reactions deal primarily with re-routing the agents to minimise travel time delay in the case of 
unexpected events. Most of the reviewed studies additionally allowed mode choice in most, but not 
all, of the scenarios they tested ( [57], [59], [60], [61], [62]). The majority also allowed changes in 
activity start and end times in most of their scenarios ( [57], [59], [60], [61], [62], [63]). Fewer allowed 
for the replanning of the entire activity chains ( [59], [60], [62], [63]). It should be noted that the 
behavioural basis (the choice models and/or other decision rules and the data used for estimating their 
parameters) for activity start and end time shifts and for activity-replanning is often not nearly as 
robust as those for route and mode choice. It is interesting to note that [57] is unique in that their 
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behavioural models incorporate not only the choice to act, but also the choice of which choice 
dimension to change, aka should the agent reroute or change modes? [57] is also unique in including 
a measure of travel time reliability as well as a subjective evaluation of information reliability as part 
of the decision-making processes.    

5.5.4 Representing en-route information services in agent-based models 

The second essential component to modelling en-route information services is deciding how to 
simulate the dimensions of the information: when, where, what, and who? Using the categorisation of 
passenger information services, it becomes easier to define how such services could be simulated using 
an agent-based model. Considering the following information dimensions:  

• Time-based 

o Purely time-based. At a particular time or at the time of an event, the information is 
broadcast via all channels. Agents receive the information no matter where they are in 
their trip timeline ( [59], [60], [61], [62]).  

▪ But they might react differently based upon where along their trip timeline they are 
located ( [59], [60], [61]).  

o Trip-timeline based. Agents only receive the travel information in question when they 
reach a certain phase on their trip timeline or during a certain phase of their trip timeline. 

▪ En-Route 

• The Transition from Pre-Trip to En-Route ( [59]). By giving the agents 
information about a disruption when they commenced their trip, the goal was 
to model agents checking real-time information sources immediately before 
commencing their trips and subsequently reacting to the provided disposition 
timetable. The goal of the agents was to maximise their utility of their plans 
given the new network conditions. 

• Continuously throughout the En-Route phase ( [57], [61]). In [61], agents 
accessed new travel time estimates for each network link each time they exited 
a link and rerouted the rest of their route accordingly. In [57], agents would 
evaluate the potential utility gain of using the “real time” traffic information 
before deciding to re-route.  

• Location-based 

o This would represent information dispersal according to trip location. Of the studies 
reviewed, only [59], [61] and [63] simulated trip location-based information: 

▪ in-vehicle: in [59], agents were triggered to reroute or potentially switch modes 
when they attempted to enter an overcrowded vehicle; 

▪ at the stop/station: in [63], one of the tested scenarios prompted the agents to 
reroute their transit journeys when they arrived at their first stop;  

▪ distance from the disturbance: in [61], several different simulations were run to 
test the effects of informing agents of roads with temporarily reduced capacities 
based upon their Euclidean distance from the roadways with reduced capacities.  
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• Agent-specific information:  

o Taking into consideration what kinds of information channels an agent has access to. [57] 
performed a simulation experiment with different information penetration rates to find 
the optimum information penetration rate for minimising system-wide average trip travel 
times. 

As has been shown, not all dimensions of trip information have been modelled yet. Trip location and 
agent-specificity are particularly under-explored. 

Most of the studies reviewed ( [59], [60], [61], [62], [63]) use various implementations of MATSim ( 
[64]), a highly modularised agent-based simulation, whose behavioural model usually consists of an 
evolutionary algorithm that utilises sets of utility equations to evaluate plans executed inside a traffic 
simulator over many iterations between the behavioural model and the traffic simulator. The MATSim 
traffic simulator is usually a custom-developed mesoscopic traffic simulator that represents traffic 
dynamics via a customised queueing model ( [64]). Most of these studies ( [59], [60], [61], [62]) use a 
special “replanning” extension ( [65]) to allow for agent decision making during the traffic simulation. 
Two of the studies implement special behavioural models ( [61], [62]) instead of the standard utility 
equations in some ( [61]) or all ( [62]) of their simulated scenarios. [63], instead of using the replanning 
extension, utilises a special router ( [66]). This event-based router is run twice. The first routing-run 
uses the scheduled timetable to create fully routed trips. This represents the pre-trip planning. The 
second run of the router uses the observed timetable provided by a local transit agency, which includes 
observed delays, and re-routes only certain stages of the trip, representing information retrieval at 
different points along the trip timeline. 

5.5.5 Reoccurring vs Unexpected Events 

When a simulation-decision loop is iterated, it implies that the event is of a reoccurring, predictable 
nature. Agents can anticipate the disruption and incorporate it in their planned behaviour. This is 
acceptable for recurrent but variable events, such as navigating a highly congested network, or for 
travel activities that can only be partially planned, such as looking for parking. If, however, the event 
to be modelled is of an unpredictable nature, such as an unexpected signal disturbance that shuts 
down a rail line or a traffic accident that shuts down parts of a road network, such anticipation of the 
event is illogical ( [61], [65]). Thus, for unexpected events, the simulation-decision loop should not be 
iterated: instead, only one iteration should be run to reflect that agents cannot learn about the best 
way to avoid the event-caused disruption, but instead have to apply their best guesses. The 
information provided to each agent and the decisions each agent is allowed to make influence exactly 
what an agent’s “best guess” will consist of. 

5.5.6 Modelling decisions based upon reliability 

Of the papers reviewed, [57] was the only paper to explicitly consider how the reliability of the 
transport supply with regards to travel times is perceived by the agent and how reliable the agent 
perceives traffic information regarding travel times to be. The behavioural component of the agent-
based model used was custom-built and largely described in [57]. The traffic simulator used was 
DTALite ( [67]), which is a mesoscopic traffic simulation that represents traffic dynamics using Newell's 
kinematic wave model.  
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[57] incorporated the reliability of travel times into the agents’ decision-making processes. The travel 
times along agents’ routes at particular times of day in past iterations of the simulation were stored in 
agents’ memories. The agent then was able to calculate the likelihood that a particular travel time 
would occur for a particular route at a particular time of day, but only for those routes and time bins 
for which they had travel times stored in memory. Traffic information, when received, was evaluated 
in the context of this memory. The agent calculated the likelihood that the traffic information about 
current travel times for the route was correct by consulting the weighted distribution of travel times 
from the route in question in its memory. More recent, as well as more frequently experienced travel 
times were given more weight, representing that they were remembered more prominently and thus 
more likely to be used as the “predicted” travel time of a particular route. This behavioural model was 
used both before a trip commenced (planning, pre-trip) and when an agent re-routed while traveling 
(en-route). 

It is worth pointing out that this procedure only works for regularly occurring events, since this 
approach to endogenously estimating travel time reliability and endogenously predicting the effect of 
this reliability on mobility decisions relies on gathering travel time information over many iterations. 
As discussed previously, using multiple iterations containing the same or similar traffic events is only 
logical as long as the events are at least mostly-predictable. Considering that the eventual application 
of the above method was to model traveller’s use of dynamic congestion information in a highly 
congested corridor ( [57]), it can be argued that the congestion in question, although variable, was 
mostly predictable. 

5.6 Summary and conclusions 

Modelling the use of passenger information systems is at its core an exercise in modelling passenger 
behaviour. As such, the behavioural components of the model must be well formulated and 
well-grounded on behavioural theory and data from behavioural research, or at the very least 
calibrated against detailed “revealed behaviour” data sets. The latter is theoretically less able to 
predict behaviour under new conditions, though, because the parameters are “estimated” by trial and 
error and based upon only one, poorly defined and noisy, revealed “choice set”, whereas properly 
conducted choice experiments use statistical methods to estimate parameters based upon cleaner, 
more varied, and well-defined choice sets, thus ensuring the parameters estimated are more robust 
with respect to predicting behaviour under varied conditions.  

The literature review also reveals that the information system itself can and must be defined in such a 
way that it can be integrated into a behavioural model, as well as the simulation step of agent-based 
models. Regardless of the mathematical and programmatic mechanics of the various models or the 
information systems themselves, the characteristics of the information systems can be defined by the 
dimensions of when (trip timeline), where (trip locations), what (information type), and who (which 
agents). These dimensions allow modelers to determine the appropriate implementations for 
delivering information to the agents in a way that represents how such delivery would occur in reality. 
Of the dimensions, the trip timeline is the most helpful in specifying how to model a passenger 
information service from the passenger point of view.  

Pre-Trip information is essentially the information that is used by routers and behavioural models in 
the standard implementations of both conventional four-step travel demand models and agent-based 
travel demand models. Once again, behavioural models are those model components that model 
mode choice, departure time choice, route choice (insofar not implicit in the routers), activity choice, 
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location choice, etc. In standard implementations of agent-based travel demand models, agents are 
assumed to have essentially perfectly complete and accurate pre-trip information. For a real-world 
comparison, think of how many people use Google Maps. Google Maps and other online maps such as 
Bing Maps or Open Street Maps are essentially routers that real people use to determine the optimal 
route for their upcoming trip. In agent-based models, the built-in router does this for every agent as 
part of building their plans. Similarly, all other information about a trip that a real person would have 
to access via online tools, travel agencies, help desks, or mobile apps, such as ticket costs, gas prices, 
insurance costs, etc., are also by default “provided” to each agent by the routers and behavioural 
models that create the detailed plans for each agent to execute during the simulation. Thus, in 
agent-based models, simulating the enhancement or improvement of pre-trip information involves 
enriching the information provided to the routers and the behavioural models, pre-simulation.   

Modelling en-route or “real-time” information, however, requires that agents are able to change their 
plans during the simulation itself. This is in principle possible in most agent-based models that use a 
traffic simulator, given that the traffic simulation step is sufficiently modular. For modelling en-route 
information, both the behavioural models (especially which decisions may or must be made) and the 
information dimensions must be very precisely described. In particular, it must be possible to define 
and set within-simulation decision-making-triggers (information) and to allow the necessary 
behavioural models to be executed during the simulation for selected agents.  

It is very important to precisely specify: 

• the “when” and “where” of the information delivery, including how often the information is 
delivered or requested (every time an agent exits a road link? Or only at the beginning of a 
transit disruption?); 

• under which conditions the information triggers a change in behaviour (initialisation of a 
behavioural model); 

• how long this changed behaviour lasts (replan the whole day? Or just the current trip?); 

• exactly which behavioural changes are triggered (only re-route, or also mode choice?); 

• and to which agents the information is delivered.  

In principle, the agent-based transport modelling framework MATSim as well as its eqasim 
implementation are capable of modelling the reaction of agent populations to different passenger 
information systems and the effects of those agent reactions on the transport system itself. A very 
important aspect that needs to be carefully clarified prior to building such models is the behavioural 
component of the modelling framework. This includes choosing the behavioural model or models to 
be used and determining what kind of data the chosen behavioural models require. If appropriate data 
to support the chosen behavioural model or models is not available, the eventual results of the 
simulations should be considered “proof of concept” and not used as a basis for making actual plans 
for actual services. 
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6 Specification of case studies 

This section describes the case studies that will be used to test the new data analytics and modelling 
methods and tools developed by TRANSIT to evaluate some of the proposed intermodal solutions. Two 
case studies have been identified. The first case study is focused on the implementation of integrated 
ticketing between ground transport and air transport services, from a strategic perspective. The 
second case study is focused on the coordination measures to alleviate the impact of disruptions in 
the ground-air intermodal transport system, from a tactical perspective.  

Among other aspects, the specification of the case studies includes their motivation and relation with 
the intermodal concepts and passenger information services proposed in the previous sections, the 
research questions to be addressed, and the scenarios that will be explored with the transport models 
involved in the project. A brief review of the available data for conducting the analyses is also 
presented to assess the feasibility of the proposed research questions for each of the two test cases 
included in the project: Madrid/Spain and Paris/France. 

6.1 Case study selection 

The coordination mechanisms between the ATM system and ground transport modes and the 
intermodal concepts presented in this document put a wide range of potential case studies on the 
table. The criteria for selecting the set of cases where TRANSIT project will demonstrate its 
developments were the following: 

• The set should cover both strategic measures (long-term) and tactical measures (short-term). 
The passenger journey can be improved from both perspectives, so it is relevant to analyse 
how the new data analytics techniques and modelling tools can contribute to this end. 

• The set should cover both ‘hard’ measures (e.g., infrastructure deployment) and ‘soft’ 
measures (e.g., stakeholders’ coordination). In particular, this will allow us to assess to what 
extent the implementation of some specific hard measures could bring other soft measures 
to their full potential. 

• The set should cover both urban access scales, which addressable with MATSim, and 
regional/national scales, which relates to C-TAP. It was decided that all the case studies 
should combine both scopes, to make both simulation frameworks relevant in all case 
studies. 

• The entities and processes that inform the cases can be modelled with the two tools involved 
in the project, bearing in mind the improvements expected in the tools from WP5. 

All members of the Consortium collaborated in specifying a limited number of case studies, which was 
then presented in the 1st Stakeholder Workshop. Finally, the EEAB feedback and comments were 
included in the case studies specification. 
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6.2 Available data 

6.2.1 Data sources – Madrid/Spain 

Data Type Data Sources Data Provider 
Private 
/ Public 

Temporal 
Scope 

Geographical 
Scope 

Temporal 
Granularity 

Geographical 
Granularity 

Transport  
Supply 

Infrastructure skeleton (link lengths, 
capacities…) 

Open-Source Data + Google Maps 
(to validate) 

Public 2019 Spain N/A Street Level 

Public Transport services (frequency, 
schedule and capacity of the vehicles) 

Open Trip Planner, Open Mobility 
Data (https://transitfeeds.com/) 

Public 2019 Madrid Region Minutely PT stops 

Parking Barajas (for each terminal) AENA (accessibility) Private 2019 Barajas Airport N/A Parking Level 
Terminal info (to and from which terminal 
each flight arrives departs) + kerb to gate 
average time  

AENA Private 2019 Barajas Airport N/A 
Terminal 

Level 

Traffic Signal Data 
Hypothesis needed (also level of 
detail of the model) 

N/A 2019 Madrid Region 15 mins Street Level 

Uber Movement Uber Public 2020 Madrid Region 
4 hours 

(aggregated) 
Street Level 

Transport 
Demand 

Mobile Phone Data Orange (processed by Nommon) Private 2019 Spain 20-30 mins Network cells 
Traffic Counts Madrid’s council Public 2019 Madrid 15 mins Sensor Level 
Parking Barajas (demand) AENA (accessibility) Private 2019 Barajas Airport N/A Parking Level 

Ticketing Data Operators - CRTM Public 2019 Madrid Region 
Validation 

Time 
Stop / Station 

Household surveys EDM2018 Public 2018 Madrid Region Yearly City Districts 

Socioeconomic 
Data 

Census Data INE  Public 2019 Spain Yearly  
Visitors Data INE (FRONTUR) Public 2018 Spain Monthly  
Household surveys EDM2018 Public 2018 Madrid Region Yearly City Districts 
EMMA AENA  Private 2019 Barajas Airport N/A  

Land Use Land use data SIOSE Public 2017 Spain N/A Polygons 

Table 24 – Data sources available for Madrid/Spain analyses 

https://transitfeeds.com/
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6.2.2 Source of data – Paris/France 

Data Type Data Sources Data Provider 
Private / 

Public 
Temporal 

Scope 
Geographical 

Scope 
Temporal 

Granularity 
Geographical 
Granularity 

Transport 
Supply 

Road network OpenStreetMap / Geofabrik  Public 2020 Ile-de-France  Street level 

Public Transport Schedules Ile-de-France mobilites Public 2020 Ile-de-France Minute PT Stops 

Airport Data Aéroports de Paris Private 2020 CDG airport N/A N/A 

Uber Movement Uber Public 2020 Paris 
4 hours 
(aggregated) 

Street level 

Transport 
Demand 

Origin-destination data INSEE Public 2015 France  Commune 

National household travel survey Ministry of Ecology Public 2008 France Minute Municipality 

Regional household travel survey IDFm 

Private 
(available 
upon 
request 
for 
research) 

2010 IDF Minute Municipality 

Socioeconomic 
Data 

Census Data INSEE Public 2015 France  Commune 

Population totals INSEE Public 2015 France   

Income tax data (Filosofi) INSEE Public 2015 France  Municipality 

Land Use Service and facility census INSEE Public 2018 France  Address 

Table 25 – Data sources available for Paris/France analyses 
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6.3 Integrated ticketing and schedule coordination scheme 

6.3.1 Motivation 

An integrated ticket allows a person to make a journey that involves transfers within or between 
different transport modes with a single ticket that is valid for the complete journey. The purpose of 
integrated ticketing is to encourage people to use the provided service by increasing the coordination 
between the services. Indeed, as presented in section 2.4.1, discomfort induced by transfers and 
waiting time are reluctant for passengers. An integrated ticketing based on a coordinated 
transportation network could significantly attract and reassure people to shift from a mono mode 
travel to a multi-mode travel. 

One of the benefits of better information coordination between ground transport and ATM is the 
plausibility of ticket integration between rail (maybe also other modes) and air transport. This could 
result in the removal of some feeder flights, which would release capacity for long-haul flights in 
congested hubs.   

‘Soft’ measures such as integrated ticketing may have synergies with other ‘harder’ integration 
measures related to new rail connections serving the airport. It is interesting to see the potential of 
integrated ticketing in relation with these large infrastructure investments (either as a substitute or as 
a complement). 

6.3.2 Link with the proposed innovative intermodal concepts  

The most relevant intermodal concepts for this case study are illustrated in the following table:  

Proposed concept Description 

Ticket integration 
Sharing timetable and fare system information between air transport and ground 
transport facilitates ticketing integration. 

Identification of origin-
destination demand 

Sharing demand data would help identify origin-destination travel patterns, which 
in turn can allow operators to optimise transport supply. 

Timetable 
synchronisation 

Integrated ticketing makes the flights dependent on the trains arriving on time and 
vice-versa, which may foster better timetable synchronisation between both 
modes. 

Resilient regional 
transport network 

Sharing demand data may facilitate more efficient and resilient use of the ground 
transport network by air transport passengers, encouraging a demand shift to 
more sustainable modes and making the network more resilient. 

Table 26 – Links between the integrated ticketing case study and the proposed concepts 

6.3.3 Research questions 

The tools and techniques developed by TRANSIT will allow the exploration of the impacts of integrated 
ticketing as a strategic coordination mechanism. The research questions will be addressed combining 
C-TAP and MATSim models. 
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With regard to C-TAP, it has to be taken into account that the model solves an optimisation problem 
considering agents not affected by external events, but only driven by their needs. Agents within C-TAP 
optimise a long-term plan of activities, and by doing so they also optimise the travel necessary to 
perform those activities. The timeframe for the plan being optimised is usually at least several months. 
The benefits of performing activities are weighed against the cost of doing them. Travel contributes to 
that cost. Thus, agents in C-TAP, through optimising their long-term plan, perform activity, destination 
and mode choice. It is important to note that since C-TAP operates on a large time scale, it can only 
investigate strategic changes to the transport network. Nevertheless, this is appropriate for addressing 
the following questions: 

• Would the increase in perceived travel reliability which derives from integrated tickets change 
passengers’ travel decisions? To what extent is this relevant in relation to other decision 
components (e.g., travel comfort and infrastructure accessibility)? 

• Would an integrated ticketing system generate new demand? 

Since MATSim can only model mobility choices for trips that are performed entirely within the 
boundaries of the selected network and the MATSim models to be built in this project are only of 
Madrid and Paris, the choice of whether or not to buy an integrated ticket cannot be modelled 
endogenously. However, given which agents have chosen to use an integrated ticket and thus which 
mode these “integrated ticket” agents will be using to traverse the city, MATSim can simulate how 
“local” agents will react to the influx of the “integrated ticket” agents, which is of utmost importance 
for the assessment of the impact of such measures. Thus, the following two research questions could 
be answered with MATSim: 

• What would be the impact on the transport system of the city under study? Would the urban PT 
network be able to cope with the passengers from the long-distance rail terminal to the airport 
in an effective way? 

• Would this new ticketing system require new (local) infrastructure? 

Apart from the questions to be addressed by the two models directly involved in the project, a direct 
research question emerges from the impacts of integrated ticketing: 

• What is the potential for releasing capacity at hub airports thanks to the removal of feeder 
flights? 

6.3.4 Scenarios 

The aforementioned research questions will be explored through three scenarios: 

A) Baseline. This scenario will present the current state of the intermodal network without any 
integration measure. 

B) Integrated ticketing with no infrastructure adaptations. This scenario will aim to evaluate whether 
integrated ticketing between air transport and ground transport would allow the release of airport 
capacity by removing feeder flights and replacing them by rail services. In addition, an integrated ticket 
would encourage airlines to enhance travel time reliability through measures such as reallocating 
passengers to other flights, delaying their initial flight, facilitating access to an alternative transport 
mode, etc., so these aspects will also be explored. 
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C) Integrated ticketing with infrastructure adaptation. ‘Soft’ measures such as integrated ticketing 
may be handicapped by the lack of a certain infrastructure (e.g., high speed rail in Madrid does not 
reach Madrid-Barajas Airport). Hence, the third scenario of this case study would include the hard 
measures required to bring this proposal to its full potential.  

6.3.5 KPIs 

The main studied KPIs from the TRANSIT performance framework to measure the impact of the above-
mentioned schemes will be the following (see Table 27): 

KPA KPI Description 

Capacity Overall OD capacity 
Maximum number of passengers for an OD considering all the 
alternatives.  

Capacity Alternative capacity  Maximum number of passengers on an alternative.  

Efficiency Total Travel Time Time to complete the whole door to door trip. 

Efficiency 
Ratio In-vehicle Time / 
Total Travel Time 

Ration between the sum of in-vehicle times and the total travel 
time. 

Efficiency 
Ratio Waiting Time / 
Total Travel Time 

Ratio between the sum of waiting times and the total travel time. 

Efficiency 
Ratio Transfer Time / 
Total Travel Time 

Ratio between the sum of transfer times and the total travel 
time. 

Cost effectiveness Direct cost 
Costs that are borne by users directly: taxes, travel tickets, tolling 
fees, etc. 

Predictability and 
punctuality 

Travel time variance 
Measures the overall travel time variance, analysing the 
dispersion of the travel time. 

Predictability and 
punctuality 

Buffer Time 

Measures the difference the travel time percentile 95% (T95) 
and the average travel time (Taverage). In expands Litman’s buffer 
time definition by including scheduled services and by checking 
both the buffer time on the arrival and the departure. 
Buffer time = T95 - Taverage 

Predictability and 
punctuality 

On-time performance 
(OTP) - ratio on time 
trips vs all trips 

Measures the ratio between the on-time trips and all the trips. 
Whether a trip is on-time or not depends on an acceptable delay 
which is a share of the activity utility. 

Interoperability Number of legs 
Number of legs required to complete a journey for an 
alternative. 

Interoperability Number of modes Number of modes used to complete a journey for an alternative. 

Interoperability 
Number of required 
tickets 

Number of tickets used to complete a journey for an alternative. 

Table 27 – KPIs from TRANSIT performance assessment framework applicable to the integrated ticketing case 
study 
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6.4 Disruption response plan 

6.4.1 Motivation 

A disruption is a sudden problem that interrupts a process. In transport, a disruption reduces the 
nominal capacity or even brings it to zero. Having real-time information on this disruption would allow 
passengers to rethink their decisions and transport operators to provide better service under these 
circumstances. If there is a disruption in urban transport, such as a strike, this will affect the 
accessibility of the airport. Better synchronisation between ground transport operators and air 
transport operators may alleviate the effects of such phenomena. Similarly, a disruption in the air side 
of the trip may complicate the egress/access leg from/to the airport. If the ground transport services 
could adapt their supply to the disruption effects, the passenger would suffer less the impacts of such 
disruptions. 

6.4.2 Link with innovative the proposed intermodal concepts 

The most relevant intermodal concepts for this case study are illustrate in the following table:  

Proposed concept Description 

Airport reassignment 
If a big disruption happened in an airport, airlines could shift their flights to 
an alternative airport. 

Reassignment of air 
passengers to alternative 
modes 

If demand could not be served by air transport, ground transport could 
provide alternative means of transportation. 

Real-time estimation of 
access and egress travel 
time 

A more accurate estimation of travel time would allow passengers to better 
plan their door-to-door journey.  

Dynamic scheduling If flights are delayed, ground transport could adapt its supply to better serve 
the demand.  

Intra/Inter-mode passenger 
sharing (tactical) 

A better information sharing between the ATM and passengers accessing the 
ground could encourage airlines to propose more backup solutions to 
passengers who are delayed. 

DMAN/AMAN optimisation 
AMAN and DMAN can regulate the flow of aircraft in order to manage the 
impact of time disruption occurred during journey 

Table 28 – Links between the disruption response case study and the intermodal concepts and solutions 
proposed 

6.4.3 Research questions 

6.4.3.1 Disruption in the ground side 

It is important to note that since C-TAP operates on a large time scale, it can only investigate strategic 
changes to the transport network. Thus, it could only investigate disruptions that are known 
beforehand, such changes to the flight or train schedules due to planned construction. 
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MATSim - or in the Paris case, eqasim - is a mobility simulation coupled with a decision-making model 
in an iterative loop. The mobility simulation simulates on a second-to-second basis a city’s 
transportation network and the agents moving through it. The decision-making model - the choice 
model - takes information from the mobility simulation to inform the mobility decisions of the agents. 
Subsequently the mobility simulation is run again, with these new decisions being executed. This loop 
between mobility simulation and choice model is repeated until the decisions stabilise across 
iterations: an equilibrium-like state evolves from all the individual decisions of agents adapting to 
decisions of other agents. This allows MATSim/eqasim to simulate how a population of agents reacts 
to different networks, different mobility services, etc. The assumption is that the network and services 
remain constant across all iterations (no disruptions) as the agents learn how best to travel through it 
while avoiding getting in each other's way (congestion). 

There is, however, past work that has shown a more dynamic, “real-time” method can allow MATSim 
to be used to evaluate how a population of agents’ respond to disruptions, and how, in turn, the 
agents’ reactions then affect the state of the network (congestion) or the services (overcrowding). This 
method relies on activating the decision-making process (choice model) for individual agents during 
the mobility simulation at a specified time or when a particular event occurs. This method is usually 
called “within-day-replanning”, and there have been several past implementations. For this research 
project, however, “within-day-replanning” will need to be re-implemented in order to work within the 
eqasim framework used for the Paris model.  

It should be noted that when a disruption is simulated with MATSim/eqasim, only one iteration is run, 
since using multiple iterations implies that the disruption is a regular occurrence and thus the agents 
can adapt to the “disruption” over many days. It should also be noted that MATSim does not 
endogenously simulate how mobility services like public transit would react. The only exception is taxi 
services, for which there is already an equasim-compatible framework to allow a taxi-service to be 
dispatched in “real time” during the mobility simulation. Thus, the reaction of the mobility services 
(excluding taxis) as well as the disruption itself would need to be input into MATSim via some sort of 
schedule of events (for instance: the removal of a subway train from the transit schedule and the 
replacement of this via a shuttle bus).  

Given the above, it follows that the planned re-implementation of within-day-replanning should make 
it possible to model groundside disruptions in the cities of Paris and Madrid that could affect how well 
agents can reach the airport. It should also enable the modelling of how the groundside transport 
system would be affected (congestion, overcrowding) by delays in incoming flights. Given detailed 
“schedules” for how a mobility service would move to mitigate a disruption, the effects of such 
mitigations could be investigated. The effect of information services could probably also be tested, in 
that agents could be “informed” of a disruption at different times and thus start “replanning” when 
they are “informed” of the disruption. 

It should be noted that the eqasim framework used for the Paris model does not allow for activity 
re-planning nor a change in the duration of activities already planned. Although “classic” MATSim 
theoretically could allow for such activity re-planning, the behavioural basis for such decisions is 
currently not well defined for the kind of utility equations used in “classic” MATSim and thus such use 
of “classic” MATSim would be extremely speculative and thus unreliable.  

Given all this, the following research questions could be answered using C-TAP and MATSim.    
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• How will the fact of knowing disruptions beforehand affect long-distance travel decisions? 
(mode change, destination change, cancellation of the trip)? 

• How resilient is the ground transport system? How is this correlated with long-distance travel 
demand? How can intermodality increase the resilience of the system? 

• Would the proposed concepts trigger any changes in modal choices? 

• Would the outgoing users affected by the disruption still make it to the airport on time? If they 
cannot arrive on time, how large is their delay, i.e., how long would the plane need to wait for 
them?  

• Would incoming users affected by the disruption still make it to their final destination on time? 
If they cannot arrive on time, how large is their delay? How much of their destination activity 
will they miss? How long will the train or other connection service need to wait for them? 

6.4.3.2 Disruption in the air side 

In the case of air side disruptions, all the comments about C-TAP and MATSim applicability still hold. 
In addition, there are some implications from flight cancellations that have to be taken into account 
when running MATSim. Given that activity re-planning cannot be modelled within the MATSim 
framework used for Paris (eqasim) and should not be modelled with “classic” MATSim, the cancelation 
of outgoing flights would not change much, since the agents would still arrive at the airport at the 
planned time regardless of whether or not the flight is cancelled. The reaction to delayed outgoing 
flights would be the same. Incoming cancelled flights would simply mean that the incoming agents 
would never enter the MATSim scenario. Thus, it makes most sense to focus on the effects of delayed 
incoming flights. 

The research questions related to C-TAP capabilities are the following: 

• How will the fact of knowing disruptions beforehand affect long-distance travel decisions? 
(mode change, destination change, cancellation of the trip)? 

• How resilient is the ground transport system? How is this correlated with long-distance travel 
demand? How can intermodality increase the resilience of the system? 

The research questions related to MATSim capabilities are the following: 

• If an arriving flight is delayed, is there enough transport supply in the final leg? Can passengers 
still reach their ground-side connections on time? If not, how long will the ground-side 
connection have to wait for them? This question would perhaps be most interesting for Madrid, 
where the HSR is not directly connected to the airport. 

6.4.4 Scenarios 

The aforementioned research questions will be explored through five scenarios: 

A) Baseline. This scenario will present the current state of the network.  

A.1) A disruption in the air side causing flight delays and cancellations will be tested. Its impact on 
long-distance trips and the urban transport modes used to access the airport will be evaluated. 
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A.2) A disruption in the ground transport side with capacity reductions and passenger delays will 
be tested. Its impact on the accessibility of the airport and the resilience of the door-to-door 
journey will be evaluated. 

B) Disruption management 

B.1) A disruption in the air side causing flight delays and cancellations will be tested. The proposed 
mitigation schemes will be included in the model, in order to evaluate their ability to alleviate the 
impact of the disruption.  

B.2) A disruption in the ground side (traffic jam, strikes, public transport disturbances…) will be 
tested. The proposed mitigation schemes will be included in the model, in order to evaluate their 
ability to alleviate the impact of the disruption.   

6.4.5 KPIs 

The main studied KPIs from the TRANSIT performance framework to measure the impact of the 
abovementioned schemes will be the following (see Table 29): 

KPA KPI Description 

Resilience  Capacity reduction 

Ratio between the nominal capacity and the non-nominal 
capacity. The nominal capacity is the capacity when no 
disruptions occur and the non-nominal capacity when disruptions 
occur. In the context of this case study, this will be used as a 
model input. 

Resilience  
Time required to start 
to recover 

The time interval between the beginning of the system 
disturbance and the first response activity. In the context of this 
case study, this will be used as a model input. 

Resilience  
Time required to 
restore normal 
operation or near it 

The time interval between the beginning of the event and the 
system recovery, i.e. the system recovers the nominal capacity. 
Changes in capacity usage -congestion, overcrowding, different 
route choices, different mode choices- will be endogenous insofar 
as it results from traveller decisions. We can measure how long 
the travel-patterns of the travellers take to return to the normal 
state. 

Efficiency 
Fastest average travel 
time 

The time to complete the trip with the fastest option, taking into 
account the different alternatives, passenger legs (D2D, D2K, K2G, 
etc.) and needs (luggage, no luggage, etc.). 

Efficiency Total Travel Time Time to complete the whole door to door trip. 

Efficiency 
Ratio In-vehicle Time 
/ Total Travel Time 

Ration between the sum of in-vehicle times and the total travel 
time. 

Efficiency 
Ratio Waiting Time / 
Total Travel Time 

Ratio between the sum of waiting times and the total travel time. 
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KPA KPI Description 

Predictability 
and punctuality 

Travel time variance 
Measures the overall travel time variance, analysing the 
dispersion of the travel time. 

Predictability 
and punctuality 

Buffer Time 

Measures the difference the travel time percentile 95% (T95) and 
the average travel time (Taverage). In expands Litmans buffer 
time definition by including scheduled services and by checking 
both the buffer time on the arrival and the departure. 
Buffer time = T95 - Taverage 

Predictability 
and punctuality 

On-time performance 
(OTP) - ratio on time 
trips vs all trips 

Measures the ratio between the on-time trips and all the trips. 
Whether a trip is on-time or not depends on an acceptable delay 
which is a share of the activity utility. 

Table 29 – KPIs from TRANSIT performance assessment framework applicable to the disruption response 
case study 
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Appendix I: 1st Stakeholder Workshop 

Date 11th of November 2020 

Venue Online 

Attendees TRANSIT project team: 
• Ricardo Herranz (Nommon) 
• Rubén Alcolea (Nommon) 
• Oliva García (Nommon) 
• Javier Burrieza (Nommon) 
• Alex Gregg (Nommon) 
• Daniel Delahaye (ENAC) 
• Milos Balac (ETH)  
• Marta Rodríguez (AENA) 
• Nadine Pilon (Eurocontrol) 

TRANSIT Advisory Board: 
• Giuseppe Sollazzo (Department for Transport) 
• Nick Ashton (Vueling) 
• Irene López Alonso (RENFE) 
• Amir Shehadeh (Ioki) 
• Esther Bravo (Shift2Rail) 
• Klaus Nökel (PTV) 
• Vincent Loubière (Odyssee) 
• Angelo Martino (TRT) 

Agenda • Welcome and introductions of participants (round table) 
• Project description + workshop objectives & approach 
• Case study (Disruption scenarios) 

o Introduction 
o Questions on the concepts 
o Questions on the performance indicators 

• Case study introduction (Ticket integration & Schedule coordination)  
o Introduction 
o Questions on the concepts 
o Questions on the performance indicators 

• Wrap-up 

Attachments TRANSIT - 1st Stakeholder Workshop - Background documentation.pdf 
20201113_1st_Workshop.pdf 
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Project description, workshop objectives and approach 

Rubén Alcolea (Project Coordinator) introduced the scope, objectives and approach of the TRANSIT 
project, as well as the objectives of the Stakeholder Workshop: 

20201113_1st_Workshop.pdf 

TRANSIT is a project funded by SESAR ER4 within topic: ‘ATM Role in Intermodal Transport’, which 
started on the 01/05/2020 and has a duration of 24 months of research + 6 months of dissemination. 

The TRANSIT methodology is the following: 

• To propose innovative intermodal transport solutions, which will be tested through a series of 
case studies. 

• To develop a multimodal performance framework with its performance indicators, which will 
be used to assess the impact of the intermodal concepts in the case studies. 

• To develop new methods for mobility data collection, fusion & analysis 
• To develop a modelling and simulation framework, which will be used to test the case studies. 
• To assess the expected impact of the proposed intermodal concepts and propose guidelines 

and recommendations. 

The objective of this workshop is to collect feedback on the case studies and more specifically on the 
proposed intermodal solutions for this case studies and the proposed indicators to measure their 
impact. 

Case study 1: Disruption Management 

Alex Gregg (Deputy Project Coordinator) introduced the case study. 

The motivation, intermodal concepts, the scenarios and KPIs of the case study were presented. 

TRANSIT - 1st Stakeholder Workshop - Background documentation.pdf 

20201113_1st_Workshop.pdf 

The attendees were split in two groups to have a wider range of opinions and then both put in 
common what was discussed in a joint discussion. 

 

  



D2.1 - ATM ROLE IN INTERMODAL TRANSPORT: OPPORTUNITIES FOR 
INNOVATIVE INTERMODAL CONCEPTS AND PASSENGER 
INFORMATION SERVICES 

 

 

  

 

 

 

 87 
 

 

 

Levers & barriers of the concept 

The main barriers for coordination in the context of disruption management were discussed according 
to the previous experiences called by the attendees. Most comments focused on the communication 
between systems from different stakeholders. It was mentioned that a closer collaboration at a more 
strategic level (e.g., integrated ticketing) could enhance the coordination mechanisms when a 
disruption comes. Three types of barriers were pointed out: technical problems, governance problems 
and economic problems.  

In general, it was assumed that the technical aspects are solved to a major extent. This was illustrated 
with examples from coordination between airport managers and ground transport stakeholders, such 
as the installation of real-time flight information panels in train stations. It was clear that it is already 
possible to deploy the infrastructure (in form of panels, apps, etc) to allow good communication with 
passengers. However, it was acknowledged that data standardisation can still be improved. 

Governance and economic issues were heavily connected between each other. The discussion focused 
on the incentives that stakeholders need to perceive to actually engage in coordination mechanisms. 
At the moment there are neither clear economic incentives nor clear responsibilities allocation to 
ensure the quality of the information that passengers receive. 

Most governance-related barriers were linked to a dissonance between the desired passenger-centric 
vision in intermodality and the actual service-centric orientation that dominates today. This requires 
radical re-thinking on how to deal with disruptions. For instance, airports are required to have equal 
relations with all operating airlines, so equity is measured at an airline-level rather than at passenger-
level. This illustrates that there are many contractual constraints for the intermodal solutions. Another 
aspect that dominated the governance discussion was responsibility allocation: who should be 
responsible for data quality? Data quality has implications for delay compensations and other 
measures to guarantee the whole trip, connecting governance and economic challenges. There are 
two options: 

• An authority responsible for it (what would be its source of revenue?) 
• Shared responsibility (why take more responsibility without more revenue?). The current 

coordination models reported by the attendees have adopted this model: airlines, airports and 
ground transport operators have “focal points” among their staff that are known by the 
managers of each transport subsystem and communicate between each other. It was also noted 
that the models proposed for U-space may be valuable since they confront similar challenges. 

As part of the governance discussion the issue of reputation damage of sharing delay data was also 
present. 

Relevance of new intermodal concepts 

Disruptions were discussed in great detail. The fact that the disruption can be planned or unplanned 
was highlighted as well as how the stakeholder could react in each case. In some cases, unplanned 
disruptions are not “worth” informing because passengers have already started the trip and can't go 
back in time.  
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Another interesting topic that was raised was the shift from service punctuality to passenger 
punctuality, i.e., from a service-centric perspective to a passenger-centric one. Linked to this shift, the 
substantial quality leap in disruption management that an integrated ticket would bring was 
highlighted.  

Finally, the rigidity of each transport mode was pointed out. The different operators have more or less 
depending on their constraints. Air transport (airlines) have less flexibility than other modes. In 
particular, smaller airlines have the lowest flexibility given that changing slots is only allowed within 
an airline. Rail operators have more flexibility than airlines but less than other ground transport modes. 
Finally, on-demand transportation (shared mobility and others) is the most flexible and can better 
adapt to disruptions. 

Stakeholders involved - benefits and drawbacks for them 

The main benefits or drawbacks for the involved stakeholders are the costs involved with sharing the 
data.  

Airports own the infrastructure to share the data, but do not own operator’s data. In the case of 
ground transport operators and airlines, there is no incentive to share data given that there is 
currently no economic benefit, and it would actually imply a cost.  

Previous experiences 

Deutsche Bahn has shifted its focus from train punctuality to passenger punctuality. They have 
observed that the best indicator to measure punctuality is expected delay at destination, using a delay 
propagation model instead of creating a number of disruption scenarios. 
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Case study 2: Integrated ticketing and timetable synchronisation 

Alex Gregg (Deputy Project Coordinator) introduced the case study. 

The motivation, intermodal concepts, the scenarios and KPI of the case study were presented. 

TRANSIT - 1st Stakeholder Workshop - Background documentation.pdf 
20201113_1st_Workshop.pdf 

The attendees were split in two groups to have a wider range of opinions and then both put in 
common what was discussed in a joint discussion. 

Levers & barriers of the concept 

The main barriers for coordination in the context of ticketing integration were discussed according to 
the previous experiences called by the attendees. The main barrier is that some of the involved 
companies tend to be competitors. Long-distance ground transport operators and airlines are 
competing for the same passengers and a collaboration would only be “plausible” in case of a deficit 
route. This is case specific and should be analysed as such. 

Ticketing integration would be cumbersome if (instead of competition) there was collaboration. There 
are some existing collaborations between shared mobility and public transport. Passengers use the 
shared mobility to access the public transport stops/stations. This could serve as a model for 
intermodality in airports. 

Other barriers were highlighted: the legal, commercial and operational challenges of the scheme.   

Who should take ownership of the risk? Currently, each stakeholder takes responsibility for its own leg 
of the trip. Whether each stakeholder would take care of its own leg is unknown. Similarly, who would 
take ownership for the risk in the transfer is also unknown. Bearing with higher risk would derive into 
two options: 

• Higher costs for the passenger 

• Higher buffer time to mitigate the risk 

Would it make sense commercially? According to the members of the advisory board that would 
depend on the demand segment addressed. Business travellers tend to make more informed decisions, 
whereas leisure travellers tend to make less informed decisions. It was expressed that it would be 
difficult to make the option more attractive if passengers are not fully aware of the alternative. 
Passengers tend to focus on the price and ignore the transfer times. Hence, the option should be 
cheaper or have the same price. However, the option would bear higher risks and a higher complexity, 
because there is an added complexity on synchronising and optimising the timetables. Apart from the 
technical operational complexity, there is the added complexity of having many stakeholders involved 
(different transport operators, network owners, etc.).   

Finally, the operational complexity regarding the luggage was pointed out. Who would take care of 
the luggage? Also, security concerns were raised given the asymmetry of the security checks, which 
are much more rigorous at the airport.   



D2.1 - ATM ROLE IN INTERMODAL TRANSPORT: OPPORTUNITIES FOR 
INNOVATIVE INTERMODAL CONCEPTS AND PASSENGER 
INFORMATION SERVICES 

 

 

  

 

 

 

 90 
 

 

 

Relevance of new intermodal concepts 

The fact that the ticket integration has been on the table for a long time was raised and a EU funded 
study on the topic was mentioned (“Remaining challenges for EU-wide integrated ticketing and 
payments systems”). 

Ticket integration can be used in two different ways. The first one is a competition approach in which 
feeder flights would be replaced by rail services and which would probably result in decreasing the 
relevance of regional airports. The second one is a cooperation approach in which ground transport 
collaborates with air transport to make the airport more accessible to passengers, thus increasing the 
catchment area.  

Another important point that was raised is the fact that timetable synchronisation can only occur when 
the integrated ticket scheme is in place.  

Stakeholders involved - benefits and drawbacks for them 

The main benefits or drawbacks for the involved stakeholders are the legal, commercial and 
operational challenges of the scheme. 

• Some airlines might benefit from the removal of feeder flights (some might not), this should be 
analysed on a case-by-case basis.  

• Rail operators would benefit from an increase in demand. 
• In the case of airports, it should be distinguished between main hubs and regional airports: 

o Main hubs would benefit from a release in capacity for more profitable long-haul flights. 
Also, passengers accessing by train pass by the shops (another source of revenue), whereas 
passengers transferring in the airport don’t. 

o Removing feeder flights would imply less revenue for regional airports. On the other side, 
ameliorating the access to the airport by having integrated tickets with bus and rail 
operators to access the airport would result in a bigger catchment area, which would result 
in more demand and consequently, more revenue to the airport. This could be tested 
through the tools developed in the TRANSIT project. 

Previous experiences 

IBERIA + RENFE (the Spanish rail operator) - Had (have) an integrated ticket. However, the service was 
selling two separate tickets with no shared risk or real cooperation between agents.  

Shift2Rail is studying the possibility of an integrated ticket to increase the resilience of the 
door-to-door journey. In this study, the share of risk and revenue that each stakeholder should take is 
being explored.  
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Indicators 

A discussion on the indicators took place. The fact that the indicators should be measured with a 
segmentation as detailed as possible of demand was highlighted. A distinction between short distance 
and long-distance trips as well as between affected and non-affected passengers should be 
conducted.  

Most attendees claimed that the most relevant KPI is the time predictability, which varies a lot among 
passengers. Hence the relevance of demand segmentation.  

Given the higher risks involved in ticket integration (they would consider the whole chain), operators 
may be more conservative and increase transfer times. Higher overall travel times, but less variability. 

Other performance indicators were suggested: 

• The inclusion of environmental indicators, which are very relevant when it comes to measure 
the impact of removing feeder flights.  

• The inclusion of a comfort indicator to measure less objective choice drivers. 
• The inclusion of a maximum waiting time indicator, as ticket integration can increase the 

waiting time according to some members of the advisory board (it was highlighted that some 
revealed preferences studies point out that the transfer time between modes could be more 
penalised). 


