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Introduction  

1.1 Background  

Our urban system is undergoing dramatic change. The United Nations projected 

that half of the world's population would live in urban areas at the end of 2008. By 

2050, it is predicted that 64.1% and 85.9% of the developing and developed world 

respectively will be urbanized (Economist, 2012). The urbanization generates more 

opportunities for jobs, education, housing, and transportation. Living in cities permits 

individuals and families to take advantage of the opportunities of proximity and 

diversity. However, the increasing size of cities also causes many problems especially in 

terms of transportation and the environment, such as congestion and air pollution. 

Promoting multimodal transportation is generally seen as a promising way to alleviate 

today’s transportation problems of deteriorating accessibility of city centres, and 

negative impacts of traffic on the environment. Using information technology may be 

helpful to improve the performance of the existing infrastructure and services. Travel 

information, especially real-time travel information for personal mobile devices can 

improve user experience of public transportation or avoid congestion on part of the 

roads. With the growing popularity of smart phones and apps in recent years, 

increasingly more individuals receive travel information on their personal mobile device.  

Against this background, multimodal routing, personalization of advice, 

environmental awareness and integration with daily activities have become hot topics in 

research and application domains for the next generation personal travel information 

services. A brief introduction to these aspects will be given in following sections. 

1.1.1 Multimodal transportation and routing 

Multimodal transportation is not a new concept. It involves the use of two or 

more transportation means to move the traveller or goods (only passenger 

transportation is considered in this thesis). In an early stage, multimodal transportation 

mainly attracted the interests from the transportation planning domain to optimize the 

design of a multimodal transportation network with respect to economic efficiency (Van 
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Nes, 2002) and how to evaluate the performance of urban multimodal transportation 

systems in terms of safety, efficiency, quality of life, etc. (Pratt, 1996; Plazak, 2006; 

Zhang 2013). In recent years, the interests in multimodal transportation moved from a 

transportation planning perspective to an individual traveller perspective due to the fast 

development and popularity of Internet and the emergence of mobile computing 

technology (e.g., new mobile computing platforms, such as Android and iOS, and GPS). 

New ICT (information and communication technology) developments allow travellers to 

easily obtain various forms of information. A multimodal travel information service, 

especially for multimodal route planning, thus became a core service. 

Multimodal transportation should seamlessly interconnect all different 

transportation modes, both public and private. According to this latter definition, most 

existing multimodal transportation information systems are not really multimodal: they 

only include several separated transportation modes; there is no connection between 

public and private transportation services. For the multimodal transportation system, 

the conceptual model is not complex – it is possible to just use transfer links to connect 

different transportation mode networks at the places where travellers can transfer 

between modes. Of course, there are other practical issues such as how to collect and 

organize the data needed for routing, which however are not the main concern in this 

thesis. One recent activity in this domain concerns an initiative of the European 

Commission (2012) aimed at raising the awareness about the need to further develop 

European journey planners and show the benefits they will bring to citizens (Schijndel, 

2000; Si, 2012). In this plan, using different types of transportation for one journey or 

'multimodal travel' is recognized as part of the solution. This option not only can 

preserve the environment (by using cleaner transportation solutions than private cars, 

such as public transportation), but may also be cheaper given the high fuel costs of car 

use. Multimodal travel is by its very nature more complex. On-line journey planners can 

help travellers to plan a journey from A to B (ideally door-to-door), combining different 

modes of available transportation, their schedules and even fares. How to design a 

good multimodal travel information service that supports multi-criteria evaluation of 

routes, personalization (personalized advice) and real-time information is a challenging 

question which still needs further consideration. 

1.1.2 Personalization of advice 

Personalization involves using technology to accommodate differences in travel 

preferences between individuals. Personalization technology has already been used in 

education, healthcare, television and Internet services. Recently, personalization in 
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travel information service has triggered more interests compared to the traditional 

fastest route or minimal transfer route recommendations (Sanders, 2007; Geisberger, 

2012; 511 transit services in San Francisco, 2012; ViaMichelin, 2012). Research on 

route choice behaviour can be used as the knowledge base for personalization of route 

recommendation. Bovy (1990) described a conceptual model of how route choices are 

made and what attributes should be considered. Krygsman (2004) described results of 

an empirical study on activity and travel choice(s) in multimodal public transportation 

Systems. Florenzo-Catalano (2007) discussed concepts and some findings on how 

choice sets are generated in multimodal transportation networks. Other examples of 

studies in this area are Dial (1979), Ben-Akiva et al. (1984), Hensher and King (2001), 

Bos et al. (2003, 2004), Hoogendoorn-Lanser (2005), Hoogendoorn-Lanser et al. 

(2006), Prato and Bekhor (2009), Molin and Van Gelder (2008).   

Although the straightforward approach of modelling multimodal networks, which 

connect sub-transportation networks through transfer links or nodes can also be used 

for travellers individually, some differences must be taken into account: travellers have 

different emphases and purposes compared to transportation planners. How to specify 

the most important attributes and apply obtained parameters representing preferences 

for personalized routing also needs further consideration. To date, no accurate 

personalized travel information system taking into account such preferences exists. 

1.1.3 Environmental awareness 

Promoting environmental awareness and sustainable travel behaviour are 

important objectives of a personal travel information service. Currently, greenhouse gas 

emissions from transportation take up 19.7% of total emissions in the EU (EUROSTAT, 

2013). Moreover, their share is increasing each year. To provide travellers eco-friendly 

travel advice, a precondition is to know how much emission will be produced by the trip. 

Although it is possible to measure the precise emission for each vehicle, it is hard to 

evaluate how much is produced by a particular trip given the limited information 

available. In reality, it is also hard to determine how many passengers were sitting in 

the private car or in the bus. Moreover, it is not realistic to force travellers choosing a 

more sustainable travel style. Providing feedback of rough emission volumes while 

giving route recommendation is currently a feasible way to increase travellers’ 

environmental awareness.  
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1.1.4 Activity scheduling 

An activity scheduling recommender system may be used to combine travel 

information and information about POIs (Points of Interest) for activities to make our 

daily life easier. In general, there are two kinds of ways of handling activity scheduling 

considerations.  

One perspective focuses more on providing more relevant information and 

detecting conflicts based on where people are in space and time. In general, “An 

intelligent personal assistant is a mobile software agent that can perform tasks, or 

services, for an individual based on user input, location awareness, and the ability to 

access information from a variety of online sources (such as weather or traffic 

conditions, news, stock prices, user schedules, retail prices, etc.)” (Wikipedia, 2010). 

Examples of such applications are Cognitive Code's SILVIA, Samsung's S Voice, Google 

Now and Apple’s Siri and Berry. Berry et al. (2011) proposed a personalized assistance 

for calendaring (PTIME) that helps users handle email meeting requests, reserve 

venues, and schedule events. However, no travel information was integrated.  

Another perspective is that of the transportation planner or researcher who use 

scheduling models for predicting behaviour rather than providing decision support to an 

individual. Usually a utility-based model is used to predict an individual’s decisions in 

planning his or her daily activities. For example, Arentze et al. (2005) proposed a 

dynamic model of activity-travel scheduling based on a heuristic method. Meister et al. 

(2005) proposed a way of generating complete all-day activity plans using genetic 

algorithms. Travel times between locations were based on historical averages. This 

assumption of average travel times is good when the model is used for planning 

support; however, application in a personal recommender system poses higher 

requirements on the quality of travel time estimates and information provision. 

Especially for public transportation, average travel time estimation is not meaningful as 

the traveller need precise departure times in most of the cases. Thus, existing activity-

scheduling models for prediction purposes are not necessarily transferable to the 

domain of recommender systems. Furthermore, for daily level activity scheduling, 

dynamic response to real time events is also necessary and helpful to save time and 

make life more convenient. 

1.2 Research goal 

Starting point for this development project is the need for a smart travel 

information service that provides personalized real-time multimodal travel information 
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and recommendations. There are several difficulties that must be overcome for 

developing this kind of service. First, there is no general model for integrating all the 

information in a single framework. Most existing systems or services split the 

information into pieces (e.g. road traffic information service and public transportation 

information service are independent). Then, it is very hard for the user to reach a 

decision based on separated information services - the so-called information silo. An 

example is that the user has to check the weather, the place he/she wants to go, the 

opening times, the price of using a different mode etc. Second, most existing systems 

support only single-criterion queries and do not supply real personalized 

recommendations (in a multimodal environment) combining multiple criteria. Measuring 

travel preferences and using the obtained preference assessments in a travel 

information system would be a promising way to improve the quality of query results. 

Third, most existing travel information systems only provide routing results for single 

trips separately. In case the traveller has to travel to many different places within a 

specified time slot, no existing operational system supports the traveller on that level.  

The aim of this thesis is to solve these problems through developing a travel 

information system that supports multimodal transportation networks, real-time 

information, personalized information and an integrated daily activity scheduler service. 

The research reported in this thesis has been conducted in the context of an EU FP7 

project, called i-Tour (intelligent Transport system for Optimized URban trips) (2013). 

The software component developed as a result of this research will be part of the i-Tour 

middleware system on the server side. In the following section, a brief introduction of 

the i-Tour project will be given. 

1.3 The i-Tour project 

The i-Tour project aims at developing an open framework to be used by different 

providers, authorities and citizens to provide intelligent multi-modal mobility services on 

mobile devices for urban travellers. The system will support and suggest, in a user-

friendly way, the use of different forms of transportation (bus, car, railroad, tram, etc.) 

taking into account user preferences as well as real-time information on road 

conditions, weather and public transportation network conditions.  Furthermore, the 

system includes a (POI) recommender system and supports crowd sourcing, natural 

language processing, and privacy and security protection. 

The i-Tour project involves a consortium of companies and universities around 

Europe and has been divided in several work packages. The work packages deal with 1) 
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definition of the user and system requirements and the system architecture, 2) 

developing databases and related services and technologies for real-time data 

collection, 3) developing the multimodal transportation system, route finding, activity 

scheduler and optimization methods, 4) developing graphical user interfaces for mobile 

devices (smart phones and tablets) and a user-friendly travel information portal, 5) 

developing trust, virtual communities, and privacy mechanisms,  and, finally, 6) 

developing the infrastructure deployment and platform integration. All work packages 

were integrated and resulted into a working prototype system together with a business 

model for exploitation of the technology. To test and demonstrate the system, various 

test sites were developed. These include Naples metropolitan area, London and 

province of Trento. Various stakeholders were associated with the project to provide 

feedback and support the test sites by making data available.   

The present thesis is based on research and development conducted as part of 

the work package concerned with the multimodal routing system and activity scheduler. 

As development output of this work package, four sub-systems are developed and 

deployed in the server of Eindhoven University of Technology to provide service and to 

user interfaces, which are 1. routing system; 2. emission calculator; 3. preference 

learner; 4. activity scheduler. The interface is developer by other partner of i-tour who 

has more experience in graphic and user experience interaction. 

1.4 Outline of the thesis 

The thesis is organized into 7 chapters.  

Chapter 2 describes the proposed approach to model multimodal transportation 

networks which is inspired by the well-known concept of a supernetwork (Sheffi, 1985). 

For private transportation networks, we use the straightforward time-dependent graph 

model; for public transportation networks we use the time-expanded method where 

location nodes represent stations or stops and event nodes represent arrivals and 

departures of public vehicles at stations/stops. To create the multimodal network, the 

private and public networks are interconnected by transfer links. This chapter is 

corresponding to multimodal networking building part of routing system. 

Chapter 3 considers methods of route finding through multimodal networks 

taking into account multi-criteria preferences of travellers. Relevant preference 

parameters are identified and a method based on generalized link costs functions is 

proposed to incorporate the preference parameters of individuals in a multimodal route 

recommendation system. A supernetwork approach allows seamless multimodal routing 
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and moreover supports a detailed representation of traveller’s preferences regarding 

travel time, travel costs, service-quality, etc. We identify a broad range of preference 

dimensions related to these attributes and show how they can be mapped into a 

supernetwork representation of transportation networks. This chapter is corresponding 

to route calculator part of routing system and emission calculator. 

Chapter 4 focuses on personalization of routing advice. A method is introduced 

to represent user preference profiles and adapt the profiles based on user feedback. It 

is shown how a Bayesian learning approach can be implemented to learn a user profile 

incrementally. This chapter is corresponding to route calculator part of routing system 

and preference learner. 

Chapter 5 describes the new daily activity scheduler, which combines an activity 

calendar service and a POI service with the travel information system in a single 

integrated system for real-time constraints checking and rescheduling recommendation. 

This chapter is corresponding to activity scheduler. 

Chapter 6 describes the implementation and validation of the system. As for the 

routing system, it demonstrated how preferences affect routing recommendations, how 

preferences are updated based on feedback of choice of recommended alternatives and 

how real-time information affects route recommendations. In terms of the activity 

scheduler, the checking and recommendation functions implemented are illustrated. 

This chapter is corresponding to the integration of sub systems. 

Chapter 7 concludes the thesis by summarizing the major conclusions and 

discussing avenues for future research and development as extensions of the 

technology. 



1. Introduction 

 8 

  



 

9 

 

2 

Multimodal Transportation Networks  

2.1 Introduction 

As an integral important part of intelligent transportation systems (ITS), 

Advanced Travellers’ Information Systems (ATIS) provide travellers with pre-trip 

information about travel options as well as real-time advice on navigating through a 

dynamic transportation network, where conditions may change rapidly many times in 

the course of a day. In many countries, P&R (park and ride) facilities have been 

introduced, which facilitate changes between private (e.g., car) and a public 

transportation mode (e.g., train), to alleviate congestion problems in inner city areas. 

Therefore, the ability to model multi-modal trips that involve both private and public 

transportation modes is increasingly relevant. The fundamental issues behind these 

services are how to model properly the multimodal transportation network for ATIS and 

how to design the corresponding algorithms for supporting queries of travellers.  

The topic of modelling multimodal transportation network has received attention 

in transportation research. Schultes (2008) and Pajor (2009) did extensive research to 

extend networks from single mode (mainly road network) to multimodal. Zhang (2011), 

Li (2010) and Jariyasunant (2010) reported applications to support mobile multimodal 

ATIS in California for route planning. Peng (2008) proposed a distributed solution for 

planning of trips in a larger transportation system. Van Nes (2002) conducted an 

extensive research for designing multimodal transportation networks. Beelen (2004) 

developed a personal intelligent travel assistant for public transportation. In 

applications, Mentz Company (Rehrl, 2007) developed a journey planner system and 

applied it to a regional scale with relatively high spatial resolution (e.g. 511 transit 

services in San Francisco). Companies such as Trapeze, Jeppesen, Google and Logica 

also developed their products. Other applications include Bahn (German national 

railways timetable), 9292ov (public transportation route planning in the Netherlands), 

Transportation Direct, Journey plan and TFL (Transpor for London). All above works 

reflect some aspects of multimodal ATIS. However, for most of the above, we can only 

see the final route recommendation results. The connections between different modes 
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are not clearly described or are handled in an ad-hoc fashion (e.g. Google transit and 

9292ov). The right balance between objectives of accuracy and efficiency, which is 

important in large-scale applications, is also unknown. In summary, there is no general 

representation solution for multimodal transportation that can take into account a broad 

range of attributes and transportation modes as well as time dependency of 

transportation services. Since modelling of multimodal transport network is the 

foundation of multimodal routing, the selection of network model has great impact on 

routing. 

The concept of a supernetwork may play a central role in representing multi-

modal transportation networks. The so-called supernetwork is a network of networks for 

different modalities or activities. This concept was first introduced by Sheffi (1984) in 

his theory about urban transportation network equilibrium and then extended by 

Nagurney (2006) to include non-transportation activities (e.g., supply chains, financial 

networks). Carlier et al. (2003) showed how the approach can be used to model multi-

modal networks that include both public and private modes. Arentze and Timmermans 

(2004) developed a methodology to include activities at locations and to specify 

generalized link costs in a supernetwork as a function of the state of an individual 

traveller, which changes as the execution of an activity schedule progresses. Although 

the supernetwork approach is not new, there is no explicit description for modelling 

processes and precision requirements for ATIS applications based on a supernetwork. 

In this chapter, we therefore propose a generic multimodal transportation 

network model for ATIS application that can be used for large-scale transportation 

systems. We use a supernetwork approach where the networks for different modalities 

are integrated in a single network (Carlier et al. 2003, 2005). The links of the network 

model support multi-attribute and multi-criteria route queries. The model described in 

this chapter is the foundation of routing sub system in i-Tour. 

The remainder of this chapter is structured as follows: A detailed system 

requirement description for an operational multimodal transportation network model will 

be introduced in section two. In section three, we will discuss some basic concepts of 

the suggested steps. Next, we will introduce the constituent uni-modal transportation 

network models for private and public transportation, followed by the explanation of the 

integrated transportation model in section five. The final section will summarize the 

major contributions implied by our model.  
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2.2 Requirements for the model 

2.2.1 Multimodal  

A mode might be defined by vehicle type or transportation function. The part of 

the trip where a single mode is used is called a leg. A multimodal trip is a trip where 

multiple modes are combined so that a trip has multiple legs. A typical example is a trip 

in which a bicycle is used first to access the railway system, train is used next to travel 

the main distance and a local bus is used for the final leg between railway station and 

final destination. A uni-modal trip is the opposite where only a single mode is used for 

the entire trip, such as a private car or a regional train service. In Figure 2.1, for 

example, trips (a) and (b) are uni-modal trips and trip (c) is a multimodal trip.  

In a more narrow definition, which we will use here, a multimodal trip is a trip 

where a particular private vehicle (car, bike, etc.) is combined with a public 

transportation mode (bus, train, etc.). According to this latter definition, all trips (a)-(c) 

in Figure 2.1 are uni-modal. For example, in cases (a) and (b), a multimodal trip would 

arise when a bike (or car, etc.) instead of walking would be used to go to the bus 

station. 

(a)

(c)

(b)

car

walk bus service walk

walk bus service walktrain serviceT

 

Figure 2.1 Uni-modal trip and multimodal trip (source: Van Nes, 2002) 

The network model should be able to support finding routes in integrated 

multimodal networks and, hence, to generate multimodal as well as uni-modal routes 

for trips. Since the i-Tour routing system considers a multimodal network, 

transportation mode choice is an integral part of route choice in this system. 
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2.2.2 Real-time  

In a road network, real-time information mainly concerns the travel speed of a 

link and temporarily blocked access (e.g., due to an accident or road works). There are 

two levels on which speed is dynamic. The first level is that the possible speed of a road 

may change throughout the day, due to congestion. In particular, speed tends to be 

lower during morning and evening traffic peaks and higher during off-peak hours. If the 

pattern-speed profile is known for each link in the network, then route planners can 

take this information into account (e.g., as most in-car navigation systems do). The 

second level concerns actual traffic speed at a current moment in time. The actual 

traffic speed is to some extent unpredictable due to the stochastic nature of traffic or 

disturbances such as accidents. Based on short-term predictions of what the traffic 

conditions on a particular road segment will be in say several minutes ahead in time, 

route planners can take this latter level of dynamics into account as well.  

In public transportation networks, real time information can be presented in a 

different way. Usually, public transportation operates based on a scheduled timetable. 

Normally, public transportation follows the scheduled arrival and departure times in the 

timetable. However, sometimes delays or system failures may occur so that arrival and 

departure times may be different. Real time information here refers to actual times, 

which possibly may involve deviations from the schedule. The i-Tour routing system 

should be able to deal with real-time information on both levels (known speed profiles 

and deviations) for public transportation as well as road networks. 

2.2.3 Multicriteria evaluation and personalized information 

Existing routing systems often consider minimizing travel time as the single 

objective for determining optimal routes. In reality, however, individuals tend to trade-

off multiple objectives. Besides travel time, monetary costs, convenience and possibly 

environmental impact may be taken into account. Especially, in the context of 

multimodal transportation systems, multiple objectives tend to be relevant. A 

requirement of the i-Tour routing system is that it is able to take into account these 

trade-offs by using multi-criteria costs functions for links. The following criteria are 

considered relevant: Travel time, travel costs, Delays (congestion), Risk of delay (travel 

time reliability), Convenience/comfort, Scenery, Emission, Safety and Generalized costs 

(combing the above criteria in a single function) 

Although convenience and comfort are conceptually different criteria, in practice 

they are strongly correlated. Here we take them together as a single dimension. In 
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terms of the road network, convenience may mean that a traveller assigns a higher 

preference weight to high-level roads (highways) compared to local routes (many turns, 

mixed traffic, equal level cross-sections, and so on). In terms of public transportation, 

seat availability and avoiding transfers often lead to higher levels of experienced 

convenience. Generalized costs are defined as a weighted sum across all criteria using 

weights that reflect specific preferences of the traveller in the specific situation. Note 

that this is a broader conceptualization than usual. In the conventional meaning, 

generalized costs functions mainly include travel time and travel costs. Comfort is 

mentioned sometimes but hard to apply in practice.  

Situational factors tend to play a role in terms of weighting comfort/convenience. 

One such condition is the weather: modes such as walking and bicycling tend to be 

strongly affected by weather conditions. In addition, the activity program and state of 

the traveller may play a role. For example, it is often nice to walk to the office on a not 

so busy working day, but uncomfortable to walk back home after a busy working day. 

The present prototype focuses on travel time, travel costs, convenience/comfort, 

emission and generalized costs, but more criteria can be added, if desired, in future 

extensions. 

Personalization of routing advice (and information) is important to take into 

account possible differences between persons (e.g., the person has a disability) as well 

as possible differences between situations (e.g., travelling alone or with a child). Here 

personalization can be understood on two levels. The first level concerns intrinsic 

preferences for certain transportation modes (e.g., foot, bike or car) or routes (e.g., 

road A, road B). The second level concerns what was referred to above as multiple 

criteria, i.e. trade-offs between several objectives (e.g., minimizing travel time, 

minimizing travel costs, maximizing convenience, minimizing environmental impact). 

Personalization means that the system takes into account possible differences in 

preferences between individuals as well as within-individuals between situations. For 

example, individuals with tight budgets may give above-average weight to costs, and so 

on. In order to give personalized advice, the i-Tour routing system should be able to 

handle different preference schemes (relative weightings of criteria).  

2.2.4 Environmental friendly travel 

An important objective of the i-Tour personal mobility system is to increase 

users’ awareness of the environmental implications of their travel behaviour, in 

particular, with regard to emission of pollutants that affect global warming (CO2) and 
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air quality (Particular Matter-PM). i-Tour intends to achieve this by providing information 

about emissions produced by trips made by a user (feedback) and by the travel options 

he or she may consider before making a trip. i-Tour keeps a track record of each user 

and gives a reward (e.g., 10% monthly discount on public transportation fares) when a 

user has achieved some target in terms of emission-savings by choosing environmental 

friendly options (e.g., using public transportation instead of car). For example, when a 

user decides to leave the car at home and use public transportation for a trip, i-Tour will 

show the amount of emissions saved and how much still needs to be saved for reaching 

the target. To provide this functionality, the i-Tour routing system should be able to 

calculate emission consequences of routes. Because emission is one of the criteria 

included in evaluation of routes, the routing system is not only able to give feedback on 

environmental consequences, but also to take this into account in finding an optimal 

route by incorporating this dimension in generalized link costs functions. 

2.2.5 Multiple alternatives  

A final requirement is that the routing system is able to generate multiple route 

alternatives for a given trip that are meaningful for the user. In particular, alternatives 

presented may differ in terms of the way a trade-off is made between criteria so that, 

for example, the system presents a most scenic route, a most economic route, fastest 

route, etc. Furthermore, alternatives can be formulated in terms of different modalities 

including a multimodal route (e.g., best route by car, best route by public transportation 

and best route by combinations of private and public transportation). Based on 

presented alternatives the user can make a final choice. 

2.3 Modelling steps 

To model the multimodal transportation network, it is helpful to take an abstract 

view at first. A multimodal network can be viewed from at least two perspectives. From 

a physical point of view, it can be classified into road, rail, water and air. On the other 

hand, from a functional point of view, it can be classified into private modes (e.g. foot, 

bike and car) and public modes (e.g. bus, train, tram or metro). An advantage of the 

functional view is that it highlights the service provision to a traveller. Private networks 

offer continues service at any time associated with both physical nodes and physical 

links. On the other hand, public transportation networks offer discrete services 

according to timetables whereby physical nodes (e.g. stops, stations) are visible while 
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physical links are usually invisible. Therefore, the functional view is suitable for 

modelling the multimodal transportation network. 

A second step for modelling involves finding a general representation that 

supports later multi-criteria evaluation of routes. For private transportation networks, 

the physical nodes and links can be represented as such in a model. For public 

transportation networks, it is more complex. In these networks, the timetables of 

services determine the transportation links; physical links may sometimes even be 

unknown to the modeller (e.g. metro). Therefore, the goal for modelling multi-modal 

transportation networks is to integrate all above factors together. Two available 

solutions are known in the literature: one is the time-dependent approach where 

timetable events are handled as properties of links (the link costs function); the other is 

the time-expanded approach where time table events are separately represented as 

event nodes (i.e., arrivals and departures) (Pajor, 2009). To create an integrated multi-

modal transportation network, transfer links between different modes have to be added 

when all subnetworks are ready. The resulting integrated network is often referred to as 

a supernetwork.  

The third step for modelling is elaborating the model to make it meet the multi-

criteria evaluation requirement fully where time, monetary cost, effort and comfort (e.g. 

quality of mode, transfer time) are all integrated in a generalized costs measure. For 

time attributes, the private network models (especially for car) can be further classified 

into three types of links: time independent (the costs of the link are static); time-

dependent (costs of link vary through time in a known way from history) or stochastic 

time-dependent (both history and real-time information are considered). Public 

transportation network links are always time-dependent and possibly stochastic. A 

general solution is to allow all nodes in a multimodal network to have a timestamp and 

all links to have a time-depending travel time. Travel time of a next link in an evolving 

trip can then be determined during the search for an optimal path by keeping track of 

the time consumed up to the current node and retrieving the appropriate travel time 

depending on the current time. For monetary cost attributes, the ordinary method can 

be used where the total monetary costs of a trip are accumulated by money spent in 

each fragment of the trip. This is correct in private networks (e.g. car network) but 

incorrect in some public transportation cases. Given a trip composed by three linear 

ordered nodes A, B, C, the total monetary costs of going from A to C may not be equal 

to the sum of costs from A to B and from B to C. Thus, some extra measures may need 

to be added to handle this problem. For comfort attributes, the main factors are the 
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quality of services or mode for the link, whereas the transfer and waiting effort should 

also be considered in the multimodal transportation network. This means that transfer 

links should be explicitly represented in the network in some way (e.g. transfer node, 

transfer link). To integrate all these aspects in a measure of generalized costs, the key 

issue is how to judge the relative weights of the different attributes. In most existing 

approaches (Andre, 2007), one lets the user assign a weight value. A more advanced 

way is to use conjoint analysis (stated choice experiments) or estimate the weights 

based on observations of actual travel choices of a sample of individuals.  

When the model is ready, we can implement it in computer software and select 

a proper algorithm for computing shortest paths. In the ideal case, a basic shortest path 

algorithm (e.g., Dijkstra, A*) can be implemented directly.  

2.4 Uni-modal transportation networks 

2.4.1 Private transportation networks 

A private transportation network is a network that supports a particular private 

vehicle (e.g., bike, car), that is, a road network. The private transportation mode has 

some features that are different from public modes. It normally has no restrictions on 

time availability and privacy. The traveller is also the driver. It is also more flexible to 

adapt to a delay. Furthermore, the traveller normally has to find parking place and pay 

the parking fees. Due to congestion, a private mode such as bike is more reliable than 

car. The private network can be modelled in a straightforward way as a directed graph, 

where road segments are represented as edges (links) and junctions and exit/entry 

points as nodes, as Figure 2.2 illustrates.  

Some formal definitions of private transportation network are given first. A 

private network (e.g. road network) is defined as: Gpr = (Nl, L) where Nl is a location 

node set and L is a link set. A location node set is defined as Nl = (M, S) where M is a 

mode set and S is a node stamp set. For example, the mode set could be defined as M 

= {M1, M2, M3} where M1 is foot, M2 is bike, M3 is car. Depending on the criteria 

assumed, the Node stamp set could be defined as S = (S1, S2, S3, S4, S5) where S1 is 

distance stamp, S2 is time stamp, S3 is cost stamp, S4 is emission stamp, S5 is 

generalized cost stamp. The link set is defined as L = (Nh, Nt, T, C1, C2, C3, C4, C5, C6, 

Ht) where Nf, Nt, is origin node and target node of the link respectively, T is link type, C1 

is time cost on the link, C2 is distance of the link, C3 is money cost of the link, C4 is 

discomfort of the link, C5 is emission produced on the link, C6 is general cost of the link 



Personalized Route Finding in Multimodal Transportation Networks 

 17 

and Ht is a speed profile. Finally, a route is defined as R= <l1, l2, ... li>, i.e. a list of links 

where for consecutive links Nt = Nh. The goal of routing in a private network is to find 

route R which has minimal total costs (ΣCi ) in graph Gpr=(Nl, L).  

 

Figure 2.2 Modelling a private transportation network 

To account for time dependency, the path search algorithm assumes that for 

each node there is a time stamp that records the time moment (clock time) when the 

traveller arrives at the node. In addition, the algorithm assumes that there is a minimal 

time cost label that records the shortest time to this node. A route has been found 

when the search algorithm arrives at the destination node. The route is then identified 

by back tracking to the origin node using pointers to previous links. Other link attributes 

such as the costs and comfort degree, may also be time-dependent.  

In this thesis, we use the time-dependent method to construct a model of the 

road network. In this case, for each link there is a speed profile and our routing 

algorithm will use the speed that holds when entering that link. Given link i and time t 

when the link is entered, we can calculate the time spent on the link by simple division. 

The real-time speed will be added to the database to update the speed profile.  

To construct the private network, we first add all nodes, then we add all links by 

identifying the adjacent links of each node. When the network is constructed, our 

system uses labelled search, where each visited node will be assigned a label and 

attributes including a time stamp, travel time from original node, distance from original 

node, money cost from original node and so on. The Dijkstra algorithm is used as a 

kernel algorithm. This algorithm guarantees finding the global optimum for a route 

given the data.  

2.4.2 Public transportation networks 

The public transportation mode has some features that are different from private 

modes. It normally runs based on a fixed schedule (timetable). Therefore, it is time-

dependent. Although travellers do not need to drive the vehicle, they have to share 
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their space in the vehicle. Public transportation networks are more complicated, as they 

consist of services that run according to pre-defined time schedules.  

A public network is defined as Gpt = (Nl, Ne, L) where Nl is location node set, Ne 

is an event node set and L is a link set. The location node set in a public network is the 

same as described for the private network. An event in the event node set is defined as 

Ne = (M, S, E) where M is mode, S is node stamp and E is the event attributes set. E is 

defined as E = (E1, E2, E3, E4, E5), where E1 is route, E2 is trip, E3 is sequence number, 

E4 is type and E5 is time of the event. Here the route is a service line (e.g. bus number 

5). The trip is one specific service of that route in a day, which also includes the 

travelling direction (e.g. trip bus 9, leaving on 9:00 from station). The sequence number 

means the stop number (e.g. north station is stop number 2 and central park is stop 

number 3 in the sequence). The link set in a public network is also the same as in case 

of the private network. The goal of routing in a public network is the same as in case of 

a private network. Depending on how time schedules are dealt with, public 

transportation network models are generally classified into two approaches.  

The first approach is known as the time-dependent model. In this approach, the 

nodes refer to stops (e.g., bus stops) or stations (e.g., train stations) and the links refer 

to routes of a service (e.g., a bus line) between stops. The time spent on the link is 

obtained from the timetable of the route. In Figure 2.3, there is an excerpt of two 

stations S1 and S2 modeled according to the time-dependent approach. Station nodes 

are blue, whereas route nodes are drawn in purple. The trains Z1 and Z2 are equivalent 

(use the same route), while train Z3 uses a different route (Pajor, 2009). The time-

dependent model keeps track of clock time in the process of finding a shortest path. 

Given the departure time of a trip, the current clock time at arrival at a node is 

calculated using the time spent on the link (the travel time). This allows calculating 

possible waiting time until the scheduled departure time of a next bus/train/etc. at that 

station. The advantage of the time-dependent method is that it does not expand the 

graph used for searching an optimal path. A disadvantage, however, is that it requires 

that the so-called FIFO condition is met, i.e. the condition that a vehicle entering a link 

first (first in) is always also the vehicle exiting the link first (first out). This is a rather 

strong assumption in case of public transportation, especially when generalized costs 

rather than travel time per se are used as criterion.   

The second approach is known as the time-expanded model, which prevents the 

assumption of FIFO by expanding the graph. In this approach, the nodes represent 

specific events (e.g., bus arrivals and departures at a stop). This method is illustrated in 
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Figure 2.4. The yellow nodes stand for arrival events, the green nodes represent 

departure events and links indicate vehicle movement (sloped lines) or waiting episodes 

(vertical lines). 

S2S1

Z1, Z2

Z3

 

Figure 2.3 Time-dependent model for public transportation (Source: Pajor, 
2009) 

(a) Simple time expanded model (b) Realistic time expanded model
 

Figure 2.4 Time-expanded model for public transportation (Source: Pajor, 
2009) 

Table 2.1 Example of location table - “station table” 

Mode Stop_ID Stop_name Town_name Latitude Longitude 

Bus 60470110 Nieuwstraat Best 51.512467 5.395234 

Bus 60430120 Looierstraat Eindhoven 51.450413 5.476887 

Bus 60410150 Kasteel Geldrop 51.420434 5.553628 

… … …   … … 

 



2. Multimodal transportation networks 

 

 20 

Table 2.2 Example of event table - “time table” 

Mode Route Trip Sequence Stop_ID Time Event_type 

Bus 65 3 14 3451446 16:20 30 

Bus 65 3 15 3451449 16:34 30 

Bus 65 3 16 3451444 16:40 30 

… … … … … … … 

 

Figure 2.5 Proposed time-expanded model for public transportation 

Tables 2.1, 2.2 show examples of the database tables the routing system 

assumes at the level of the public transport network. Table 2.1 shows the location table 

for the public network; Table 2.2 shows the event table.  

In this thesis, we use the expanded method to model public transportation 

networks. As explained in this section, the expanded method allows incorporating 

timetables of services in a network representation so that waiting times and transfer 

penalties can be taken into account in finding optimal routes. Recall that in an 

expanded graph, there are two kinds of nodes. The first type of node represents a stop 

or station, which, similar to nodes in the private network, stands for places where one 

can enter the public transportation network or switch to another line (e.g., change 

train). The second type of node does not refer to a location, but rather to an event. The 

events involve an arrival or departure of a particular vehicle (train, bus, etc.) at a 

particular time at a particular stop or station. The time of the event is stored in the 

node. This means that a scheduled timetable of a particular service (bus, train, etc.) is 

mapped into a series of nodes that represents the arrivals and departures at a 

stop/station. In addition to the normal scheduled times, also possible deviations are 

stored, so that the system can take into account real-time information about delays. 

In essence, the time-expanded approach is a conceptual idea where the 

scheduling time table is expanded into discrete nodes. To make the model more 

realistic, we propose a new version of the time-expanded method as Figure 2.5 shows. 

The yellow node represents the location of a bus stop. The green and blue nodes 
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represent events at that location. There are two kinds of event nodes. In order of time, 

they are arrival of the vehicle at the stop (green node) and departure of the vehicle at 

the stop (blue node). Hence, the links represent a series of different types of actions. 

The link between green node and yellow node means that the traveller gets off the 

vehicle; the link between yellow node and blue node means that the traveller prepares 

boarding to get into the vehicle; the link between a green and blue node means that 

the traveller waits in the vehicle at the stop; a link between blue (this stop) and green 

nodes (next stop) (this is not indicated in the figure) means that the traveller is 

travelling in the vehicle. The advantage of this method is that the different costs 

elements related to a transfer experienced by a traveller, such as waiting, boarding and 

alighting, can all be represented in the model. 

2.5 Multimodal transportation networks 

A multi-modal transportation network is composed of several uni-modal 

networks. A multimodal transportation network can be defined as Gsp = {Gpr, Gpt, L} 

which is a combination of private network set (Gpr), public network set (Gpt) and a set of 

transfer links L between the networks. The goal of multimodal routing remains the 

same as in uni-modal networks. In past years, the modelling of multimodal 

transportation networks has attracted much research interest especially in the 

transportation planning domain. 

Abdelghany (2001) represents the multi-modal transportation network as a 

graph decomposed into a number of layers such that each layer represents a sub-

network of a certain mode. In a similar way, Lozano and Storchi (2001) define a multi-

modal network as a set of uni-modal networks, one for each travel mode, 

interconnected by transfer links. The authors also apply a supernetwork representation 

for the public transportation network. Caramia and Storchi (1997) described a 

representation of the multi-modal network model to evaluate the effects of parking 

prices. In their application, the multi-modal network represents four different modes 

(car, bus, metro, and walk). The boarding and alighting links between pedestrian and 

public transportation networks are uni-directional, whereas the connection links 

between car and pedestrian mode are bidirectional. The authors aim to demonstrate 

that the use of Park & Ride facilities, as opposed to on street parking, is more 

economical. Since the price for on-street parking increases in inner city areas, car users 

might find it more attractive to park their cars in a Park & Ride facility and continue 

their trip taking one or more transit modes.  
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Benjamin (2001) proposed a supernetwork model which intends to meet various 

requirements. On the one hand, it should match the original uni-modal networks as 

closely as possible, allowing a clear representation of the network for sake of network 

data management and for visualization purposes. On the other hand, it is used to 

compute multi-modal route sets using least-cost algorithms. Therefore a distinction is 

made between a base network and a supernetwork. The distinguishing feature of this 

approach is that it combines the level of spatial detail typically found in GIS-based 

networks with an explicit representation of available transfers at each stop.  

Carlier et al. (2003, 2005) developed a network representation for modelling 

multi-modal networks. The travel modes in their application included bicycle, car driver, 

car passenger, and walking, as private modes, and bus, metro, tram, and train, as 

public modes. Since walking is always a part of a multi-modal trip, the pedestrian 

network is also included as a network layer and it plays an important role, especially in 

the connections to all other network layers. The private networks consist of car (driver 

and passenger), bicycle, and walk networks. Each is represented as a set of nodes and 

links. The car network consists of motorway and secondary road streets, whereas the 

bicycle network consists mainly of secondary road streets, and the walk network 

includes mainly local streets. The public transportation network part consists of all 

public transportation services, characterized by the geographic location of its stops, 

frequency information, and parameters for the service model. Each service is modelled 

as a sequence of alternating travel links and dwelling links (the latter representing the 

time spent by the vehicle at a stop).  

Arentze and Timmermans (2004) proposed a supernetwork model which 

supports multimodal routing and activity planning. An extension of the network 

representation is proposed that allows one to model complete trip chains (tours) that 

may involve multiple transportation modes and multiple activities, as a least-cost path 

through the network. The extension is based on the notion that link costs may change 

as a consequence of activity and vehicle choices during the tour. The extended network 

or supernetwork contains as many copies of the network as there are possible activity–

vehicle states and additional state transition links to interconnect them. In this way, not 

only the generalized link cost function, but also the start and end points of a path can 

be defined state dependently. A least cost path through a multistate network defines an 

optimal sequence of travelling, transferring, parking, conducting activities and dropping 

off products of activities. In their study, an application shows how a multistate network 
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can be constructed and used to assess the impacts of network design variables on path 

choice.  

Pajor (2009) uses the concept of merging and linking to construct the 

multimodal transportation network. The proposed process can be described by two 

graph operations: Merge and link. The merge-operation basically unites two graphs and 

the link-operation inserts link edges to connect them. To determine for which pairs of 

nodes link edges should be created, nearest neighbour search is used.  

Although many multimodal transport models have been proposed, most of them 

are hard to apply into an operational travel information system or not clearly described 

in operational terms. As we have already described the network models for the different 

modes separately (Sections 2.4.1 and 2.4.2), this means that the only new element 

here concerns the links between the networks, in specific, the links between road-

network nodes and nodes of the public transportation network that represents places 

(stops or stations) where one can board on a public transportation vehicle. The foot 

network will play a central role in these transfers, in the sense that the public 

transportation network can only be entered and exited by foot network links. In  

modelling procedures, a number of aspects need to be considered including points of 

interest, label of node and link, facility for calculation and mode constraints.  

Point of interests. Besides the private network and the public transportation 

network, also the POIs are processed in the compilation. It is necessary to integrate POI 

information with the transportation network since travellers are usually travelling from 

one point (e.g. home) to another point (e.g. shopping centre). The POI is included in 

the transportation network as travel is always associated with certain POIs. In this 

thesis, we assume a POI is connected to the nearest node in the pedestrian network.  

Label (attribute) of node and link. To facilitate routing in a multimodal network, 

the nodes are provided with several labels and attributes. In sum, these are: 

transportation mode, event or location node, ID of the node, coordinates, distance, 

time, monetary costs, emission, generalized costs, connected link set, time stamp, and 

previous node. In case of a public transportation mode, the node will also store labels of 

relevant route, trip, sequence number, direction, scheduled time and, in case of an 

event node, whether the node is an arrival or departure event, and deviation time 

compared to the scheduled time. On the other hand, the links are provided with several 

labels and attributes as well. These include: transportation mode, the origin node, the 

target node, length, speed limit, the time, the costs, the emission, the generalized costs 
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and the speed profile. In this thesis, we assume there is only one direction for each link 

in private as well as public transportation network models. 

Facility for calculation. Classic routing only considers earliest arrival time. 

However, in determining a route the latest departure time for a trip is potentially also 

relevant. Although there are approaches to handle this problem in routing algorithms, 

here we plan to keep the algorithm as it is and build a so-called reversed network 

where we can still use the Dijkstra algorithm directly (Brodal and Jacob, 2004). Here the 

forward network is a normal network where the timestamp of the target node is always 

later than the time stamp of the origin node. Conversely, a reversed network is a 

network where the timestamp of the target node is always earlier than the time stamp 

of the origin node. The reversed network has natural features to solve the latest arrival 

problems. Therefore, in building a realistic operational multimodal transportation 

network, both a forward network (to account for earliest arrival times) and a reversed 

network (to account for latest departure times) have to be included. Table 2.6 specifies 

all the different link types involved in the forward network. Each link has as attributes 

the transportation mode, meaning of the link and whether the link is an instant activity 

(zero duration) or a durative activity (positive duration), which is important for route 

calculation in the transportation network. We take the following steps to implement a 

reversed version of the network. First, reverse the roles of all sources and destinations; 

second, reverse the roles of departure and arrival times, negating all of these times in 

the process; third, reverse the direction of all arcs; fourth, replace each arc arrival time 

function. 

Mode constraints. In constructing the integrated network, also mode availability 

constraints are taken into account. For example, it is not possible to include private 

vehicle links in-between public-transportation links in a route for a trip. E.g., a path 

such as bike - train - bike - … is not feasible since the bike in the third stage of the trip 

will not be available. When querying a route through the multi-modal network, we have 

to specify where which modes are available, and then we can calculate the preferred 

route. Although normally a private vehicle(s) is located at the start point of a trip, we 

also allow a user to specify that the location(s) of the vehicle(s) is elsewhere. Once the 

location(s) of the vehicle(s) has been specified, the constraint is implemented in the 

compilation by making sure that only a transfer link in the direction from the specific 

location to the vehicle parking place is available; this makes sure that the vehicle cannot 

be used at any other location than where it is parked. In our model, all intermodal 
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transfers are realized by foot. Therefore the added transfer links to create a multimodal 

network are part of the foot network and connected to other networks. 

Figure 2.6 schematically shows the way multimodal networks are modelled in our 

proposed system. 
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Figure 2.6 Modelling of multimodal transportation networks (forward 
network) 
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Table 2.3 Link types in the multimodal transportation networks 

ID Mode Link type Link definition Example Action 
type 

1 Foot Walking O ∈  foot ∪  D ∈  foot 

 

Durative 

2 Foot Accessing bike 
park 

O ∈  foot ∪  D ∈  bike 

 

Instant 

3 Bike Cycling O ∈  bike ∪  D ∈  bike 

 

Durative 

4 Foot Egressing bike 
park 

O ∈  bike ∪  D ∈  foot 

 

Instant 

5 Foot Accessing car 
park 

O ∈  foot ∪  D ∈  car 

 

Instant 

6 Car Travelling by 
car 

O∈  car ∪  D∈  car 

 

Durative 

7 Foot Egressing car 
park 

O ∈  car ∪  D ∈  foot 

 

Instant 

8 Foot Accessing bus 
stop 

O ∈  foot ∪  D ∈  bus 

 

Instant 

9 Bus Waiting bus & 
boarding 

O ∈  bus stop ∪  D ∈  
bus departure D

 

Instant & 
durative 

10 Bus Travelling by 
bus 

O ∈  bus departure ∪  
D ∈  bus arrival AD

 

Durative 

11 Bus Bus stopping O ∈  bus arrival ∪  D 
∈  bus departure DA

 

Durative 

12 Bus Getting off bus O ∈  bus arrival ∪  D 
∈  bus stop A

 

Instant 

13 Foot Egressing bus 
stop 

O ∈  bus ∪  D ∈  foot 

 

Instant 

14 Foot Accessing train 
station 

O ∈  foot ∪  D ∈  train 

 

Instant 

15 Train Waiting train & 
boarding 

O ∈  train station ∪  D 
∈  train departure D

 

Instant & 
durative 

16 Train Travelling by 
train 

O ∈  train station ∪  D 
∈  train arrival D A

 

Durative 

17 Train Train stopping O ∈  train arrival ∪  D 
∈  train departure DA

 

Durative 
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18 Train Getting off train O ∈  train arrival ∪  D 
∈  train station A

 

Instant 

19 Foot Egressing train 
station 

O ∈  train ∪  D ∈  foot 

 

Instant 

 
O: link origin node     D: link destination node      ∈ : belongs to  
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Initialize network set
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Figure 2.7 Flow of compiling multimodal transportation network 
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The compilation algorithm to construct an integrated network consists of the 

following five steps. 

1. Compile the private transportation network. 

2. Compile the public transportation network. 

3. Compile the POI set. 

4. Integrate the foot network with other networks and POI set. 

5. Add parking links (connect parking POI with the nearest car node). 

For the first two compilation steps there are two compilers corresponding to the 

uni-modal private and public transportation networks, as described in the previous 

sections. In the integration step, the foot network is crucial for determining transfer 

links. The foot network needs to be added and compiled also when it is not in the uni-

modal network set because this mode is always involved in transfers. For each node in 

the road network (car, bike), the nearest node in the foot network is identified. When a 

full multimodal transportation network has been constructed in this way, we can use the 

same routing algorithms to find shortest paths through the integrated network as in the 

conventional, uni-modal case. 

2.6 Conclusion 

In this chapter, we proposed an approach that is based on an abstract modelling 

view (private network and public transportation) and is inspired by the supernetwork 

technique (a general way to construct an integrated multimodal transportation 

network). For private transportation networks, we use the straightforward time-

dependent graph model; for public transportation networks we use the expanded 

method where location nodes represent stations or stops and event nodes represent 

arrivals and departures of public vehicles at stations/stops. To create the multimodal 

network the private and public networks are interconnected by transfer links. A labelled 

version of Dijkstra’s algorithm will be used for finding optimal routes in the integrated 

network. Multicriteria evaluation is handled by enhanced link costs functions. This will 

be discussed in the next chapter. 
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3 

Route Finding 

3.1 Introduction 

Finding a route in a transportation network (usually, a road network) that 

minimizes a given cost function (usually, travel time) is referred to as the shortest path 

problem, which has been studied extensively in the past decades. Dijkstra’s algorithm 

(Dijkstra, 1959) is the best known algorithm for determining the shortest path between 

two nodes in a transportation network. If only a shortest path between two locations 

has to be determined, Dijkstra’s algorithm can be speeded up by taking an estimation of 

the cost from a location to the destination into account. This algorithm is called the A* 

algorithm (Hart et al., 1968). When such an estimation is considered, searching can be 

done in a more destination oriented fashion. The A* algorithm therefore can find a 

shortest path much faster than the Dijkstra’s algorithm. Also many other shortest path 

algorithms exist, such as the Bellman-Ford algorithm (Ford, 1956; Bellman, 1958), the 

D’ Esopo-Pape (1974) algorithm and the Floyd-Warshall (1962) algorithm. An overview 

is given by Bertsekas (1998). More recently, Thorup (1997) has presented a 

deterministic linear time and space shortest path algorithm for undirected graphs with 

positive integer edge weights. The A* algorithm is the most commonly used shortest 

path algorithm in geographical networks such as transportation networks. Apart from 

A*, there are also other ways to improve the efficiency of the routing algorithm. One 

popular accelerating technique uses so-called bi-direction search. Traditional search 

methods always search from the centre outwards. Bi-direction search, on the other 

hand, will start searching simultaneously from the start node and end node. 

As already explained in the previous chapter, individuals tend to trade-off 

multiple objectives, not only taking into account travel time, but also monetary costs, 

convenience and possibly environmental impact. Especially in the context of multimodal 

transportation systems, multiple objectives tend to be relevant. In terms of the road 

network, convenience may mean that a traveller assigns a higher preference weight to 

high-level roads (highways) compared to local routes (many turns, mixed traffic, equal 

level cross-sections, and so on). In terms of public transportation, seat availability and 
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avoiding transfers often lead to higher levels of convenience experienced.  

Generalized costs are defined as a weighted summation across all criteria using 

weights that reflect specific preferences of the traveller in the specific situation. Note 

that this is a broader conceptualization than is usual. In the conventional meaning, 

generalized costs functions include only travel time and travel costs. It is noted that 

especially in terms of weighting comfort/convenience, situational factors tend to play a 

role. One such condition is the weather: modes such as walking and bicycling tend to be 

strongly affected by weather conditions. In addition, the activity program and state of 

the traveller may play a role. To return to an earlier example, it's often pleasant to walk 

to office on a not so busy working day, but uncomfortable to walk back home after a 

busy working day. It is also important to take into account possible differences between 

persons (e.g., the person has a disability) as well as possible differences between 

situations (e.g., travelling alone or with a child). Generalized costs can be regarded as a 

form of multi-criteria evaluation, however, how to measure and integrate individual’s 

travel preferences into realistic multimodal route planning applications remains unclear. 

The purpose of this chapter is to develop a comprehensive generalized-costs 

approach to calculate route in a multimodal transportation network. To model the basic 

network, we use the well-known supernetwork approach where the networks for 

different modalities are integrated in a single network as explained before. We propose 

a way to parameterize costs functions such that preference dimensions that are known 

to play a role in mode and route choice are represented and taken into account in least-

costs path solutions. This route calculation approach is applied in the routing system, 

which differentiates i-Tour system form other systems - capable of providing more 

precise personalized route. 

The remainder of this chapter is structured as follows. In section 3.2, a general 

algorithm framework is described. In section 3.3, the personalized calculation of the 

generalized-costs-calculation method is introduced. In the final section, the major 

conclusions and remaining problems for future research are discussed. 

3.2 Routing algorithm  

There is a large body of literature on routing algorithms (e,g. Dijkstra, A*) and 

accelerating strategies (e.g. bi-direction searching) aimed at improving calculation 

performance. Besides the algorithm itself, there are also many solutions in terms of 

hardware or system architecture improvement.  
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Figure 3.1 Multi-criterion path finding algorithm 
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The routing algorithm itself and performance are not the main concern in this 

thesis. However, how to calculate optimal multi-criteria personalized routes using a 

basic routing algorithm and capability for future extension are our concern. Here, we 

select the classical Dijkstra algorithm, which can be easily adapted and extended to fit 

our personalized route calculation approach. Figure 3.1 shows the main framework of 

our algorithm flow. As can be seen, the classical Dijkstra algorithm is slightly extended 

by including more condition-dependent actions (e.g. whether the current visited node is 

within a user’s transport mode set) in the algorithm.  Moreover, many search options 

(e.g. minimal time costs or minimal general costs etc.) are also incorporated in the 

algorithm. Apart from these options,  generalized link costs function is available 

combining all preference dimensions on a link level. This algorithm returns all the 

traversed nodes in a found path. To get the route, only backtracking from the 

destination node until the origin node is reached, is needed. In section 3.4, we will 

introduce the generalized link costs approach where other single-criterion calculations 

are also included.    

3.3 Generalized link costs approach 

A route through a multimodal network represents a particular travel option for a 

trip in terms of transportation mode(s) and route choice. The preferred travel option for 

a given trip can be defined as the route that minimizes total generalized costs as 

follows:   

 
iRj jIi Ci )(minarg*       (3.1) 

where I is the set of feasible routes, i* is the preferred route, Ri is the route according 

to a travel option i defined as a set of links, Cj  are (generalized) costs of link j and  is a 

set of preference parameters. As evidence from empirical studies suggests, travel-time, 

travel-costs and service-quality are relevant attributes of routes and tend to be 

evaluated mode-specific. Furthermore, travelers may take environmental impacts of 

their choice behavior into account when they are made aware of these externalities. A 

general form of the link costs function that accommodates these factors can be 

formulated as: 

 
 

r rjrsjsjsjssj XEMTC
jjjjj

43210)( 
           (3.2) 

where Tj is the travel time on link j, Mj are (monetary) travel costs, Ej is a measure of 

environmental impact, Xrj are service-quality attributes, sj gives the type of link j and ’s 
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are preference parameters. For ease of presentation we will confine the environmental 

impact term here to emission (such as CO2 emission), although it is acknowledged that 

other dimensions may be involved as well (e.g., noise, traffic safety). This form of the 

function is general enough to represent a full set of known costs/utility considerations 

involved in route preferences. For example, if j is a transfer link interconnecting a car 

park and bus stop, the constant can represent a possible threshold for transferring 

between car and bus, the time component can represent the walk time involved, the 

costs can represent the parking fee and the quality attributes can represent the facilities 

available at the bus stop. Single-objective routing is a special case where all but one 

category of the T, M and E and X parameters are set to zero.  

Given the diversity of links in a multimodal network, the calculation of time (T), 

costs (M) and emission components (E) deserve some attention. In this section, we 

discuss issues and how they can be dealt with in calculating these components.  

3.3.1 Time calculation 

Time is the most important attribute in both private transportation modes and 

public transportation modes. In case of a private network link, travel time of a link can 

either be static or dynamic (travel speed on a link changes during the day). The time-

dependent approach allows that travel times are dynamicly changing on link. In this 

approach, nodes in a network have a timestamp and links have a time-dependent travel 

time. Travel time of a next link in an evolving trip can be determined during the search 

for an optimal path by keeping track of the time consumed up to the current node and 

retrieving the appropriate travel time depending on the current time. In the public 

transportation case, a route generally consists of sequences of walking, waiting, 

boarding, alighting and in-vehicle links. In the time-expanded approach, the nodes of a 

public transportation network include locations (stations or stops) as well as events 

(arrivals and departures of a bus or train). The way to calculate time on a public 

transportation link depends on the nature of the start node and end node of the link.  

In Figure 3.2, L means location node and E means event node. To calculate the 

time spent on the link, the following rules can be used. If the origin node is a location 

node and the target node is also a location node, then time on the link equals the 

length of the link divided by speed (case 1). If the origin node is a location node and 

the target node is an event node, there are two cases. If the time stamp of the event 

node is later than the current time at the location node then the time on the link equals 

the difference, else it equals positive infinity (the node cannot be reached) (case 2). If 
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the origin node is an event node and the target node is a location node, then the time 

on the link equals the length of the link divided by speed (case 3). If the origin node is 

an event node and the target node is also an event node, then time on the link equals 

the difference between their timestamps (waiting time) (case 4). Given the way we 

compile the whole network (as explained before), the timestamp of the target node will 

always be later than the origin node. In summary, we define the time on a link as 

follows: 
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Figure 3.2 Four cases of calculation of time on a link 

Note that when the start node is an arrival and the end node a departure, the 

case refers to waiting at a stop or station, whereas when the start node is a departure 

and the end node an arrival it refers to traveling in-vehicle. In this way, the various time 

components can be calculated and the modes identified.  

3.3.2 Costs calculation 

In the context of routing problems, only variable costs need to be taken into 

account since private vehicles or public-transportation subscriptions (e.g., season card 

for public transportation) are paid independent of the choice made. Foot and bike are 

generally free of costs. For car, the major costs are caused by fuel consumption; other 

possible sources of costs include toll and parking fee. Fuel consumption is assessed 

based on characteristics of the vehicle, road type and distance. Methods to estimate 

fuel consumption as a function of these variables have been developed as part of 

standard emission calculation methods. In the proposed system, the well-known 

COPERT IV model, which is the current standard in Europe, is used (on the level of Tier 

2). Possible toll price can readily be represented as attributes of road links. Parking 
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costs can be represented as an attribute of the link that represents egressing car park 

and calculated as a function of the planned duration of the activity at the destination of 

the trip and the parking tariff that holds for the car park involved.   

As for the public transportation system, the price system used by public-

transportation operators is often very complex. Some operators use a one-ticket policy, 

while others use tariff zones and yet others use some function based on (continuous) 

distance. In the Netherlands, for example, part of the country uses zone-based 

calculations of fares for bus and tram, whereas prices of train is based on a point-to-

point pricing system, i.e. an origin-destination ticket price matrix. In addition, various 

kinds of tickets provide special tariffs such as for example a discount of a fixed 

percentage of the price for travelling outside peak hours. Existing route planners for 

public transportation focus on finding the fastest route (time) and sometimes the 

shortest route (distance) (taking into account inconvenience for transfers by adding 

penalties to transfer links). Work conducted on incorporating ticket prices in generalized 

costs functions in public transportation networks is very rare.  

Tariff zones and point-to-point pricing systems are represented in the proposed 

network model as follows. First consider a tariff zoning system. Figure 3.3 shows a bus 

trip from A to B that runs through 7 zones. Taking the general Dutch tariff system for 

bus and tram as an example, the total price of this bus trip equals (7 + 1)  p Euros 

(one zone is added as a constant component of the tariff; p is a price per zone). For 

each link we check the node status; if a zone border crossing is involved the involved 

fee is assigned to the link and, otherwise, if no border crossing is involved, zero costs 

are assigned. The constant component of the ticket price is assigned to all links that 

represent boarding on a bus after arrival at a station/stop. On the other hand, for a 

point-to-point pricing system a simple linear costs function is assumed: a constant price 

for entering the system and a variable price per unit distance travelled. If not known a-

priori, the constant and variable price per unit distance can be estimated in a regression 

model based on actual ticket prices for a representative sample of trips. Since price 

systems used may vary from operator to operator, they should be implemented on an 

operator basis. Although basics of the two systems can be readily incorporated in these 

ways, the real-world is more complex in the sense that there is tariff differentiation 

based on level-of-service (e.g., second and first class), discount cards, day tickets, 2 

hours free transfer policy, and so on. In the proposed system, the parameters of the 

price functions are set on a case-by-case basis depending on the settings that hold for 

the user making the trip. 
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Figure 3.3 Zone-based bus fare 

3.3.3 Emission calculation 

Emission plays a role in case of motorized vehicles such as car, motorbike and 

moped. Engines of existing vehicles are still largely based on the combustion engine 

technology which involves a range of pollutant emissions, such as CO2, PM, NOx, etc. 

In theory, emission figures could be calculated across this range and combined into a 

single measure using relative weights for these pollutants. However, the approach we 

choose here is to consider a single key pollutant and calculate emission for this pollutant 

as an indicator of environmental impacts of a trip. We have chosen CO2. For Europe the 

standard known as COPERT IV methodology supports different levels of sophistication 

of emission calculation for CO2 as well as other pollutants, namely the so-called Tier-1, 

Tier-2 and Tier-3 methods. For Tier 1, emission calculations are based on fuel 

consumption and a broad classification of vehicle types only. For Tier 2, emission 

calculations are based on kilometres travelled and a more refined classification of 

vehicle type. For Tier 3, emission calculations are based on fuel type, vehicle technology 

(refined classification), travel speed, hot/cold state of the engine and ambient 

temperature. Tier 3 is the most sophisticated method but also requires more extensive 

data of the vehicle and trip. Arguably, for a routing system, the level of sophistication of 

the Tier-2 method is the best compromise between accuracy and complexity (data 

needs and computational demands). The Tier-2 method is based on emission-factors 

per kilometre travelled, which takes into account engine methodology, fuel type, 

ambient temperature and travel speed. The amount of emission on a link equals 

distance multiplied by the parameters corresponding to the attributes of the link (speed) 

and vehicle . 

Public transportation is characterized by low rates of emission per passenger 

since a single vehicle generally is shared by many passengers. For train no emission 
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costs are allocated, because the large numbers of passengers generally involved in a 

train ride means that costs per passenger are negligible. In case of bus, the emission by 

the vehicle is taken into account. The amount of emission on a vehicle basis is 

calculated using the Tier-2 of the COPERT IV emission model. The costs allocated to a 

particular link (a particular vehicle) are calculated as the vehicle-based emission divided 

by an assessment of average number of passengers involved.  

In the proposed system, Tier-2 is adopted as calculation method. The Tier-2 

method is based on km travelled (instead of fuel consumption as in Tier 1). The 

algorithm used for the Tier-2 method is: 

Ei,j,k = Mj, k  EFi,j,k       (3.3) 

where, 

Ei,j,k is emission of pollutant i (g) by vehicle in category j and technology k, 

Mj, k is the distance driven by vehicle of category j and technology k, 

EFi,j,k is the technology-specific emission factor pollutant i (g) by vehicle in 

category j and technology k. 

The Tier-2 emission factors are stated in units of grams per vehicle-kilometre. 

PM emission factors for different vehicle technologies are given in the Appendix in Table 

A.1 for passenger cars, light-duty vehicles, mopeds and motorcycles. The fuel 

consumption factors for these vehicles are shown in Table A.2. Finally, Table A.3 shows 

fuel consumption factors for buses and coaches (Table A1, A2, A3 are in the appendix). 

To simplify the calculation for emission, we converted the above tables into a single 

table - Table A4 in the Appendix. The emission can be calculated directly using the 

parameters in this table. 

3.4 Conclusion 

In this chapter, we first gave a review on current research on route finding in 

transport networks, then presented a framework of a calculation algorithm for 

multimodal route recommendation. The algorithm is based on the classic Dijkstra 

algorithm and therefore can be easily implemented or extended. The algorithm does not 

only allow single criteria networks but also a personalized multi criteria generalized link 

costs approach can be employed. While how to obtain and allocate weights on different 

aspects has not been explained, this will be done in the next chapter. 
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4 

Personalization of Route Advice 

4.1 Introduction 

Personalization of travel information services is one of the hot topics in recent 

transportation research. In general, there are two levels of personalization: the first 

level is static personalization. Although for individuals preferences may differ, the 

preferences of a user are not updated automatically. The previous chapter proposed 

such a kind of link based generalized costs approach for static personalized route 

calculation. The second level is dynamic personalization where preferences are updated 

automatically. In section 4.2, a brief review of existing literature on personalization in 

routing systems will be given. In the following Sections 4.3 and 4.4, we will introduce 

our static method. In Section 4.5, we will introduce the dynamic learning approach for 

preference updating based on Arentze (2013). As for i-Tour system, the questions about 

how travel preference is obtained; how the weights are actually used when do route 

calculation; how preference can be dynamically updated will be answered within this 

chapter. 

4.2 Related work 

In static personalization for route planning, there is quite a lot of research which 

focuses on the view of multi-criteria optimization. Several representative researches are 

the following. Rogers and Langley (1998) described a study on personalized driving 

route recommendations where the cost of an edge is the weighted sum of its attributes. 

Volkel and Weber (2008) also used a cost function that is based on weighted addition 

which is from the field of multicriteria decision making. Andre (2007) uses preference-

rating scales to measure user’s travel preferences on a number of dimensions. Disser et 

al. (2008) describes an approach that involves finding all Pareto-optimal solutions in a 

multi-criteria setting of the shortest path problem in train networks. Ambrosino and 

Sciomachen (2009) present an algorithm for finding optimal paths in multimodal 

networks having decisional weights on both arcs and nodes. Kriegel et al. (2010) 

propose an approach for computing routes (paths) in a road network considering 
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multiple attributes of an edge such as distance, driving time, number of traffic lights, 

gas consumption, etc. The evaluation function is defined as a weighted sum across all 

considered edge attributes using linear weighting. Foo et al. (1999) incorporate a 

variety of criteria in an evaluation function for route guidance such as number of mode 

transfers, travel time and travel costs, where a visual interface allows users to provide 

data for determining priority weights of these criteria (from 0 to 10). However, most of 

the above researches use arbitrary weights which a user is supposed to assign to a 

specific attribute (e.g. time or cost). The problem with this way is that a user’s 

preference may not be precisely measured. To avoid inaccurate recommendation, the 

systems generally provide more route alternatives to let the user choose the best. As 

can be seen, how to measure travellers’ preferences is the key issue in personalized 

routing. Furthermore, most of the above personalization approaches in route planning 

are static where weights are not updated dynamically. 

Recently, dynamic personalization for route planning becomes a hot research 

topic. Arentze (2013) proposed a Bayesian approach for dynamically updating 

preferences each time the user makes a choice. Based on this work, Nuzzolo (2013) 

proposed a maximum likelihood method to update the initial parameter estimation using 

revealed choices acquired by a traveller tool during its use. He proposed a batch 

estimation method based on maximum likelihood estimation. Those studies reflect some 

recent progress in personalization of travel information service. 

4.3 Preference parameters 

In the field of travel behaviour research, the empirical modelling and 

measurement of individuals’ preferences in multimodal route choice has received much 

attention. The standard model used to analyse behaviour assumes that individuals 

evaluate choice alternatives on a set of attributes and choose the alternative that 

maximizes utility. To quantitatively estimate preference parameters in this random-

utility-maximizing framework, Stated-Preference (SP) and Revealed-Preference (RP) 

approaches or combinations of these approaches have been used. Wardman (2001) and 

Abrantes and Wardman (2011) give a comprehensive overview and a meta-analysis of 

this field. Evidence reveals that travellers generally evaluate travel-time components of 

a trip differently depending on mode. In specific, wait time, search time, and walk time, 

which are often involved in public transport trips, tend to be weighted more strongly 

than in-vehicle time. In addition evidence suggests that perceptions of travel costs may 

differ depending on the type of costs. Ticket costs for public transportation, toll roads 
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and parking are valued more strongly than fuel costs. Furthermore, travellers may have 

specific base preferences for transportation modes (e.g., car over bus) and service 

quality attributes (e.g., seat availability, avoiding transfers) based on considerations 

such as reliability, safety, health, convenience, comfort and image/status (Horeni et al., 

2010). Finally, travellers may take environmental impacts such as emission of their 

travel into account when they obtain information on these impacts (Kerkman et al., 

2012). The way these dimensions are evaluated plays a significant role in the formation 

of preferences especially in a multi-modal network environment where travel options 

are more diverse.  

Given the calculation methods for the time, costs and emission attributes, the 

generalized costs function (Equation 3.2) allows us to take into account travel 

preferences of users on a comprehensive set of dimensions that play a role in mode and 

route choice. A key component of the proposed system is a list, which we call 

Preference Table that stores estimated values of the parameters. Acknowledging that 

preferences may differ between users, a Preference Table is stored as part of a user 

profile for each (registered) user of the system. A default specification of the table 

stores estimated values when nothing is known about a user. The preference table of a 

new user is initialized with this default setting of the table. Each time a user enters a 

routing request and has revealed his/her identity to the system, the system retrieves 

the preference table of the user and sets the parameters in the network model 

accordingly so that the generated route will reflect the personal preferences of the user 

concerned. Table 4.1 shows the proposed structure and default setting of the 

parameter table. A weight represents either a coefficient of time (minutes) or money 

(euro), or a constant (dummy variable) in the generalized link costs function. The 

structure is based on a proposed parameterization of the costs function that takes into 

account: 1) structure of the multimodal network (Figure 2.7); 2) data availability 

regarding the transportation system and users and 3) knowledge on individuals’ travel 

preferences. As sources of knowledge (ad. 3), two recent SP studies in specific were 

used: the study by Kerkman et al. (2012) on route preferences of car drivers and the 

study by Arentze and Molin (2013) on individuals’ route and mode preferences in 

multimodal networks. Together these studies provide detailed estimations regarding 

private-vehicle based modes (car and bike), public transportation modes (bus, tram, 

metro, train) and combinations of private and public transportation modes in 

multimodal trips (use of P&R). Both studies used a large and representative sample of 

the population so that estimates should reflect the population at large (or, at least, for 

the Dutch context where the studies were conducted).  
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Table 4.1 Preference Table (default setting) 

Main attribute Mode  Attribute  Level  Weight 

Travel time  Car Base value time (min.) -0.06 

    Road type local -0.015 

      highway 0.015 

    Unsafe road yes, no -0.015 

    Env. burden 
housing, no 
housing 

-0.015 

    Purpose utility, fun 0.01 

  PT Base time (min.) -0.04 

    Purpose utility, fun 0.01 

  Bike Base time (min.) -0.1 

    Heavy bags yes, no -0.02 

    Senior yes, no -0.02 

    Weather raining, dry -0.02 

    With child no, yes -0.02 

    Purpose utility, fun 0.01 

  Walking Base time (min.) -0.15 

    Heavy bags yes, no -0.025 

    Senior yes, no -0.025 

    Weather raining, dry -0.025 

    With child no, yes -0.025 

    Purpose utility, fun 0.015 

Transportation mode (threshold)       

  Walking   fixed zero   

  PT-bus   no, yes -3.5 

  PT-train Base value no, yes -3.2 

    Train type local train -0.15 

      intercity 0.15 

  PT-ferry   no, yes -1.5 

  PT-other   no, yes -3.2 

  PV-Bike   no, yes -1 

  PV-Car   no, yes -2 

  PV-other   no, yes -1.5 

Transfer         

  Bike to PT Base no, yes 0 

    Heavy bags yes, no -0.1 

    Senior yes, no -0.1 

    Purpose utility, fun 0.1 

  Car to PT (P&R) Base no, yes -1.2 

    Heavy bags yes, no -0.1 

    Senior yes, no -0.1 

    Purpose utility, fun 0.1 

  Within PT Base no, yes -0.4 

    Heavy bags yes, no -0.1 

    Senior yes, no -0.1 

    Purpose utility, fun 0.1 
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  Waiting time Base time (min.) -0.1 

    With child no, yes -0.05 

    Purpose utility, fun 0.05 

Seat         

  Seat availability   
uncertain, 
always 

-0.35 

Travel costs         

  PT– ticket   costs (euro) -0.2 

  PV – fuel   costs (euro) -0.1 

  PV – parking fee   costs (euro) -0.15 

  PV – toll   costs (euro) -0.4 

 

A further specific feature of these studies is that the influence of several socio-

demographic and context variables on preferences could be estimated. The default 

setting is based on estimation results from these two studies. We emphasize, however, 

that the proposed setting does not correspond in a one-to-one fashion with estimation 

results as the structure of the table reflects a synthesis of the three points of 

considerations mentioned. The settings apply to local urban trips which is the focus of 

the i-Tour routing system. As a result, the preference table represents the following 

notions.  

First, context variables may have a moderating influence on how individuals 

evaluate travel time, wait time and transfers. The context variables considered include 

luggage (yes/no carrying heavy bags on the trip), weather condition (whether or not it 

is raining), accompaniment (whether or not traveling together with a child) and trip 

purpose (fun or utilitarian) and age of the person (65+ or younger). In terms of trip 

purpose a two-way classification is used where social and leisure activities are grouped 

as a fun purpose and mandatory activities as utilitarian. Context variables have an 

additive effect on base values of travel time. Generally, carrying of heavy bags, being  

senior (65+ years), traveling with a young child and rainy weather increases perceived 

value of travel time specifically by physically active modes such as biking and walking 

and transfers.  

Second, the value of travel time differs depending on transportation mode where 

we distinguish car (or other motorized private vehicles), public transportation (bus, train, 

etc.), bicycle and walking. 

Third, individuals may have certain base preferences for certain transportation 

modes. On this level the model distinguishes four public transportation modes and four 

private transportation modes. As implied by the generalized costs function, base 

preferences represent an intercept, i.e. a projected value for the mode where travel 
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time, travel costs and service-quality are zero. The preference value of one 

transportation mode must be set to zero to define the scale (in this case walking is set 

to zero). Generally, slow transportation modes have a small intercept value and large 

value per unit travel time so that they tend to be the preferred mode for short distances. 

In terms of train, three sub modes are distinguished -local, regional and intercity trains- 

to account for differences in service quality (number of stops and comfort ability of 

seating). 

Fourth, transfers between and within certain transportation modes incur costs. 

There are two components of the transfer value: a constant and a value per unit wait 

time. In terms of the constant, the model distinguishes three types of transfers. 

Especially, a transfer from car to public transportation (using park and ride) has high 

(utility) costs which reflect a finding from the behavioural studies. 

Finally, seat availability, emission and travel costs are included. Seat availability 

is an example of a service-quality attribute of public transportation modes. A distinction 

is made between always seat available and possibly no seat available where the latter 

incurs positive costs. The value for emission reflects an extent to which the traveller is 

concerned with environmental consequences of his or her mode and route choices. For 

lack of an empirical estimate and given the possible wide diversity of persons on this 

aspect the default value is set to zero. In terms of travel costs, the model allows that 

travellers may evaluate different types of costs differently. Reflecting existing estimates, 

fuel costs tend to be valued lower than ticket costs for parking and use of public 

transportation. The current setting assumes in line with estimations the highest value 

for toll costs on roads.  

The parameters are implemented as constants and coefficients of link costs 

functions. However, two cases deserve attention. First, the threshold value for 

transportation mode should be charged only once during routing. This is taken care of 

in the process of path search in the Dijkstra algorithm. Second, complex actions such as 

transfers involves a sequence of links rather than a single link and, hence, can only be 

checked while or after exploring a path for a route. Therefore, to detect these actions 

an extension of the search algorithm was developed that dynamically checks whether 

the action happened in an exploration phase. If it happens, the costs are added. In this 

way, the least-generalized-costs route can be found after finishing exploring. The way 

the preference table is mapped into the costs functions for route finding is discussed in 

detail in the next section. 
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4.4 Mapping for personalized route calculation  

In Chapter 3, the generalized route calculation approach was introduced on a 

conceptual level. In this section, the mapping of the information contained in the 

Preference Table as input to route calculation is described in more detail. As the 

multimodal transportation network model is organized by transportation mode, it is 

difficult to use Table 4.1 directly. Therefore, the table is reorganized by sorting the 

records on aspect (link type, e.g., traveling), transportation mode (e.g., train), attribute 

(e.g., carrying bag) and level (e.g., heavy). The table after sorting is shown in the 

appendix (Table A5 in Appendix).  

When calculating the least costs route (or maximal utility route) of a trip, the 

values of the table are first loaded in the network before the Dijkstra algorithm is used. 

The following steps are implemented when traversing a link:  

1.Check whether a new transportation mode is used. If a new transportation 

mode is used, there will be a corresponding costs value. For example, as 

can be seen from Table 4.1, a local train has a stronger minus utility than 

an intercity train. The previously traversed nodes are stored to check 

whether there is a new transportation mode. 

2.Check the seat status. The seat status is only relevant in case of public 

transportation. There are many types of links related to public 

transportation, the seat status is only considered and calculated when the 

traveller gets on the vehicle. 

3.Check the travel time. Calculate the utility when the user is travelling in a 

vehicle or by foot. The utility of traveling is different between transportation 

modes and personal or situational conditions (e.g., age, weather, purpose 

etc.). 

4.Check the waiting time. The waiting time is also only relevant in case of public 

transportation. 

5.Check the travel cost. As explained in Chapter 3, the real travel cost is very 

complex and, therefore, we make some simplifying assumptions for the 

cost calculation. For car there is only fuel costs and possibly toll and 

parking costs. For public transportation, there are only ticket costs. 

6.Check the transfer. There are many different kinds of transfers between 

transportation modes. Accordingly, there are different (utility) costs values 
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depending on the type of transfer. The previously traversed nodes are 

needed to determine which type of transfer is made. 

Through the above steps, we can obtain the costs value (utility) of one link. The 

least costs (or maximum utility) route can be obtained through searching the whole 

multimodal transportation network using a standard Dijkstra algorithm. The parameter 

values shown in Table 4.1 represent (estimated) average values of a population. These 

values provide good initial estimates of the travel preferences when nothing is known 

about a user. To find real personalized routes, however, the individual’s specific 

parameter values are needed. In the following section, we describe the approach used 

to realize automatic adaptation to a user‘s preferences based on route choices he or she 

makes. 

4.5 Preference learning 

4.5.1 The method 

As travel preferences are not static, using a common standard setting of 

preferences could not reflect a person’s real preferences. Arentze (2013) proposed a 

novel travel preference learning approach based on the well-known Bayesian method of 

belief updating. The method is implemented in the routing system. In this section, we 

will summarize the method in main lines to provide a complete documentation of the 

routing system. 

A first basic notion is that the preferences that should be learned by the system 

are unobserved or hidden variables. What we observe are choices from available 

alternatives under particular circumstances, whereas what we need to infer are 

preferences in terms of relative weights (values or utilities) the traveller assigns to 

travel time, travel costs, transportation modes and so on, as specified in the Preference 

Table. There is a causal relationship between the hidden values and choice outcomes. 

This causal relationship is defined by the discrete choice model, which is a logit model 

of the following form: 
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where Pi is the probability that choice alternative i is chosen from the given choice-set 

and Vi is the (structural) utility of choice alternative i. Utility V is a function of attributes 

of the choice alternatives, person and context, and preference parameters as follows: 
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where s is an index of attribute, Xis are attribute variables and s are preference 

parameters derived from the Preference Table. The basic formula of Bayesian belief 

updating can be written as: 
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where  are hidden preference parameters, Y is some observed variable, P() is the a-

priori belief of , P( | Y) is the updated belief of   after observing Y, P(Y) is the a-

priori belief of Y and P(Y | ) is the conditional belief of Y given . The a-priori belief of 

Y can be calculated without a need for additional information as follows: 

             
 )()|()( PYPYP                                   (4.4) 

Transferred to our case, this formula allows us to update beliefs about the value 

of a specific hidden preference parameter () after observing a particular choice 

outcome Y. The logit model provides the conditional belief, P(Y|), of the choice 

outcome given the values of the preference parameters. Learning based on Bayes 

method is incremental, since the updated belief P( | Y) after an observation is the prior 

belief P() before a next observation is made.  

The above Bayesian method is formulated for a case where there is a single 

hidden variable which has discrete states. In our case, the learning task is different in 

the sense that there are multiple preference parameters that need to be learned 

simultaneously (rather than just a single one) and these parameters are continuous 

variables (rather than discrete). Bayesian belief updating for the case of continuous, 

multiple variables is intensively studied for the purpose of estimating (preference) 

parameters of discrete choice models as an alternative to the traditional maximum 

likelihood methods. In this area, so-called Gibbs sampling is used to obtain draws from 

a posterior multivariate distribution of parameters (Rossi, 2005, Train 2009). Estimates 

of parameters are determined by calculating the mean of each parameter across the 

draws. For the purpose of parameter estimation this method is very powerful. However, 

for the present purpose of incremental learning it has a serious drawback. The method 

is computationally very demanding as many thousands of draws are needed to obtain 

estimates (beliefs) for any set of observations. For incremental learning this means that 

the sampling procedure needs to be repeated for each single observation making that 

this method is computationally not feasible. Therefore, Arentze (2013) developed and 
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empirically tested an alternative method that requires less computation and yet 

achieves accurate learning results. 

Formally, the problem of incremental learning a multivariate choice function can 

be represented as follows: 
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where as before  is a set of (preference) parameters, Y is a choice observation, K is an 

updated (posterior) multivariate distribution, k is an a-priori (prior) multivariate 

distribution and L is the likelihood of observation Y (probability of Y predicted by the 

choice model). This is the multivariate continuous equivalent of the basic Bayesian 

belief updating method represented by Equation (4.3). Rather than performing Gibbs 

sampling, an approximation is used where beliefs (the multivariate distribution) are 

updated for one parameter at a time keeping all other parameters at their current best 

estimate. This sequential method can be represented as follows: 
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where Yn is the n-th observation, 
n

s is the set of updated means of all parameters 

preceding s (1, 2, … , s-1) based on Yn and 
1



n

s  is the set of means of all 

parameters succeeding s (θs+1, θs+2, …, θm, m = number of parameters of the model) 

before having seen Yn.  

 

Figure 4.1 The learning model 
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Figure 4.1 shows this incremental Bayesian learning method schematically. 

Assuming a normal form of the distributions that describe the beliefs for a preference 

parameter, a belief is defined by just two distribution parameters: a mean ( ) and a 

standard deviation (). The mean represents the current best estimate of the 

parameter value and the standard deviation the degree of uncertainty about the 

estimate. Thus, in a system with m preference parameters, there are m means and m 

standard deviations to describe the current beliefs. Each time a choice outcome is 

observed the distributions are updated using Equation (4.7) resulting in a set of m 

updated means and m updated standard deviations. When the preferences of a user are 

stationary (do not change over time) the system converges in the sense that the means 

will increasingly approximate the true values and the standard deviations will approach 

zero (uncertainty decreases). When true preferences are non-stationary, the means will 

track the true changes over time and standard deviations do not necessarily decrease. 

An issue that needs to be dealt with is that updating a continuous distribution is 

not straight-forward. A second element of the proposed method is to use a 

discretization of each distribution and update the belief for each resulting data point 

using the Bayesian method. Formally, for each point the current belief is updated using 

the Bayesian method: 
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where ),|(  j is the probability density of point j given a normal distribution 

with mean   and standard deviation .  So, in this equation pj is the updated 

probability of value j and  is the prior probability (the density given the current 

distribution). Calculating the posterior for each point in this way results in a set of 

probabilities, {pj}. Based on this set, the posterior distribution is obtained by calculating 

a mean and standard deviation as follows: 

 j jjp                   (4.9) 
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where c(d, J) is a correction factor, J is the number of points and d is the width in 

number of standard deviations of the range covered by the points (d = [J - 1] / ) . 

The correction factor is larger than one due to the fact that sampled points cover only a 
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limited range of the distribution. The larger the range covered the smaller the correction 

factor needs to be.  

4.5.2 Implementation in the routing system 

To integrate this method in the system, we assume that the most common use 

case is: the user first sends a route request; then the system replies a list of route 

alternatives; the user chooses the most preferred route and sends this choice to the 

system; the system updates the preference profile accordingly using the learning 

algorithm at the server side. If the user just viewed the route alternatives and did not 

make or did not reveal a choice, the Bayesian learning system will do nothing. An 

illustration of this process is described in Chapter 6 (Section 6.3.3).  

  Here a choice set plays an important role in the learning circle which contains 

four items: 1) the user’s id which is the key for retrieving preference parameters; 2) the 

user’s routing request; 3) the routing response from the system (a choice set) and 4) 

the user’s choice from the choice-set sent to the system for updating the preference 

profile. The learning algorithm will update the preference table in the back end of the 

system based on the input choice set. To use the learning function, the user has to 

specify at least two ways in which alternatives can be searched when requesting a route. 

When preferences are updated after several rounds of learning, different routes may be 

found because of the changed preference profile. When preferences have not been 

updated significantly, the route recommendations will remain the same.  

Preference

Choice

Alternatives

Beliefs of preference

Multi-modal 
routing system

User System

 

Figure 4.2 A learning-based routing system (Source: Arentze 2013) 
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4.6 Conclusion 

Existing travel information systems provide only partial or non-accurate 

personalized recommendation. In this chapter, we identified a broad range of 

preference dimensions related to relevant attributes of (multimodal) trips and showed 

how they can be mapped into a supernetwork representation of transportation networks. 

The Dijkstra algorithm therefore can find the maximum utility route through generalized 

link cost calculation. Moreover, it is shown how a Bayesian learning approach can be 

implemented for updating personal preferences of users based on observed choice 

behaviour. In this way, the system is able to update a preference profile dynamically 

each time the user makes a choice.  In i-Tour system, the basic preference parameters 

are stored in the database of backend. The routing engine of i-Tour will use the 

preference parameters through a mapping mechanism. The update of preference is also 

implemented as a separated part within routing system. 
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5 

Activity Scheduler 

5.1 Introduction 

In everyday life people are engaged in activities (Vilhelmson, 1999) for 

subsistence (e.g., work or school), maintenance (e.g., shopping) and social-leisure 

purposes (e.g., going out). Some of these activities take place at home. For other 

activities individuals need to travel to reach a location where the activity can be 

conducted. A trip is then produced. Activities can be described in terms of activity type, 

the location where the activity is conducted, start time, duration (time-use) and other 

persons, if any, with whom the activity is conducted. Trips are episodes of travelling 

that occur in between two consecutive activities that are conducted at different 

locations. Trips are described also by a start time (departure time), duration (travel time) 

and accompanying persons. Furthermore, the transportation mode used for the trip and 

the chosen route are relevant characteristics of a trip. How to effectively schedule 

individual’s daily activity becomes a challenging task. 

There is a large body of literature on activity scheduling problems (Arentze et al., 

2010). In travel-behaviour research, activity-scheduling problems are generally seen 

from the perspective of analysing and predicting behaviour of individuals especially in 

the context of travel-demand and traffic modelling (for an overview, see Timmermans 

et al., 2002). In operations research, activity-scheduling problems are viewed from a 

perspective of optimization – i.e., to find optimal solutions for particular scheduling 

problems given an objective function and a set of constraints. Examples of important 

scheduling problems are the Traveling Salesman Problem (Applegate, 2006) and the 

Vehicle Routing Problem (Bertsimas, 1991). These problems have been and still are 

extensively studied with a focus more on the travel part and less on the activity part. 

Besides, recent advances in areas of POI services, travel information services and 

calendar services would also benefit from the development of an activity scheduler a lot. 

A point of interest or, in short, POI is a specific point location that someone may 

find useful or interesting. POIs are an important part in geographic transportation and 

location data. In some applications, they are set up independently where a user can 
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check the opening hours for specific types of facilities. In other applications like travel 

information systems (e.g. Google Transit, TomTom in-car navigation), POI services 

have been seamlessly incorporated. On the other hand, calendar applications do not 

incorporate POI information; they neither provide advanced functions considering 

various activity scheduling constraints. 

In the area of travel information service, many systems emerged in the last 

decade (Abdel-Aty 1999; Rehrl, et al., 2007; Zhang, et al., 2011). Examples of 

commercial applications are Google transit, Transportdirect, TFL (Transport for London), 

511 transit services in San Francisco, DB (Germany travel information service), NS 

(Dutch railway information service) and 9292ov (Dutch public-transportation travel 

information service). Existing systems can be categorized into three groups: road 

transportation service, public transportation service and multimodal transportation 

service. Most of the above services can only provide routing for single trips from point 

to point and some of them can provide routing for trips with way points. They focus on 

either public transportation or private transportation modes implying that they do not 

support multimodal routing (involving some combination of a private vehicle and public 

transportation). All above systems are stand-alone services that have no connection 

with an agenda or activity scheduling system. Hence, users normally have to spend 

quite a lot of time to checking their calendar and travel information systems alternately 

in scheduling their activities. 

In the area of calendar or agenda systems, many applications have been 

introduced in recent years, as well, such as for example Google calendar, Microsoft 

outlook calendar and Yahoo calendar. These systems allow users to keep a personal 

daily activity agenda and obtain alert messages. However, the existing calendar services 

are not linked to a routing system (for planning and implementing trips) and neither 

support conflict or constraints checking. There are some standards (RFC 5545, 2009) to 

define and exchange calendar information for these calendar applications. However, 

complicated travel information services are not well incorporated in these standards. 

Essentially, current calendar/agenda applications and standards are notification and 

alert-based and cannot meet the complicated constraints involved in an actual activity-

travel scheduling system. 

As this brief review indicates, there is a gap between POI service, travel-

information service and calendar services in the sense that they operate separately 

whereas optimal support of activity-scheduling requires seamless integration of these 
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services. The purpose of the activity Scheduler developed in this chapter is to fill this 

gap and realize this integration. The objective of the activity scheduler is fourfold: 

1.Integration of POI service, routing service with an activity-calendar service. 

2.Checking activity-scheduling constraints in basic activity-calendar operations. 

3.Monitoring the execution of an activity schedule. 

4.Detecting conflicts and providing recommendations in all stages of execution. 

The remainder of the chapter is structured as follows. First, we give a brief 

introduction of the system architecture of the proposed activity scheduler. Then, we 

describe each function module in the scheduler. We give an illustration of the scheduler 

in the section that follows. Finally, in the last section we summarize the major 

conclusions that can be drawn. The architecture and scheduling approach descried in 

this chapter are implemented as activity scheduler sub system in i-Tour. 

5.2 Architecture 

Figure 5.1 schematically shows the relationships between the activity scheduler 

and other components in the larger personal travel information system. Discarding the 

client parts, the server side includes three components: the POI server which provides 

queries of location and time for POIs; the calendar server which provides all kinds of 

operation services including constraints checking and the travel information service 

which provides route planning information. The activity scheduler can be seen as a part 

of the calendar which plays a key role to integrate other services. The POI data may 

also be connected to a travel information server for location queries.  

Transport data

Travel information 
server

POI data

POI server

Agenda data

Calendar server
(scheduler)

 

Figure 5.1 Activity scheduler system architecture 
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As for the POIs service, in addition to the query for spatial information and 

location type, queries of other attributes, like opening hours and rating, are also 

important for users to make a choice. Further attributes of POIs may include website, 

email, telephone, payment etc.  

As for the travel information service, the proposed system includes a multi-modal 

network routing system as developed in Chapters 2 and 3. Recall that in this system, we 

model the multi-modal transportation network based on the idea of a supernetwork 

(Benjamins, 2001). We use the time-dependent approach to model the private 

transportation part (e.g. car) and the time-expanded approach for the public 

transportation part. Networks for different modes are connected by transfer links. Given 

the inputs of start place, end place, departure time or arrival time, travel option (e.g. 

fastest, cheapest, most environmental), the system gives as output a full list of trip-

trace points with time stamp and for the trip as a whole the travel distance, travel cost, 

emission (CO2) and generalized costs.  

The calendar service manages and stores activity and travel entries in the 

calendar. Although existing calendar services, such as Google calendar, can be used as 

a user-interface for display and management of calendars, the storage facilities offered 

in existing tools are not flexible enough for our purpose. Therefore, the activity 

scheduler assumes an own database where the activity calendars of users are stored 

including all the augmented information required for the functions of the activity 

scheduler. The scheduler, which is part of the calendar, includes the functionality 

involved in constraints checking and recommendation. The general idea here is that the 

scheduler does not allow conflicts in the self-designed calendar/agenda database. Each 

time the user makes a change to the activity calendar (e.g., inserting, deleting or 

updating an activity) the scheduler checks whether constraints are met. Conflicts are 

not allowed because they cause operational difficulty and potential errors for the 

scheduler. An agenda should be free of errors in order for the scheduler to be able to 

function properly and provide assistance in later stages. The database of the calendar 

on a main level consists of two data tables: a table to store activity records and a table 

for storing trip records of users. Existing calendar services allow only one common 

event table where trips aren’t handled specifically. Here, two separate tables are used 

because the attribute sets for activities and trips are different. The start time and end 

time include the date of the calendar day. The activity schedule of a particular person 

on a particular day can be reconstructed by selecting all trip and activity records with a 
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corresponding user-id and corresponding start-time date and rank the records in the 

order of start time. 

The functionalities of the proposed activity scheduler are categorized into three 

groups. The first group relates to basic calendar operations including inserting, deleting 

and updating activities. The second group refers to assistance operations consisting of 1) 

queries to view scheduled activities and trips by time frame (e.g., the scheduled 

activities of the coming week), 2) retrieving history information about activities as a 

reference or recommendation of location or other choice facets of an activity (e.g., 

show the supermarket where the person usually goes to on Wednesday afternoon). The 

last group focuses on the dynamics of an activity schedule. This group consists of two 

functions:  1) processing of real-time information and giving feedback on the deviation 

of an actual position and planned position in time or space and 2)  generating location 

suggestions based on the current position of a user in space and time and his/her 

activity schedule. In the next section, we will describe these functionalities in more 

detail. 

5.3 Basic operations 

Before describing the various operations in detail, we first need to define the 

concept of a conflict in an activity schedule. A conflict (Figure 5.2) is a situation where 

there is a time overlap between activities of a same person or not enough time between 

two activities for required travelling in-between the activities. The basic operations 

contain the atom operations such as insert and delete in the activity scheduler from 

which the advanced operation can be derived.  

Insert 

The insert operation is triggered when the user adds an activity to his calendar. 

Before inserting the activity, the activity scheduler checks whether no conflicts arise 

when the item is added. Furthermore, the Scheduler checks whether travelling is 

involved and whether there is enough time for a required trip. The scope for 

consistency checking is the time frame of a current day (24 hours). Four different cases 

can be distinguished. 
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Figure 5.2 Schedule conflict 
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Figure 5.3 Insert 

In the first case (Figure 5.3 - I), there is no activity in the current agenda for the 

day. In that case, the activity can be directly inserted into the agenda. In the second 

case (Figure 5.3 - II), there is an activity in the agenda after the planned new activity. 

In that case, a travel-episode (trip) should be specified and inserted if the two activities 

are in different locations. In the third case (Figure 5.3 - III), there is an activity in the 

agenda before the planned new activity. In that case (Figure 5.3 - IV), also a trip should 

be specified and inserted if the two activities are in different locations. In the last case, 

there are activities in the agenda before as well as after the planned new activity. If the 

new activity is in a different location than the preceding activity and the later activity, 

then the old trip has to be removed and, two new trips have to be specified and 

inserted. In all cases when new trips are inserted or existing trips updated, the 

scheduler checks whether conflicts with existing activities in the agenda occur. 

Although the above rules are straight-forward, the system has to take into 

account the typical situation where the user plans specific activities while he is most of 

the time staying at a base location (typically at home). When the agenda for a day is 
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empty, the system assumes by default that the base location is home. This means that, 

unless specified otherwise, if the new activity is an out-of-home activity then a trip 

should be specified before the activity (to reach the location of the activity) even if 

there is no preceding activity in the agenda. Furthermore, if the activity is an out-of-

home activity, a further important data item is whether or not the individual plans to go 

home directly after the activity. If yes, then the system will generate a not-further 

specified in-home activity (of minimum duration) and inserts this activity directly after 

the new activity. A consequence, of this additional activity is that a trip back home 

needs to be specified directly after the activity for consistency. In sum, the algorithm for 

an insert operation is: 

1.Check insert type 

Determine whether a trip before and/or after the new activity needs to be 

inserted 

2.Check whether conflicts arise when the new activity is inserted 

Determine whether there is a case of time overlap with a preceding or a 

next activity in the agenda; determine whether there is enough time for 

travelling, if needed, before and/or after the new activity  

Insert activity/trip 

3.If there is no time conflict, first insert the activity; then insert the trips, if any, 

before and/or after the activity 

Delete 

The delete operation will delete activities and related trips from an agenda. The 

delete operation also distinguishes four cases. In the first case, the activity planned to 

be deleted is the only activity in the agenda (for that day). The activity can be removed 

directly in this case. In the second case, there is an activity after the activity to be 

deleted. In that case, the activity can be removed directly while the trip between the 

delete activity and its later activity should also be removed. In the third case, there is 

an activity before the delete activity. Also in that case, the activity can be removed 

directly while the travel between the delete activity and its preceding activity should be 

removed.  
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Figure 5.4 Delete 

In the last case, there is a previous activity as well as a later activity for the 

activity to be deleted (Figure 5.4). In that case, the activity and trips to and from the 

activity should be deleted. In case the previous and later activities are in different 

locations, a new trip should be specified and inserted. In sum, the algorithm for a 

delete operation can be written as: 

1.Check delete type 

Determine whether trips have to be deleted or updated 

2.Check whether there is a time conflict for the updated trip 

3.If there is no time conflict 

Delete the activity 

Insert new trips or update trips if and where needed 

Update 

An update operation can be considered as a combination of an operation to 

delete an old activity and insert a new activity. Many more complicated operations can 

be defined as particular combinations of insert, delete and update operations. In the 

process of an update operation, the old activity and its related travel-episodes are 

backed up first before they are deleted. The insert operation is considered next. If the 

insert operation fails due to conflicts, the backed-up old activity and trips are recovered. 

Thus, the algorithm for the update operation can be written as: 

1.Back up the old activity to be deleted and related travel episodes 

2.Delete the old activity and related travel episodes 

3.Check delete operation 
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If the delete operation is successful, insert the new activity and related 

travel-episodes; if the insert operation failed then restore the old activity 

and travel episodes from the back up 

Query 

The purpose of a query is to retrieve a time segment of the existing calendar. 

Although there are many attributes that could be used to define a query condition, the 

system only provides queries by time. This reflects the assumed purpose of queries in 

the system which is twofold. First, a user might be interested in his agenda for a 

particular time window, e.g., to view the scheduled activities. For example, if a user 

queries the agenda for tomorrow, then the system will retrieve this time segment of his 

calendar and send it to the user-interface for display. Second, the query operation is a 

basic function that is used by the Activity Scheduler in the context of many other 

functions such as for consistency checking (e.g., in case of an insert operation). The 

query operation returns the activity and travel episodes of which the start-time and end 

time fall within the defined time window. The algorithm for queries is not complex. At 

the server end, the query task will be performed by SQL sentences. 

Indicate 

The purpose of the indicate operation is to provide statistics of activities 

conducted in the past. The activity history of a user is the part of the calendar that 

relates to the past and is stored in the activity database (activity and travel tables). 

Many of the daily activities of an individual have a more or less repetitious character 

with limited variation in terms of location, transportation mode, day of the week, time 

of day and duration. For example, for grocery shopping an individual may visit only a 

few locations such as a supermarket in the own neighbourhood, a week market and a 

supermarket at a station. The indicate function will help the user to specify attributes of 

an activity according to existing habits. In the example, if the user inserts a grocery 

shopping activity then the system will retrieve all occurrences of grocery shopping 

activities from the database and retrieve the different locations (neighbourhood 

supermarket, week market and station) visited for this activity in the past. The indicate 

operation is implemented as query operations from the activity database. The query 

defines a time-window (a particular time of looking back in the past), a user-ID, a so-

called activity template and a requested attribute. The template defines the known or 

required attributes for the activity (e.g., all grocery shopping activities on Friday) and 

the requested attribute defines the unknown attribute for which an indication is 

requested (e.g., location). The system retrieves all activities that meet the template, 
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retrieves from this the specifications of the requested attribute (e.g., the grocery 

shopping locations) and returns this list of possible specifications in decreasing order of 

frequency of occurring.  Since the purpose of Indicate is to give useful suggestions to 

the user, it is important that especially time attributes on both the levels of the activity-

template and requested attribute are defined in not too narrow categories. For this 

reason, the system classifies a day into several episodes (7:00-9:00; 9:00-12:00; 12:00-

13:00; 13:00-17:00; 17:00-19:00; 19:00-22:00 and 22:00-7:00) and, similarly, activity 

duration in several duration classes (< 30 min; 30-60 min; 60-120 min; 120-240 min; 

240-360 min and > 360 min). The algorithm for the indicate operation can be written as: 

1.Determine the required attributes (i.e., activity-template) and requested 

attribute for the activity 

2.Define the time-window (time of looking back in the past) 

3.Retrieve from the database the activity records that meet the activity-template, 

user-ID and time-window 

4.Determine the alternative specifications of the requested attribute and 

calculate the frequency of each specification in the list of retrieved records 

5.Return the alternative specifications for the requested attribute in decreasing 

order of frequency 

We emphasize that the indicate function is a specific case of a recommender 

function – it provides recommendations for attributes of an activity based on the history 

of a user. Currently, we assume that user-ID is always used as a filter to retrieve 

activity records. However, especially if a user is new or an activity is new, it is useful to 

extend the indicate operation and include in the search of the database also the 

activities of other users that have similar characteristics of the user under concern (e.g., 

live in the same neighbourhood). Then, the recommendation (indication) would include 

locations, durations, etc., that comparable others frequently use as suggestions.  

5.4 Advanced operations 

Recommending locations 

As said, the indicate function is a type of recommendation function that is based 

on history information about a user. In this section, we consider a second 

recommendation function that is not based on a search of the database, but rather on a 

spatial search of an area and is aimed at finding suitable locations for a given activity. 

There are two time moments when such spatial recommendations are relevant: during 
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the planning stage and during implementation of an activity schedule. In the planning 

stage, a user inserts an activity in the agenda and may wish to receive a 

recommendation (of a location) for the planned activity prior to executing an activity 

schedule. In the implementation stage, the user is executing an activity schedule and 

may be interested in receiving recommendation for re-scheduling of an activity (e.g., in 

response to an unforeseen event). In this section, we consider recommendation in the 

planning stage – i.e., the recommendation function that is triggered when the user 

inserts a new activity in his calendar.    

The recommend function is about suggesting a location to the user taking into 

account schedule constraints. This function can help the user to find an optimal activity 

location in the planning stage when he inserts a new activity in his calendar. Apart from 

space-time constraints, also user preferences are taken into account that determine 

how the person makes trade-offs between travel demands (time and costs) and 

attractiveness of a location. There are four cases for the location recommender function.  

In the first case (Figure 5.5 - I), there is no activity in the current agenda (for 

the day considered). In this case, the user has to specify the departure location (often 

this is home or another base location on that day), the maximum distance he wants to 

travel from the departure location, the location type of the arrival location (that matches 

the activity type), the start time of the activity time window, the end time of the activity 

time window, the duration of the activity and the list of available modes for the trip.  
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In the second case (Figure 5.5 - II), there is only a later activity in the agenda 

which then determines the next destination (directly) after the activity. In that case, the 

user does not need to specify the end-time of the time window for the activity as this is 

determined by the next activity.  

In the third case (Figure 5.5 - III), there is only a previous activity in the agenda. 

In that case, the user does not have to specify a start-time for the time window of the 

activity as this is determined by the previous activity.  

In the last case (Figure 5.5 - IV), the user wants to get location recommendation 

for an activity between a previous activity and a later activity. In this case there is a 

natural time window for the activity. 

The maximum travel distance in combination with the time-window for the 

activity and the available transportation modes determine the set of possible locations 

for the activity, as shown schematically in Figure 5.5 for the four cases. If multiple 

transportation modes are available, the system uses the fastest transportation mode to 

determine feasible locations. If the user has defined a trip for the new activity when it is 

inserted, the check function will judge whether the travel is feasible.  

The location set found in this way determines the locations that are within reach 

given the time-window, the anchor locations (previous and next locations) and the 

available transportation modes. The ranking of feasible locations is based on a utility 

function that should represent the preferences of the user. The utility of a location L for 

an activity A is defined as: 

U(Ls, L, Le, A) = V(L, A) + b  DT(Ls, La, Le)  

   

Where: 

V(L, A) = a1 if L is a first-class location for A 

V(L, A) = a2 if L is a second-class location for A 

V(L, A) = a3 if L is a third-class location for A 

Where b, a1, a2 and a3 are preference parameters (b < 0 and a1 > a2 > a3) 

stored in the system for each activity category and each user. The values of V relative 

to b determine the extent to which the user is willing to travel a longer distance to 

reach a more attractive location. As implied by this equation, a three-way classification 

is used for locations in general. These classes are defined depending on the activity 

type under concern and generally represent the suitability of available facilities at the 

location. The parameters are estimated based on a choice experiment specifically 

conducted for this recommendation system. The estimation of parameters and the 



Personalized Route Finding in Multimodal Transportation Networks 

 65 

classification of locations will not be described here. Readers are referred to the report 

Zhang and Arentze (2012).  

The algorithm for this recommendation function can be written as: 

1.Check the type of recommendation request 

2.Determine the anchor locations for the planned activity 

3.Determine the time window for the planned activity 

4.Determine maximum travel distance before and after the planned activity 

5.Identify the location type 

6.Identify the fastest available transportation mode 

7.Identify the duration of the activity 

8.Find the first-round location set based on distance and mode constraints 

9.Filter out the locations that do not meet the time-window constraints or 

opening hour constraints 

10. Determine the utilities of filtered locations 

11. Return the filtered location set ranked on utility 

Note: anchor locations of an activity are the locations before and after the 

activity, i.e. the location where the trip for the activity starts from and the location 

where the trip after the activity is headed to.  

Detect deviations from schedule 

Due to unforeseen events such as travel delays, the actual space-time path of 

the person may differ from the scheduled one. The purpose of the detect function is to 

monitor the execution of a schedule and every time when requested give feedback 

based on a comparison between the actual position and planned position according to 

the schedule. A discrepancy can be measured in space and in time. When measured in 

space the feedback has the form ‘you are X meters away from the place where you are 

supposed to be at this time’ and when measured in time the feedback has the form ‘You 

will arrive X minutes late (or early) at the destination for the next activity’. 

The first, distance-based detection type measures the distance between the 

current position of the traveller and the scheduled position as illustrated in Figure 5.6. 

Through the routing system, we can calculate the deviation to see whether this will 

induce a delay of a next event and give a corresponding alert. The user can set an alert 

distance, e.g., 500 m.  
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Figure 5.6 Detect deviations from schedule 

The algorithm for distance-based deviation detection is:  

1.Check the current position 

2.Check the planned position in schedule (could be travelling or doing an activity) 

3.Return the distance between current position and schedule position. 

The second, time-based detection function considers the time between the 

earliest possible arrival time at a next destination and the scheduled arrival time (i.e., 

start time of the activity at that destination).  

The algorithm for time-based deviation detection is:  

1.Determine the earliest possible arrival time at the location for the next activity 

2.Check the corresponding planned arrival time in the schedule 

3.Return the delay time (positive or negative) 

A crucial issue in both the distance and time-based deviation detection mode is 

the input data about the current position of the user. In principle, just time and location 

co-ordinates (X, Y and clock time) would suffice to detect a distance-based or time-

based deviation by simple projection. However, to determine deviations more 

realistically it is necessary to know in addition whether the person is currently in a 

vehicle, the type of vehicle (e.g., bus or train) and in case of public transportation the 

transportation service (e.g., bus line 6). For example, in case the person is in a wrong 

bus, the earliest possible arrival time will be substantially later due to the fact that a 
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transfer to another bus is required. To cover the general case, the detection model 

assumes as input co-ordinate information (X, Y and clock time) as well as mode 

information (vehicle type and public transportation service ID). Detection of the current 

mode is not a trivial task and requires a separate model.  

Detect real-time event consequences 

The third detection function considered here is triggered when a real-time event 

occurs. Traffic jams, traffic congestion, road construction works, public transportation 

failures and so on may cause foreseeable travel time delays in the execution of activity 

schedules of travellers. We use the term real-time event to refer to any such type of 

delay (e.g., a slowing down of traffic due to unexpected traffic congestion is a real-time 

event). Although the possible types of real-time events are diverse, we can classify 

them into node real-time events and link real-time events. Both types of events will 

affect predicted arrival times at nodes. When a real-time event occurs, the detect 

function identifies the node(s) that is affected and the extent of the delay. Having 

identified the node and the delay, it identifies the users whose schedules are affected 

and sends notifications of the delay.  

The algorithm for real-time event detection is:  

1.Update arrival times at nodes (of road and public transportation networks) 

2.Identify those nodes where the expected arrival time has changed 

3.Identify those users whose schedules are affected 

4.Send notifications about delayed arrival times to those users  

Detect relevant POIs 

This third detection function checks for a given time moment and user whether 

there are locations in the vicinity of the user that are potentially of interest given the 

activity schedule of the user. Consider for example a user who has planned to visit a 

store of a certain type (e.g., a book store) later on the day and currently is at a location 

where a book store is nearby. Even though the visit to the book store is planned later 

on the day, it may be beneficial to take the opportunity and visit the store right away. 

The POI detection function receives as input the current position of a user (time, place 

and mode co-ordinates) and carries out a search within a pre-defined radius from the 

current position for locations that match the purposes of activities that are scheduled 

later on the day. The assumed radius is defined depending on the mode. For faster 

modes (e.g., car) a wider radius is assumed than for slower modes (e.g., walking). 

When the user is currently inside a vehicle of public transportation (e.g., a bus or train) 
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no such locations will be identified. When a location is detected, the system sends a 

message to the user that he may consider doing the activity right now at the found 

location. 

Others 

Above we described basic functions of the activity scheduler. Complex scenarios 

can be realized by combinations of basic operations. For example, the following scenario 

could be the result of a user-system interaction process: 

1.Initially, the location detection function does not result in identifying a suitable 

location 

2.When the user has travelled for a while, the system returns a list of possible 

locations in the vicinity regarding the user’s future activities 

3.The user updates a later activity with a location in the list 

4.However, the update failed due to a time conflict 

5.The user evokes the recommending locations function with precise location 

specification 

6.The system returns a filtered list of locations 

7.The user selects a preferred location and then updates the activity 

8.The system returns a success message 

5.5 Conclusion 

In this chapter, we presented the daily activity scheduler where a POI service, 

travel information service and calendar service are seamlessly integrated with 

constraints checking and scheduling through seven basic calendar operations. For the 

POI service, we set up our own service. For the calendar, we use the data table as 

storage means and for the travel information provision we use the routing service 

developed in earlier work. The illustration shows how our calendar server provides the 

basic requirements for daily activity-travel scheduling. There are three main features of 

this system: 1) advanced constraints checking of activity plans; 2) monitoring of activity 

schedule implementation and 3) utility-based location recommendation taking the 

activity schedule into account.  
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6 

Implementation and Illustration 

6.1 Introduction 

In previous chapters, we described the multimodal transportation model and the 

approaches proposed for route finding and activity scheduling integration. To verify 

whether the model and approach can be applied in realistic settings, a prototype 

including routing sub system, emission calculator, preference learner and activity 

scheduler was implemented and tested. In this chapter, we focus on the 

implementation of the system and show some cases to illustrate the system. In section 

6.2, a brief introduction will be given about the data and the way the system is 

implemented as a component of i-Tour. In section 6.3, a brief introduction of 

implementation and performance is given. In section 6.4, three cases are shown for 

routing which illustrate routing under personalized preferences, routing under dynamic 

travel-time updates (real-time information) and updating travel preferences based on 

feedback on choice of route alternatives, respectively. In section 6.5, the various 

activity scheduling functions, such as insert, delete and update, are demonstrated. In 

the last section, some implementation and test issues are further discussed. 

6.2 Test site and data 

In the prototype implementation, transportation-system data of a test site is 

stored in a PostGIS database. The service is provided in Socket style and programmed 

in JAVA. The client is programmed by JSP web pages. Google map API is used to show 

background maps and the path of a generated route. A routing request by a user is 

specified in terms of a number of parameters of the trip. These include start location, 

end location, departure time or arrival time, available transportation modes (including 

private vehicles), search option (shortest, fastest, cheapest, most environmental, least 

generalized costs) and context information (trip purpose, luggage, age, weather 

condition and accompaniment).  

The city and region of Naples, Italy, is chosen as test site for the system. Figure 

6.1 shows the organization of relevant data table in Postgresql database. Table 
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tue_navteq_link_naples stores road links in Naples region. Table 

tue_navteq_node_naples stores road nodes in Naples region. Table 

tue_navteq_turn_none_naples stores turn restrictions in the Naples region. Table 

tue_poi_naples stores POI in Naples region. Table tue_public_node_naples stores 

stops/stations of different public transportation modes in Naples region. Table 

tue_public_timetables_naples stores public transportation time table of different public 

transportation modes in Naples region. Table tue_agenda_activity stores the users’ 

agenda items excluding travel. Table tue_agenda_travel stores users’ travel information 

in their agendas. Table tue_emission_factors stores parameters about fuel consumption 

and emission. Table tue_preference_location stores the users’s preference for different 

location types. Table tue_preference_travel stores the users’s travel preference 

parameters for routing. Table tue_preference_travel_origin stores the users’ original 

travel preference parameters from the questionnaire. Table tue_realtime_road contains 

the real-time speed update information. Table tue_realtime_publictransport contains the 

real-time public transportation events. 

Transportation system data include road network data and public transportation 

data (including lines and time tables of bus, train and ferry). The road network is 

extracted from the Navteq road network database and includes for the Naples region 

104,264 nodes and 125,458 links which is split into car, bike and pedestrian networks. 

The public transportation data for the Naples region includes 6,159 bus stops and train 

stations and 4,792,810 arrival and departure events. We assume that the speed of 

walking is 5 km/h, the speed of cycling is 15 km/h, and the speed of car follows the 

maximum speed limitation for the road concerned. Speed profile data of road segments 

is lacking so that static speeds had to be assumed. In this illustration, we further 

assumed that ticket prices for public transportation are a linear function of distance (0.3 

Euro/km) and that a specific emission factor is given for each vehicle. For private car 

parking cost, we assume it as zero since the tariff data is not available in the Naples 

case. To improve performance, we cache the constructed network in random-access-

memory. For POIs we currently use the Navteq data which covers hundreds of kinds of 

POI (including parking places). Since there is no data on opening hours, we currently 

assume that the opening hours for all facilities are 7:00-19:00. In reality, the POI 

opening times are more complicated and diverse.  
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Figure 6.1 i-Tour routing data table 
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Figure 6.2 i-Tour routing data table 

6.3 Implementation and performance 

The whole routing system can be subdivided into four categories of services 

(Figure 6.2) during implementation: a general service, an emission service, a preference 

service and a scheduler service (Figure 6.2). All the services are provided in the Socket 

way. 

The general Service is a fundamental service for the other services. After the 

multimodal transportation network has been read and compiled from the database and 
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cached into internal memory, the user can request a routing service and an operator 

service can update the cached multimodal network with real-time information. Due to 

the size of data and limitation of memory, only one day is compiled at a time as a test. 

The compiling process of the multimodal network for the Naples metropolitan area 

takes around 50 minutes with an Intel i7 CPU and 8G memory system in Windows 7 64-

bit. The network (Naples case) requires 4-5 G to load in the memory. The compiling of 

the bus network takes the longest time since there are millions of event nodes in the 

network compared to only one hundred thousand road nodes. After compiling has been 

completed, a routing request and response costs 200 ms to 1 second. Normally, the 

time will be longer if the departure location is far away from the destination. As can be 

seen, this response time is not short. To speed up this response time, a modified 

routing algorithm and optimization strategies can be adopted. On the other hand, 

distributed software/hardware will also be useful in this regard.  However, the original 

Dijkstra algorithm was used because it is easier as a basis for later improvement and it 

guarantees global optimum solutions.  

The emission service returns the fuel consumption factors and emission factors 

to be used by the routing system to calculate emission values for links and routes.  

The preference learning module updates user’s travel preference parameters 

given a revealed choice in case multiple route alternatives are available. The learning 

process will update the preference table that is part of the user’s profile 

(tue_preference_travel). The learning procedure is very efficient and costs less than 1 

second. 

Finally, the Scheduler service provides a set of functions to manage and monitor 

a user’s activity schedule and involved trips which are stored in tue_agenda_activity and 

tue_agenda_travel respectively. The calculation costs longer time for operations that 

involve a routing request.  

6.4 Routing 

6.4.1 Routing under personalized travel preferences 

As an illustration, we consider least-generalized-costs routes generated by the 

system for a trip where we vary preference parameters related to transportation mode. 

We consider three cases. In the first case, the default settings of Table 4.1 are used. In 

the second case, we assume a user who has a higher base preference for car and a 

lower base preference for public transportation. This was implemented by the following 
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changes: the car mode threshold parameter is changed from 2.0 to 0; the car travel 

time parameter from 0.06 to 0.01; the bus mode threshold from 3.5 to 5.0; the bus 

time parameter from 0.04 to 0.2; the train mode threshold from 3.2 to 5.0 and the train 

time parameter from 0.04 to 0.2. In the third case, we assume a lower preference for 

car, where the car mode threshold parameter is changed from 2.0 to 4.0 and the car 

travel time parameter is changed from 0.06 to 0.2. In this illustration, we only changed 

mode and travel time parameters to observe the impact on the recommended route. In 

all three cases the same trip is assumed in terms of start and end location, departure 

time (8 o’clock), day (September 5, 2012) and available transportation modes (foot, 

bike, car, bus and train). Furthermore, the bike and car are parked at the same place 

near the point of departure. In terms of context information, we assume that the 

person is young of age (not a senior), trip purpose is work (utility), luggage is light and 

weather is dry.  

The recommended route based on minimizing generalized costs and standard 

setting (case 1) is shown in figure 6.3. The system suggests that the user first drives 

car to the city centre, then parks the car and next takes a train to the destination. In 

this case, private transportation (car) and public transportation (train) are combined. 

Although this is only a very basic example, it is noted that existing route planners at the 

time of writing this thesis are not able to generate such multimodal trips (e.g., 

combination of car and public transportation). Table 6.1 shows the route summary 

information the routing system provides with the recommended route. 

The recommended route based on the minimizing generalized costs for the case 

with increased preference for car and decreased preference for public transportation is 

shown in figure 6.4. In this case, the system suggests driving directly from origin to the 

destination location. Table 6.2 shows the route summary information provided by the 

system for this case. Note that the traveller is suggested to walk a rather long time in 

the final stage as car can only be parked at parking POIs which are far from the 

destination. 

The recommended route based on minimizing generalized costs for the case with 

decreased preference for car is shown in figure 6.5. The system suggests the user to 

first ride the bike to the bus stop and then take the bus to the city centre. Again, note 

that this is a multi-modal route combining a public (bus) and private vehicle (bike) 

which current route planners do not support. The bus trip to the destination involves 

one transfer. In this case, bike instead of car is chosen. Table 6.3 shows the route 

summary information for this trip.   
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Figure 6.3 Minimal generalized cost route (standard weights) 

 

Figure 6.4 Minimal generalized cost route (higher preference on car) 

 

Figure 6.5 Minimal generalized cost route (lower preference on car) 
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Table 6.1 Summary of minimal generalized costs route (standard weights) 

Mode Time  Coordinate 
Node 
type 

Distance 
(m) 

Cost 
(euro) 

Emission 
(kg) 

Gen. 
costs 

foot 8:01:08 14.1666,40.82028 Loc. 0 0 0 0 

car 8:01:08 14.1666,40.82028 Loc. 0 0 0 2 

car 8:16:06 14.27249,40.85086 Loc. 11076 3.32 0.52 3.14 

foot 8:16:32 14.2722,40.8511 Loc. 11112.1 3.32 0.52 3.14 

foot 8:16:58 14.27249,40.85086 Loc. 11148.3 3.32 0.52 3.14 

foot 8:17:50 14.2731,40.85039 Loc. 11221.3 3.32 0.52 3.32 

train 8:19:00 14.27411,40.85083 Loc. 11319.1 3.32 0.52 6.9 

train 8:19:00 14.27411,40.85083 Eve. 11319.1 3.32 0.52 7.07 

train 9:14:00 14.53434,40.76065 Eve. 40094 11.95 1.88 9.6 

train 9:14:00 14.53434,40.76065 Loc. 40094 11.95 1.88 9.6 

foot 9:14:11 14.53446,40.76054 Loc. 40109.8 11.95 1.88 9.64 

foot 9:27:15 14.52449,40.76341 Loc. 41204.8 11.95 1.88 12.27 

Loc.: Location; Eve.: Event 

 

Table 6.2 Summary of minimal generalized cost route (higher preference on 
car) 

Mode Time  Coordinate 
Node 
type 

Distance 
(m) 

Cost 
(euro) 

Emission 
(kg) 

Gen. 
costs 

foot 8:01:08 14.1666,40.82028 Loc. 0 0 0 0 

car 8:01:08 14.1666,40.82028 Loc. 0 0 0 2 

car 8:16:06 14.27249,40.85086 Loc. 11076 3.32 0.52 3.14 

foot 8:16:32 14.2722,40.8511 Loc. 11112.1 3.32 0.52 3.14 

foot 8:16:58 14.27249,40.85086 Loc. 11148.3 3.32 0.52 3.14 

foot 8:17:50 14.2731,40.85039 Loc. 11221.3 3.32 0.52 3.32 

train 8:19:00 14.27411,40.85083 Loc. 11319.1 3.32 0.52 6.9 

train 8:19:00 14.27411,40.85083 Eve. 11319.1 3.32 0.52 7.07 

train 9:14:00 14.53434,40.76065 Eve. 40094 11.95 1.88 9.6 

train 9:14:00 14.53434,40.76065 Loc. 40094 11.95 1.88 9.6 

foot 9:14:11 14.53446,40.76054 Loc. 40109.8 11.95 1.88 9.64 

foot 9:27:15 14.52449,40.76341 Loc. 41204.8 11.95 1.88 12.27 

Loc.: Location; Eve.: Event 
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Table 6.3 Summary of minimal generalized costs route (higher preference on 
car) 

Mode Time  Coordinate 
Node 
type 

Distance 
(m) 

Cost 
(euro) 

Emission 
(kg) 

Gen. 
costs 

foot 8:02:15 14.1666,40.82028 Loc. 0 0 0 0 

bike 8:02:15 14.1666,40.82028 Loc. 0 0 0 1 

bike 8:06:39 14.16723,40.82413 Loc. 1119 0 0.05 1.62 

foot 8:06:39 14.16723,40.82413 Loc. 1119 0 0.05 1.62 

bus 8:07:00 14.16688,40.82412 Loc. 1148.3 0 0.05 5.19 

bus 8:07:00 14.16688,40.82412 Eve. 1148.3 0 0.05 5.53 

bus 8:21:00 14.26847,40.8525 Eve. 11448.7 3.09 0.53 6.09 

bus 8:21:00 14.26847,40.8525 Loc. 11448.7 3.09 0.53 6.09 

foot 8:21:05 14.26845,40.85257 Loc. 11457 3.09 0.53 6.11 

foot 8:25:05 14.27123,40.85193 Loc. 11794 3.09 0.53 6.92 

bus 8:25:19 14.271,40.85197 Eve. 11813.9 3.09 0.53 6.97 

bus 8:31:00 14.271,40.85197 Eve. 11813.9 3.09 0.53 7.82 

bus 9:11:00 14.51968,40.7502 Eve. 40038.8 11.55 1.87 9.42 

bus 9:11:00 14.51968,40.7502 Eve. 40038.8 11.55 1.87 9.42 

foot 9:11:02 14.51971,40.75018 Loc. 40042.6 11.55 1.87 9.43 

foot 9:36:26 14.52449,40.76341 Loc. 42174.6 11.55 1.87 14.54 

Loc.: Location; Eve.: Event 

6.4.2 Routing under dynamic travel-time updates 

The dynamic environment considered in the illustration here assumes stochastic 

traffic speeds on the road or delays due to service cancelation events in the public 

transportation network. In this case, we assume that the traveller has standard 

preferences, uses car and departs from home to meeting place at 8 o’clock on 

September 5, 2012. We assume furthermore that the person is young of age (not a 

senior), trip purpose is work (utility), luggage is light and weather is dry. Figure 6.6 

shows the recommended route for this case based on default speed profiles for the 

roads. To introduce real-time information, we assume arbitrarily that there is an update 

of a particular road link where the speed drops to 5km/h from 5:00 to 18:00 due to 

road construction work. Figure 6.7 shows the result of rerouting when the new speed 

update is added. As can be seen, the recommendation has changed the route in the 

middle part where “A56” is substituted by”ss162Dir”. 

In this case, we only considered the change of speed in the road network. In 

reality, speed could be the result of various events such as congestion, road work, etc. 

Furthermore, the delay or cancelation of services could cause changes in conditions for 

public transportation. Also in cases of delay of public transportation, the routing service 

will recommend a new trip plan when necessary.  
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Figure 6.6 The original route 

 

Figure 6.7 Routing result after the update 

Table 6.4 Route result (previous) 

Mode Time  Coordinate 
Node 
type 

Distance 
(m) 

Cost 
(euro) 

Emission 
(kg) 

Gen. 
costs 

foot 8:00:00 14.166,40.862 Loc. 0 0 0 0 

car 8:01:00 14.1666,40.86206 Loc. 0 0 0 2.2 

car 8:42:06 14.52449,40.76341 Loc. 44622 4.7 7.7 4.86 

foot 8:43:06 14.52449,40.76341 Loc. 44622 4.7 7.7 4.91 

Loc.: Location; Eve.: Event 
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Table 6.5 Route result (after the update) 

Mode Time  Coordinate 
Node 
type 

Distance 
(m) 

Cost 
(euro) 

Emission 
(kg) 

Gen. 
costs 

foot 8:00:00 14.166,40.862 Loc. 0 0 0 0 

car 8:01:00 14.166,40.862 Loc. 0 0 0 2.2 

car 8:42:01 14.52449,40.76341 Loc. 47229 4.98 8.16 4.89 

foot 8:43:01 14.52449,40.76341 Loc. 47229 4.98 8.16 4.94 

Loc.: Location; Eve.: Event 

6.4.3 Learning travel preferences 

In chapter 4, we described the mechanism of how to use Bayesian learning to 

update assumed travel preferences of users. The key of this approach is that there must 

be two or more route alternatives and an indication of a user’s choice from the 

alternatives. Table 6.6 shows the change of the assumed preference profile of a user as 

a result of learning based on several rounds of recommendation and feedback. This 

example is based on a choice set shown in Figure 6.8. The user repeatedly chose the 

car route in several rounds. With the adapted beliefs of the user’s travel preferences, 

the routing system may suggest car routes in future recommendations that will be 

better adapted to the personal preferences of this user. As can be seen the mean value 

decreased for item 14 “Travel time walking time minute” and item 21 “Transportation 

mode train (no, yes)” when the user always choose the car route, since walking time 

and traveling by train are opposite aspects of travelling by car and could explain the 

preferences revealed. 

 

Figure 6.8 Sample of route alternatives 
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Table 6.6 Changes of travel preferences 

ID Description Mean Mean’ SD SD’ 

0 Travel time car time minute -0.06 -0.059 0.06 0.059 
1 Travel time car local -0.015 -0.015 0.015 0.015 
2 Travel time car highway 0.015 0.015 0.015 0.015 
3 Travel time car yes, no -0.015 -0.015 0.015 0.015 
4 Travel time car housing, no housing -0.015 -0.015 0.015 0.015 
5 Travel time car utility fun 0.01 0.01 0.01 0.01 
6 Travel time PT time minute -0.04 -0.04 0.04 0.039 
7 Travel time PT utility fun 0.01 0.01 0.01 0.01 
8 Travel time bike time minute -0.1 -0.1 0.1 0.1 
9 Travel time bike yes, no -0.02 -0.02 0.02 0.02 
10 Travel time bike yes, no -0.02 -0.02 0.02 0.02 
11 Travel time bike raining, dry -0.02 -0.02 0.02 0.02 
12 Travel time bike no, yes -0.02 -0.02 0.02 0.02 
13 Travel time bike utility fun 0.01 0.01 0.01 0.01 
14 Travel time walking time minute -0.15 -0.198 0.15 0.121 
15 Travel time walking yes, no -0.025 -0.025 0.025 0.024 
16 Travel time walking yes, no -0.025 -0.025 0.025 0.025 
17 Travel time walking raining, dry -0.025 -0.025 0.025 0.025 
18 Travel time walking no, yes -0.025 -0.025 0.025 0.024 
19 Travel time walking utility fun 0.015 0.015 0.015 0.015 
20 Transportation mode bus no, yes -3.5 -3.5 3.5 3.5 
21 Transportation mode train no, yes -3.2 -3.262 3.2 3.154 
22 Transportation mode train local -0.15 -0.15 0.15 0.15 
23 Transportation mode train intercity 0.15 0.15 0.15 0.15 
24 Transportation mode ferry no, yes -1.5 -1.5 1.5 1.5 
25 Transportation mode PT other -3.2 -3.2 3.2 3.2 
26 Transportation mode bike -1 -1 1 1 
27 Transportation mode car -2 -2 2 2 
28 Transportation mode PV other -1.5 -1.5 1.5 1.5 
29 Transfer bike to PT 0 0 0.2 0.2 
30 Transfer bike to PT -0.1 -0.1 0.1 0.1 
31 Transfer bike to PT -0.1 -0.1 0.1 0.1 
32 Transfer bike to PT 0.1 0.1 0.1 0.1 
33 Car to PT -1.2 -1.2 1.2 1.2 
34 Car to PT -0.1 -0.1 0.1 0.1 
35 Car to PT -0.1 -0.1 0.1 0.1 
36 Car to PT 0.1 0.1 0.1 0.1 
37 Within PT -0.4 -0.4 0.4 0.4 
38 Within PT -0.1 -0.1 0.1 0.1 
39 Within PT -0.1 -0.1 0.1 0.1 
40 Within PT 0.1 0.1 0.1 0.1 
41 Waiting time -0.1 -0.1 0.1 0.099 
42 Waiting time no, yes -0.05 -0.05 0.05 0.05 
43 Waiting time utility fun 0.05 0.05 0.05 0.05 
44 Seat availability uncertain, always -0.35 -0.35 0.35 0.35 
45 Travel costs PT ticket -0.2 -0.2 0.2 0.2 
46 Travel costs PV fuel -0.1 -0.099 0.1 0.099 
47 Travel costs PV parking fee -0.15 -0.15 0.15 0.15 
48 Travel costs PV toll -0.4 -0.4 0.4 0.4 
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6.5 Activity scheduler 

6.5.1 Basic operations 

Insert 

In this section, we illustrate four cases regarding the insert operation: insert an 

activity in an empty agenda; insert an activity where there is an activity after the insert 

activity; insert an activity where there is an activity before the insert activity, and insert 

an activity where there are activities before and after the insert activity.  

In the first case, we insert an activity into an empty agenda. The activity is 

specified as (1, “Work”, 2011-10-05 09:15:00, 2011-10-05 11:45:00, “Naples”, 14.279, 

40.864, “Boss, Tom and Lucy”, “project progress”). We receive a ‘correct’ response and 

the item can be found in the server’s data table. 

In the second case, there is already one item in the agenda. The new activity is 

specified as (1, “Breakfast”, 2011-10-05 07:00:00, 2011-10-05 07:30:00, “Naples”, 

14.222, 40.85, “”, “”). This activity is scheduled earlier than the previously inserted 

activity. A trip needs to be inserted as the new insert activity has a different location 

than the later activity. A trip request to the routing system is specified by the user and 

supported by the Scheduler as (1, “foot, bus, train”, 2011-10-05 07:30:00, “departure”, 

“MinmalTimeCost”, “Naples”, 14.222, 40.85, “Naples”, 14.279, 40.864). The routing 

system suggests departure at 07:33:21 and estimates arrival at 08:26:47. The detailed 

schedule for the trip is stored in the table which may involve several transfers and 

which the user can use as a route plan for public transportation. The travel information 

can be retrieved and displayed for the user through the standard interface. The user 

receives a ‘correct’ response from the scheduler and the item can be found in the 

server’s data table. 

In the third case, the user inserts a next new activity specified as (1, “Work”, 

2011-10-05 15:30:00, 2011-10-05 16:30:00, “Naples”, 14.34, 40.84, “”, “”) which is to 

take place later than the activity inserted in the first case. A trip needs to be inserted as 

the new insert activity has a different location than the earlier activity. A trip request to 

the routing system is specified as (1, “foot, bus, train”, 2011-10-05 12:30:00, “arrival”, 

“MinmalTimeCost”, “Naples”, 14.279, 40.864, “Naples”, 14.34, 40.84). The routing 

system suggests departure at 14:25:10 and estimates arrival at 15:27:33. The detailed 

trip information is stored in the table. The user also receives a ‘correct’ response and 

the item can be found in the server’s data table. 
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Figure 6.9 Insert activity I 

 

Figure 6.10 Insert activity II 

 

Figure 6.11 Insert activity III 
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Figure 6.12 Insert activity IV 

 

Figure 6.13 Insert activity V 

In the last case, the user again adds a new activity specified as (1, “Work”, 

2011-10-05 13:00:00, 2011-10-05 13:30:00, “Naples”, 14.342, 40.864, “Jimmy”, 

“budget application”). This time there is a previous activity and a later activity. Two 

trips need to be inserted as the newly added activity has a different location compared 

to both the earlier activity and later activity. This time the user defines the routing 

request for the earlier trip as (1, “foot, bus, train”, 2011-10-05 13:00:00, “arrival”, 

“MinmalTimeCost”, “Naples”, 14.279, 40.864, “Naples”, 14.342, 40.864). The routing 

system suggests departure at 12:06:15 and estimates arrival at 12:56:05 for this trip. 

Next the routing request for the later trip is specified as (1, “foot, bus, train”, 2011-10-

05 12:30:00, “departure”, “MinmalTimeCost”, “Naples”, 14.342, 40.864, “Naples”, 14.34, 

40.84). The routing system suggests departure at 13:30:00 and estimates arrival at 

14:20:35 for this trip. Again, the detailed travel information is stored in the table. The 
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user also receives a ‘correct’ response and the item can be found in the server’s data 

table. 

Delete 

In this section, we consider four cases to illustrate the delete operation: delete a 

solo activity; delete an activity where there is an activity before; delete an activity 

where there is an activity after, and delete an activity where there are activities before 

and after. We will take the schedule that resulted from the activity insert operations 

explained above as starting point. We change the order a little bit to make sure that all 

cases are illustrated.  

First, the user deletes the second work activity (1, “work”, 2011-10-05 13:00:00, 

2011-10-05 13:30:00, “Naples”, 14.342, 40.864, “Jimmy”, “budget application”). The 

travel episodes related to the activity should be replaced by new trips. For this the 

scheduler sends the following request to the routing system (1, “foot, bus, train”, 2011-

10-05 12:30:00, “arrival”, “MinmalTimeCost”, “Naples”, 14.377, 40.852, “Naples”, 

14.377, 40.852). The routing system suggests departure at 12:01:02 and estimates 

arrival at 12:56:05. The database is updated and a ‘correct’ response is obtained by the 

user. 

Next, the user deletes the activity with value (1, “Work”, 2011-10-05 15:30:00, 

2011-10-05 16:30:00, “Naples”, 14.34, 40.84, “”, “”) which is the last activity in the 

agenda. Its related travel should also be deleted. This is done automatically and the 

user receives a ‘correct’ response. 

 

Figure 6.14 Delete activity I 
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Figure 6.15 Delete activity II 

 

Figure 6.16 Delete activity III 

 

Figure 6.17 Delete activity IV 
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Then, the user deletes the activity (1, “Breakfast”, 2011-10-05 07:00:00, 2011-

10-05 07:30:00, “Naples”, 14.222, 40.85, “”, “”) which is the first activity in the agenda. 

Its related travel is deleted also by the system.  The user receives a ‘correct’ response 

and the data table has been updated. 

Finally, the user deletes the last activity left in the agenda (1, “Work”, 2011-10-

05 09:15:00, 2011-10-05 10:45:00, “Naples”, 14.377, 40.852, “Boss, Tom and Lucy”, 

“project progress”). After the delete operation, the user receives a ‘correct’ response 

and the data table has been updated. 

Update  

The update operation, which can be seen as a combination of delete and insert, 

usually needs interface support such that the user can view all time allocations to 

episodes of activity and travel in sequence of scheduling. The user can then specify for 

example an update to utilize a free time slot. The update operation can refer to a 

change in one or more attributes of an activity or travel episode. For activities, changes 

of start time, end time or location is typically considered. For travel, most changes will 

be about departure time or arrival time, transportation mode or travel preference (e.g. 

fastest, cheapest, most environmental). More complex operations can be implemented 

as combinations of “insert”, “delete” and “update”.  

To illustrate this, assume an agenda that includes the inserted activities 

described in Figure 6.11. The user considers the old activity (1, “Work”, 2011-10-05 

13:00:00, 2011-10-05 13:30:00, “Naples”, 14.342, 40.854, “”, “”) and updates this 

activity involving a change in start time so that the new specification of the activity 

becomes (1, “Work”, 2011-10-05 12:45:00, 2011-10-05 13:15:00, “Naples”, 14.34, 

40.85, “”, “”). For the new update of the activity, the user furthermore implements an 

update of the earlier travel (1, “foot, bus, train”, 2011-10-05 07:30:00, “arrival”, 

“MinmalTimeCost”, “Naples”, 14.279, 40.864, “Naples”, 14.3, 40.85) and later travel (1, 

“foot, bus, train”, 2011-10-05 07:30:00, “departure”, “MinmalTimeCost”, “Naples”, 14.3, 

40.85, “Naples”, 14.34, 40.84).  

For the earlier travel the user gets a suggested departure time of 12:09:42 and 

arrival time of 12:39:49. For the later travel, the user gets a suggested departure time 

of 13:15:00 and arrival time of 14:10:18. 
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Figure 6.18 Update I 

 

Figure 6.19 Update II 

Query 

The query operation may be called by other activity scheduler functions or by 

the user-interface to display a certain time segment of a calendar (e.g., a whole day 

travel trace, a whole day activity series). Here we assume a case where the inserted 

activities explained above are in the current agenda and define the query as (1, 

“activity”, 2011-10-05 13:00:00, 2011-10-05 17:00:00). This query results in the 

following list of activities: 

1.  Work, 2011-10-05 13:00:00, 2011-10-05 13:30:00, Naples 14.342, 40.864   

2.  Work, 2011-10-05 15:30:00, 2011-10-05 16:30:00, Naples 14.34, 40.84   

A query for travel episodes follows a same process. The simultaneous activity 

travel episodes can be easily obtained by ordering the combination list of activities and 

travels. 
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Indicate 

The indicate functions assumes the activity data table representing the history of 

a particular user. It performs an aggregation of the activities in the activity table and 

calculates the frequency of each unique activity specification in the table (for the person 

considered). This function can help the user in finding the most preferred attribute 

specification (e.g., location) for a particular new activity or allow the user to save the 

effort of specifying all attributes of a newly planned activity from scratch. As an 

example of this function, Table 6.7 shows the activity table of a user considered in this 

illustration and Table 6.8 represents the result of the indicate operation on this table. In 

this case, the template and requested attribute are both empty. This means that the 

filter let all activities pass through and in fact only frequencies are calculated for the 

profiles that are present. 

Table 6.7 Activities in an example activity table 

ID Type Start time End time Location Coordinate 

1 Shopping 2011/10/5 18:45 2011/10/5 19:15 Naples 14.25,40.74 

1 Shopping 2011/10/7 17:45 2011/10/7 18:45 Naples 14.263,40.89 

1 Shopping 2011/10/12 18:30 2011/10/12 19:15 Naples 14.25,40.74 

1 Work 2011/10/3 8:45 2011/10/3 16:45 Naples 14.272,40.866 

1 Work 2011/10/4 8:45 2011/10/4 16:45 Naples 14.272,40.866 

1 Work 2011/10/5 8:45 2011/10/5 16:45 Naples 14.272,40.866 

1 Work 2011/10/6 8:45 2011/10/6 16:45 Naples 14.272,40.866 

1 Work 2011/10/7 8:45 2011/10/7 16:45 Naples 14.272,40.866 

1 Work 2011/10/10 8:45 2011/10/10 16:45 Naples 14.272,40.866 

1 Work 2011/10/11 8:45 2011/10/11 16:45 Naples 14.272,40.866 

 

Table 6.8 Activity pattern extracted by the Indicate operator 

ID Type 
Day of 
week 

Start time Duration Location Coordinate Freq. 

1 Work 1 7:00-9:00 >360 Naples 14.272,40.866 2 

1 Work 2 7:00-9:00 >360 Naples 14.272,40.866 2 

1 Work 3 7:00-9:00 >360 Naples 14.272,40.866 1 

1 Work 4 7:00-9:00 >360 Naples 14.272,40.866 1 

1 Work 5 7:00-9:00 >360 Naples 14.272,40.866 1 

1 Shopping 3 17:00-19:00 30-60 Naples 14.25,40.74 2 

1 Shopping 5 13:00-17:00 30-60 Naples 14.263,40.89 1 

Freq.: Frequency 
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6.5.2 Advanced operations 

Recommendation  

To illustrate the recommendation function we consider four cases in this section. 

In the cases, the recommendations all relate to a same location type, namely a 

shopping centre (code “42”).  

The first case illustrates the recommendation of locations (shopping centres) 

from a specific point. We specify the user’s recommendation request as (“A”, “”, 14.3, 

40.84, 3, “42”, 2011-09-05 12:00:00, 2011-09-05 13:00:00, 10, “foot, bike train”) 

where recommend type is A (recommend from user specific location); the origin 

position is defined by coordinates (14.3, 40.86), the maximum distance is specified as 3 

km, location type is “42” (shopping centre), the time window is from 2011-09-05 

12:00:00 to 2011-09-05 13:00:00, available transportation modes are “foot, bike, train” 

and the planned activity duration is 10 minutes. The user obtains one recommended 

location as a response which is displayed on a map: Mercatodue (longitude = 14.301, 

latitude = 40.8444) (see Figure 6.20). 

The second case we consider is about recommending locations for an activity 

where there is a later activity in the agenda. Assume the activity under concern has the 

value (1, “Work”, 2011-10-05 18:30:00, 2011-10-05 19:00:00, “Naples”, 14.33, 40.84, 

“”, “”). We set the user’s recommendation request as (“B”, laterActivity, 5, “42”, 2011-

09-05 12:00:00, 10, “foot, bike train”) where recommend type is B (recommend where 

there is a later activity in the agenda), the variable name of the later activity is 

laterActivity, the maximum distance to later activity is 5 km, location type is “42” 

(shopping center), the begin time of the time window is 2011-09-05 12:00:00, the end 

time of time window is the begin time of the later activity - 2011-09-05 18:30:00; the 

duration of the activity is 10 minutes and the available transportation modes are “foot, 

bike, train”. Now we get the users received the following recommended locations which 

are displayed on a map: 1. Le Ginestre (14.349, 40.8742); 2. Sedicicasa (14.3472, 

40.8742); 3. Il Borgo (14.3079, 40.8734) (Figure 6.21).  

The third case we consider is about recommending locations for an activity 

where there is already an earlier activity. Assume the earlier activity has the value (1, 

“Work”, 2011-10-05 09:30:00, 2011-10-05 10:30:00, “Naples”, 14.216, 40.85, “”, “”). 

We set the user’s recommendation request as (“C”, earlierActivity, 2, “42”, 2011-09-05 

12:00:00, 10, “foot, bike train”) where recommend type is C (recommend where there 

is an earlier activity in agenda) and other fields are defined similarly as before. In this 

case, the user receives the following recommended locations which are displayed on a 
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map: 1. Epomeo (14.2074, 40.8441) and 2.  Galleria Scarlatti (14.23, 40.8437) (Figure 

6.22).  

 

Figure 6.20 Recommendation A 

 

Figure 6.21 Recommendation B 

 

Figure 6.22 Recommendation C 
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Figure 6.23 Recommendation D 

The last case we consider concerns a recommendation request for an activity 

where there is both an earlier and a later activity. Assume the earlier activity has the 

value (1, “Work”, 2011-10-05 09:30:00, 2011-10-05 10:30:00, “Naples”, 14.216, 40.85, 

“”, “”) and the later activity (1, “Work”, 2011-10-05 18:30:00, 2011-10-05 19:00:00, 

“Naples”, 14.33, 40.84, “”, “”). The user’s recommendation request is specified as (“D”, 

earlierActivity, laterActivity, 4, 9, “42”, 10, “foot, bike train”, “foot, bike, train”) where 

recommend type is D (recommend for a situation where there is an earlier activity and a 

later activity in the agenda) and other fields are defined in a similar way as before. This 

time the user receives the recommended locations which are displayed on a map: 1. 

Galleria Scarlatti (14.23, 40.8437) and 2.  Galleria Umberto I (14.2499, 40.8385) (Figure 

6.23).  

Detect  

The distance-based deviation detection function returns the deviation between a 

current actual position and scheduled position. To illustrate this, we assume here again 

that the activities described in figure 6.11 populate the agenda. Assume the current 

clock time is 2011-10-05 8:15:00 and the current position is (14.252, 40.865). The user 

receives the response that the deviation between the current actual position and the 

scheduled position at this time moment is 900 m (to be precise: 898.6 m). Thus the 

person receives the message that he is 900 m away from the place where he had 

planned to be.  

On the other hand, the time-based deviation detection function returns the time 

between the earliest possible arrival time at a next destination and the planned start 

time of the activity at the destination. Here again we assume that the agenda contains 
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the activities specified in Figure 6.13. Assume the current clock time is 2011-10-05 

14:00:00 and the current position is (14.3, 40.83). The user receives the response that 

the expected arrival time is 40 minutes later than the planned arrival time (to be precise: 

2261 seconds later). 

The real-time event detection function returns a judgment whether a current 

real-time event will affect the current schedule of a user. Again, we assume here the 

activities described in Figure 6.13 are in the agenda.  Assume the following bus arrival 

event occurs (event, bus, 2257810, 14.240268, 40.833, arrive, 8874). 

In this event, the bus with a scheduled arrival time of 8:10:00 experiences a 

delay and will arrive at 8:15:00. The real-time detection function discovers that this 

event affects the schedule of the person considered and sends a ‘confirmed’ message 

which can be further handled to send an alert to the person that the bus has a delay.  

Finally, we illustrate the POI location detection function. This function identifies 

and returns the locations of a pre-defined type that are within a certain distance from 

the current position of a user. Assume the type is “42” (shopping center), the current 

location is (14.23, 40.84) and the search distance is 5 km. Upon this request, the POI-

detection function returns the locations which are displayed on a map (Figure 6.24):  1.  

Epomeo (40.8441, 14.2074); 2. Galleria Scarlatti (40.8437, 14.23); 3. Galleria Umberto 

I (40.8385, 14.2499); 4. Epomeo (40.8476, 14.1912) and 5. Sanpaolo (40.836, 

14.1906). 

 

Figure 6.24 Example of a Detect result 
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6.6 Conclusion 

In this chapter, a series of cases were described to illustrate functions of the 

personalised multimodal routing and activity scheduling system. The cases described 

showed the feasibility of our proposed model and approach. However, there are still 

many steps to go from this prototype to real deployment. For multimodal routing, 

several sources of information need to be added, otherwise the routing 

recommendations will be based on only partial information and the results will be 

incorrect or unreasonable. In specific this includes the availability of parking place at 

parking lots (to prevent the system for recommending for example the traveller to go to 

a park and ride, where he/she cannot find a parking place when arrived). Furthermore, 

large scale tests are needed to show that learning of users preference profiles are 

indeed significant for improved personalized routing. This is especially important for 

dynamic updating and learning of preferences. For activity scheduling, more work is 

also still needed, in particular, to further explore models for robust daily activity 

planning in dynamic environments. This could be based on reliability analysis of history 

and real-time data. Furthermore, routing and scheduling are computationally heavy 

tasks and impose high requirements on visiting frequency and response speed of the 

service. How to further optimize the architecture is worth further consideration.
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7Conclusions 

7.1 Current tendency 

There is a growing interest in the field of Advanced Traveller Information 

Systems (ATIS) to extend conventional singe mode route planners and navigation 

systems to multimodal routing. A comprehensive multimodal ATIS refers to an approach 

where networks of different modalities (e.g., car, bike, bus, train) are integrated in a 

single network (also called a supernetwork). Links interconnecting the networks 

represent transfers from one mode to another (e.g., parking the car and boarding on a 

train). The systems are able to generate routes for multimodal trips as well as for uni-

modal trips. In this way, multimodal route advice goes beyond the recommendation of 

routes and also considers the choice of transportation mode and possible mode 

transfers during the trip, such as the use of a Park and Ride facility. Furthermore, the 

integration of activity agenda management and route planning is an objective of a next 

generation of ATIS. In the area of user-oriented software applications, several calendar 

or agenda systems have been introduced in recent years, such as Google calendar, 

Microsoft outlook calendar and Yahoo calendar. These systems allow users to keep a 

personal daily activity agenda and obtain alert messages. However, the existing 

calendar services don’t link to a routing system (for planning and implementing trips) 

nor support conflict or constraints checking.  

7.2 Existing systems and prototypes 

The existing travel information systems can be classified into two groups. One is 

industry level applications which aim to provide practical stable travel information 

service. The other is research and development prototypes which aim to verify and 

demo certain new innovations and possibility.  

The industry level travel information systems can be further classified into 

several groups based on their origin, which are online GIS maps and internet companies, 

travel service operators, travel information companies, ticket booking oriented 

companies, open source systems. Here this comparison will mainly focuses on three 

aspects: the network model, personalized route planning and combining with calendar 

for advanced scheduling. 
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The first group is system provided by online GIS or internet companies like 

Google map and Microsoft Bing map which may have most of visiting volume in real life. 

Taking Google map as an example, its network model is unpublished. Only limited 

multimodal is provided. Broader multimodal like park and ride is also not supported. 

There are three route planning options provided by google transit, which are best, 

fewer transfer and less walking. How Google define the best way is not clear. 

The second group is operator’s own system like Dutch rail company (www.ns.nl) 

and German rail company (www.db.de). Those systems normally have very simple 

interface to ease user’s effort. Again, since the operator normally only provides service 

for one or few more modes, their travel information systems are actually not full 

multimodal. Also the services are all scheduled; there are no personalized options for 

the user. There is no integration between route planning and calendar in their service.  

The third group is professional travel information provider and authority such as 

9292.nl and tfl.gov.uk/plan-a-journey/. The back mechanism is again unpublished and 

unclear. Moreover, it is still not full multimodal route planning. Trips combined with bike 

and public transport are not possible in above services is impossible. For 9292, there is 

no special personalized route options but just used a common default option. For 

tfl.gov.uk/plan-a-journey, it provides three options which are similar to Google’s. Both 

of these two have no integration of route planning and combining with calendar in their 

service. 

The fourth group pops up recently and focus more on ticket such goeuro.com, 

rome2rio.com and routerank.com. routerank is a typical case, which supports 

multimodal in a very high level. It addresses the entire travel route by integrating car, 

rail, road and air connections. However, the car mode was assigned by system that user 

can not specify. Although there are options for time and cost, there are no personalized 

options for the user. Again, there is no integration of route planning and combining with 

calendar in their service.   

Last group is open source travel information systems like OpenTripPlanner, 

graphserver, onebusaway and Tempus etc.., Most of them have existing running 

examples. Except Tempus, the feature of this group is similar to group fourth- not full 

multimodal route planner. Tempus is a bit exceptional where the model using is very 

similar to the model in i-Tour which also builds a multimodal first. However, it uses a 

time-dependent network for public transport. In i-Tour, it uses time-expanded for public 

transport. Time-expanded model is easier to describe the different situations such as 
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peak hour. There will be no special requirement from the algorithm. Here again, there is 

no integration of route planning and combining with calendar in their service.   

In summary, the network models of industry systems are mostly unpublished 

except those open source systems. Most of industry productions and services only 

provide route planning with non-multimodal or limited multimodal. In most cases, their 

multimodal route planners are only for transit. Normally, several route planning options 

(e.g. fasted) will be provided, some may even provide best option. However those best 

options are normally unknown for details. From user interface, the best setting is static 

and has no difference form people. Until now, the integration between travel 

information and personal calendar is still in an early stage. Trip (more often, flight ticket) 

can be added into calendar manually. However, it is still not available if we add 

activities first and then generate trip later automatically in calendar. 

It may be not proper to compare industry product with research and 

development prototype since their focuses are different. Industry product focuses on 

stability, reliable and user interface. Research and development prototype focuses on 

innovation and verification. Reviewing the multimodal travel information prototypes 

developed in the world, a lot were carried out in Europe. Many are supported by 

European Commission. i-Tour is one of such prototype. Besides i-Tour, there are many 

EU funded prototype projects about urban multimodal travel information systems. 

eMOTION is a FP6 project supported during 2006 to 2008 which aims to specify 

a Europe-wide multi-modal traffic information service that offers real time information 

for road and public transport users by means of on-trip-devices like PDA/Smart Phones 

or in-car-systems. The system is architectured with web-based application services 

calculating the information request of the user. The data content is organised in 

distributed databases providing the information on request.  

i-travel project (https://itravelproject.wordpress.com/) is a pro-active and 

context aware virtual travel assistant that uses time and contextspecific information, 

such as location, proximity to transport services, journey purpose, time of day or 

calendar entries, to plan a journey and co-pilots the traveller along the itinerary. The 

service helps a traveller to link journey stages with different modes. If a chosen journey 

cannot continue as planned, for instance due to delays or accidents, the i-travel system 

offers travel alternatives and makes the necessary arrangements. 

EU FP7 project VIAJEO aims for more efficient travel, transport planning. The 

global objective of Viajeo is to design, demonstrate and validate an open platform to 

share and process data from different sources in order to: Support transport 
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operations,planning and a wide range of traveller information services; Integrate and 

manage different sources of traffic data, including floating vehicle and fixed detector 

collection methods; Deliver dynamic language-independent traffic and traveller 

information services for end-users; Deliver a solution for integrated traveller services 

including cross-modal journey planning covering motorized modes and non-motorised 

modes i.e. walking and cycling, dynamic route guidance, effective payment access and 

improved personal mobility, etc.; Provide adaptable data exchange and service 

interfaces to connect a variety of entities needed for the mobility services. 

Another EU FP7 project Enhanced WISETRIP delivers full door-to-door travel 

planning and support for different users. Information supplied will cover pre trip 

requirements and actual on the day real time information data to assist travellers. The 

travel criteria covered in WISETRIP are travel time, cost, number of transfers and 

walking distance. The WISETRIP journey planning mechanism will be enhanced in order 

to include the CO2 footprint. Moreover, the WISETRIP journey planning mechanism will 

be enhanced to screen out any alternative itineraries either infeasible with respect to 

users specific travel needs/constraints or dominated by other more efficient solutions. 

In addition, dealing with journey contingencies is addressed through the provision of 

dynamic replanning capabilities anytime and anywhere. 

Ecompass, also another EU FP7 project, is introducing and establishing a 

methodological framework to optimise route planning using a holistic approach to 

address the environmental impact of urban mobility. A comprehensive set of tools and 

services for end users is being developed. The focus is on the design and development 

of intelligent on-board management systems, which employ intelligent traffic prediction 

and traffic balancing methods, while taking into account driving behaviour. Web and 

mobile services are being developed to provide multimodal public transport route 

planning that incorporates contextual information, such as location and time, and 

various restrictions and/or user constraints.  

Ecompass provides novel methods for environment friendly routes in urban 

public transportation networks. In particular, (a) To develop mathematical sound 

models for various (context-aware) route-planning scenarios arising in the field of urban 

human mobility for city residents, commuters and tourists. (b) To provide algorithmic 

methods for multi-modal routes in urban transportation networks with respect to 

multiple criteria and high robustness with a strong focus on the environmental footprint 

of these routes. (c) To provide prototype implementations of the algorithms and 

method. (d) To systematically collect test data and to perform an extensive 
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experimental evaluation on the performance and quality of the various models and 

algorithms, thereby, addressing both server-based settings as well as mobile devices. 

In general, most prototype systems are lacking of continues high quality data 

supporting, investment to commercialize. Most of above systems stopped running after 

the finishing of the project. Furthermore, most above projects mainly focused on the 

standards and integration frameworks. Although there are options for time and cost, 

there are no personalized options for the user. Again, there is no integration of route 

planning and combining with calendar in their service. 

7.3 Existing academic research works 

The research of multimodal travel information systems is multidiscipline subject 

which involves computer science, operation research, transportation science and 

behaviour science etc... However, the multimodal travel information system is 

application oriented; there is no fundamental contribution was made in this decade. The 

details of the existing academic achievements are already described in introduction part 

of each chapter; here we will just summarize them but not repeat. 

In network model aspect, the model of basic road network model and public 

transport are already well built. To model multimodal transport network, the 

supernetwork model describes the conception model. In practise, the normal way is to 

add transfer links to connect different mode of network. To make it practical for realistic 

using, time-dependent model and time-expanded model were also introduced. Although 

there are some varieties, however, no revolutionary change is there. In this research, 

we expect a suitable multimodal transportation network model for fully personalized 

routing. 

In routing algorithm aspect, after the basic shortest algorithms has been 

proposed. Many improvements have been proposed like bidirectional search. Recently, 

especially people from of Karlsruhe Institute of Technology and University of Freiburg 

make a lot improvement to improve the query performance. Many of the improvements 

use pre-built and saving calculation results or part results instead of calculation on the 

fly. The routing algorithm and its performance is not important concerning in this 

research. 

In personalization of route advice aspect, there is a common way to weight sum 

across all considered edge attributes using linear weighting. This can be found in many 

researches and the method itself is not new. However, how to capture the weight and 

update them automatically is challenging. 
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In activity scheduler part, an initial work is taken by Ryuichi Kitamura and 

Cynthia Chen in 1998. In their project ”Daily Activity and Multimodal Travel Planner”, a 

Planner prototype developed so far is one of the first itinerary planners that incorporate 

multiple destinations, multiple objectives, timing and sequencing constraints, and 

multiple modes of travel. However, due to the unavailability of data, it is more like a 

conceptual prototype which is not practical. 

7.4 Object of the research 

The objective of this thesis was to develop a prototype of a new traveller 

information system that offers users routing advice for multimodal trips. Furthermore, 

for the first time the new system takes into account users’ activity agendas. The system 

monitors the execution of a user’s activity schedule and generates alerts and 

recommendations when conflicts or opportunities arise, such as for changing a route or 

using a POI (Point Of Interest). Furthermore, the new traveller information system uses 

a comprehensive representation of personal travel preferences of individual users in a 

user profile. The user profiles are not static. The thesis showed how a learning model 

can be built in such a way that the system is able to incrementally learn the personal 

preferences of a user each time it receives feedback on the travel choice the user 

makes. Thus, based on this learning model the new system is adaptive and increasingly 

able to tailor its advice to the personal preferences of a user while it learns from his or 

her choices.  

7.5 Contributions 

In this thesis, or more precisely speaking in this scientific design 

(“proefontwerp” in dutch), the multimodal routing system developed for the i-Tour 

system was described. The purpose of the thesis is to provide a technical description of 

this product. To summarize, the new system includes the following innovations: 

1.    An extended multimodal transportation network model for fully personalized 

path finding. The methodology for modelling multimodal transport networks 

and planning multi-modal routes has been developed only recently. Existing 

models can be classified into two groups. The first group concerns models 

on a highly abstract level which are mainly used for transport analysis. In 

this group, public transport networks are modelled in the same way as 

private transport network and do not include precise departure/arrival time. 

Hence, these models can’t be used for realistic personal routing calculation. 
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In the other group, the models of private transport network and public 

transport network are sufficiently detailed and can be used for route 

planning. However, most of the models in this group only consider travel 

time as an attribute of links and do not take other considerations (e.g., cost 

and comfort) into account. There is no multimodal transport model which 

presents various scenes (e.g. weather, seat availability etc...) and supports 

realistic personalized route calculation based on traveller’s profile. Moreover, 

fully integrated models have not been tested and optimized for large-scale 

networks. In this thesis, we proposed an extended multimodal 

transportation network model, which is very suitable for personalized 

multimodal routing. The model uses a time-dependent approach for road 

networks and the time-expanded approach for public transportation 

networks. All situations can be represented directly in nodes and links. 

Personalized routes can be easily calculated through the basic Dijkstra 

algorithm. 

2.    A comprehensive representation of travel preferences of users and multiple 

objectives in multi-criteria link costs functions; measurement values of 

travel preferences were obtained based on large-scale choice experiments 

(not part of this thesis). The core question for multimodal route planning is 

which is the best route? Generalized costs approach is a simple way to 

answer this question. Though this approach is not new, the challenge is 

how to specify and measure the weights on different links. Once we have 

the weights for different links, we can find the best route with Dijkstra 

algorithm easily. In existing research, only few types of links are specified 

such as transfer links; the weights for different links are normally obtained 

through arbitrarily setting by the user or simple measurement, which are 

inaccurate. In this research, we specify 19 different types of links to 

represent various situations. For example, walk to the bus stop link, get on 

the bus link, travelling on the bus link and get off the bus link. For each link 

type, time, costs, emission and generalized costs are attributes. In this 

research, we first apply preference weights obtained from dedicated choice 

experiments and implement this in the into mobility information system to 

enable personalized routing.   

3.    An adaptive and personalized system of travel advice using a Bayesian 

incremental learning model of user’s preferences. Bayesian techniques for 
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parameter estimation and incremental learning are well-established and 

have been applied in the context of information systems to improve a 

system’s ability to provide tailored information to individual users. 

Applications of incremental learning of a user’s preferences in the context 

of mobility systems, however, do not exist. In this research, we use a travel 

preference table as basis. The parameters are obtained from the stated 

choice experiment.  Each time a user selects a route option, the Bayesian 

learning algorithm will automatically update the travel preferences table. 

This is the first time Bayesian learning has been adopted in mobile travel 

information system.  

4.    Integrated activity agendas of travellers using an activity scheduler 

component. The scheduling of daily activities -including travel- is 

extensively studied in travel behaviour research since the introduction of 

the activity-based approach to travel demand modelling. Existing 

approaches, however, focuses primarily on the analysis and prediction of 

individuals travel behaviour (descriptive) and, in that sense are not 

necessarily suitable for an information service that is more concerned with 

optimizing activity-travel choices (prescriptive). In practise, there is no 

intelligent agenda system that provides the possibility to automatically 

integrate travel information.  In this research, we proposed a mechanism to 

automatically filling a travel plan once an activity has been inserted into the 

agenda of the user. 

A main framework has been implemented in this thesis. The system was 

demonstrated using the Naples metropolitan area as a test area. The cases described 

demonstrated the capability of the system to generate personalized multimodal routes, 

integrate the activity agenda and to adapt to the user (through learning). This shows 

that the system is operational for full scale applications (a metropolitan area) and works 

as intended with sufficiently short response times. Extensive and systematic user testing 

was not part of the research project and is left to future research. The present thesis 

showed the face validity and feasibility of full-scale application of the new system 

concept. In future work, more testing is required especially for the dynamic routing part 

in case the data is available; more testing is needed to verify the reliability of suggested 

results and feasibility of preference learning in real-life. Furthermore, only static data 

were actually collected due to various limitations. The real time data are not fully setup 

and some mocked real-time data were used instead. 
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7.6 Future work 

This research result could be a basis of many research and application projects 

to further elaborate and optimize the routing system, personalization of routing advice 

and activity scheduler. Nevertheless, there are some limitations and possibilities for 

extension. For the routing system, the following extensions could be considered: adding 

an award mechanism to promote the use of public transport; use of real-time weather 

information to better assess comfort consequences of routing solutions for the traveller; 

using built-in indicators to evaluate the performance of urban multimodal transportation 

systems for transportation service providers and city planners.  

For personalized advice, special purpose route planning such as for disabled 

people and emergency situations would also be interesting. Providing healthy-life 

recommendations taking into account food calorie consumption, active travel modes 

(walking, bicycle) and health implications of activity schedules may be helpful to 

promote high quality of life. 

On the level of the activity scheduler, interesting topics for next research are: 

data mining of activity-travel history data to support personal scheduling; more 

advanced activity scheduling that supports multiple time spans: short term, middle term 

and long term; the integration of activity scheduling and social networks of persons 

(e.g., companion and group scheduling); more dynamic/real-time recommendation and 

decision support in large data environments (e.g. more real-time POI information); 

integration of the recommender system with more advanced human interaction 

technology and sensors to receive more types of real-time data about the person and 

the environment and, finally, integration of different types of networks in a 

Supernetwork such as tele-networks. 

To conclude, it can be seen that there are two tendencies in the future of travel 

information research and application. On the one hand, the travel information itself will 

be more accurate and more personalized. On the other hand, travel information services 

will become a fundamental service in the context of the big virtual information world 

and used with various purposes. The power behind these tendencies is the improved 

understandings of new requirements and new technologies. 
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Appendices 

Table A 1 Average emission factors 

Vehicle type Fuel type Emission standard Emission factor (g/km) 

car passenger Gasoline Euro 1  0.0024 

    Euro 2  0.0024 

    Euro 3 0.0011 

    Euro 4 0.0011 

  Diesel Euro 1 0.0877 

    Euro 2 0.0594 

    Euro 3 0.0412 

    Euro 4 0.0342 

Light duty vehicle Gasoline Euro 1 0.0023 

    Euro 2 0.0023 

    Euro 3 0.0011 

    Euro 4 0.0011 

  Diesel Euro 1 0.117 

    Euro 2 0.117 

    Euro 3 0.0783 

    Euro 4 0.0409 

Moped   Euro 1 0.0755 

    Euro 2 0.0376 

    Euro 3 0.0114 

Motorcycle two stroke   Euro 1 0.064 

    Euro 2 0.032 

    Euro 3I 0.0096 

Motorcycle four stroke   Euro 1 0.014 

    Euro 2 0.0035 

    Euro 3 0.0035 

 

Table A 2 Tier 2 average fuel consumption values 

Vehicle type Fuel type 
Engine 
Capacity 

Technology 
Fuel consumption 
(g/km) 

Passenger cars Gasoline < 1.4 l  Euro 1 + 56 

    1.4–2.0 l  Euro 1 + 66 

    > 2.0 l  Euro 1 + 86 

  Diesel < 2.0 l  Euro 1 + 55 

    > 2.0 l  Euro 1 + 73 

  LPG   Euro 1 + 57 

Passenger cars Hybrid    1.4–2.0 l Euro 1 + 26 

Light duty vehicle Gasoline   Euro 1 + 100 

  Diesel   Euro 1 + 80 

Mopeds     Euro 1 15 
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      Euro 2 12 

      Euro 3 11 

Motorcycles 2 stroke     Euro 1 25 

      Euro 2 23 

      Euro 3 17 

Motorcycles 4 stroke   < 250 cm3 Euro 1 + 36 

    250-750 cm3 Euro 1 + 36 

    > 750 cm3 Euro 1 + 46 

 

Table A 3 Tier 2 average fuel consumption and PM emission factors 

 Technology PM Fuel consumption (g/km) 

Urban buses (15 – 18t) Euro < 5 0.0462 301 

 Euro 5+ 0.0023 301 

Coaches (<= 18 t) Euro < 5 0.0354 247 

  Euro 5+ 0.0018 247 

 

Table A 4 Emission parameters 

Vehicle  
Fuel 
type 

Standard Year 
Engine 
size 

Fuel  CO2 PM 

Car  Diesel Euro 1 
1900-
1995 

0.000–
1.999 

55 3.14 0.0877 

Car  Diesel Euro 1 
1900-
1995 

2.000-
9.999 

73 3.14 0.0877 

Car  Diesel Euro 2 
1996-
1999 

0.000–
1.999 

55 3.14 0.0594 

Car  Diesel Euro 2 
1996-
1999 

2.000-
9.999 

73 3.14 0.0594 

Car  Diesel Euro 3 
2000-
2004 

0.000–
1.999 

55 3.14 0.0412 

Car  Diesel Euro 3 
2000-
2004 

2.000-
9.999 

73 3.14 0.0412 

Car  Diesel Euro 4 
2005-
2009 

0.000–
1.999 

55 3.14 0.0342 

Car  Diesel Euro 4 
2005-
2009 

2.000-
9.999 

73 3.14 0.0342 

Car  Diesel Euro 5 
2010-
2014 

0.000–
1.999 

55 3.14 0.0342 

Car  Diesel Euro 5 
2010-
2014 

2.000-
9.999 

73 3.14 0.0342 

Car  Gasoline Euro 1 
1900-
1995 

0.000-
1.399 

56 3.18 0.0024 

Car  Gasoline Euro 1 
1900-
1995 

1.400–
1.999 

66 3.18 0.0024 

Car  Gasoline Euro 1 
1900-
1995 

2.000-
9.999 

86 3.18 0.0024 

Car  Gasoline Euro 2 
1996-
1999 

0.000-
1.399 

56 3.18 0.0024 

Car  Gasoline Euro 2 
1996-
1999 

1.400–
1.999 

66 3.18 0.0024 
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Car  Gasoline Euro 2 
1996-
1999 

2.000-
9.999 

86 3.18 0.0024 

Car  Gasoline Euro 3 
2000-
2004 

0.000-
1.399 

56 3.18 0.0011 

Car  Gasoline Euro 3 
2000-
2004 

1.400–
1.999 

66 3.18 0.0011 

Car  Gasoline Euro 3 
2000-
2004 

2.000-
9.999 

86 3.18 0.0011 

Car  Gasoline Euro 4 
2005-
2009 

0.000-
1.399 

56 3.18 0.0011 

Car  Gasoline Euro 4 
2005-
2009 

1.400–
1.999 

66 3.18 0.0011 

Car  Gasoline Euro 4 
2005-
2009 

2.000-
9.999 

86 3.18 0.0011 

Car  Gasoline Euro 5 
2010-
2014 

0.000-
1.399 

56 3.18 0.0011 

Car  Gasoline Euro 5 
2010-
2014 

1.400–
1.999 

66 3.18 0.0011 

Car  Gasoline Euro 5 
2010-
2014 

2.000-
9.999 

86 3.18 0.0011 

Car  LPG 
  

  
   

57 3.017 0 

Car hybrid Gasoline Euro 4 
  
   

26 3.18 0.0011 

Coaches Diesel Euro < 5 
1900-
2009   

247 3.14 0.0354 

Coaches Diesel Euro 5+ 
2009-
2014   

247 3.14 0.0018 

Light duty  Diesel Euro 1 
1900-
1996   

80 3.14 0.117 

Light duty  Diesel Euro 2 
1997-
2000   

80 3.14 0.117 

Light duty  Diesel Euro 3 
2001-
2006   

80 3.14 0.0783 

Light duty  Diesel Euro 4 
2007-
2009   

80 3.14 0.0409 

Light duty  Diesel Euro 5 
2010-
2014   

80 3.14 0.0409 

Light duty  Gasoline Euro 1 
1900-
1996   

100 3.18 0.0023 

Light duty  Gasoline Euro 2 
1997-
2000   

100 3.18 0.0023 

Light duty  Gasoline Euro 3 
2001-
2006   

100 3.18 0.0011 

Light duty  Gasoline Euro 4 
2007-
2009   

100 3.18 0.0011 

Light duty  Gasoline Euro 5 
2010-
2014   

100 3.18 0.0011 

Moped Gasoline Euro 1 
1900-
2001   

15 3.18 0.0755 

Moped Gasoline Euro 2 
2002-
2008   

12 3.18 0.0376 

Moped Gasoline Euro 3 
2009-
2014   

11 3.18 0.0114 

Motorcycle 
4 stroke 

Gasoline Euro 1 
1900-
2002 

0.000-
0.249 

36 3.18 0.014 
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Motorcycle 
4 stroke 

Gasoline Euro 1 
1900-
2002 

0.250-
0.749 

36 3.18 0.014 

Motorcycle 
4 stroke 

Gasoline Euro 1 
1900-
2002 

0.750-
9.999 

36 3.18 0.014 

Motorcycle 
4 stroke 

Gasoline Euro 2 
2003-
2005 

0.000-
0.249 

36 3.18 0.0035 

Motorcycle 
4 stroke 

Gasoline Euro 2 
2003-
2005 

0.250-
0.749 

36 3.18 0.0035 

Motorcycle 
4 stroke 

Gasoline Euro 2 
2003-
2005 

0.750-
9.999 

36 3.18 0.0035 

Motorcycle 
4 stroke 

Gasoline Euro 3 
2006-
2014 

0.000-
0.249 

46 3.18 0.0035 

Motorcycle 
4 stroke 

Gasoline Euro 3 
2006-
2014 

0.250-
0.749 

46 3.18 0.0035 

Motorcycle 
4 stroke 

Gasoline Euro 3 
2006-
2014 

0.750-
9.999 

46 3.18 0.0035 

Motorcycle 
2 stroke 

Gasoline Euro 1 
1900-
2002   

25 3.18 0.064 

Motorcycle 
2 stroke 

Gasoline Euro 2 
2003-
2005   

23 3.18 0.032 

Motorcycle 
2 stroke 

Gasoline Euro 3 
2006-
2014   

17 3.18 0.0096 

Ship         247 3.14 0.0018 
Ship         247 3.14 0.0354 
Train         247 3.14 0.0018 
Train         247 3.14 0.0354 
Urban 
buses 

Diesel Euro < 5 
1900-
2009   

301 3.14 0.0462 

Urban 
buses 

Diesel Euro 5+ 
2009-
2014   

301 3.14 0.0023 

Cable         247 3.14 0.0018 
Cable         247 3.14 0.0354 

 

Table A 5 Preference table for calculation 

Aspect Mode Attribute Level Value 

Travel mode Foot     0 

Travel mode Bike     -1 

Travel mode Car     -2 

Travel mode Bus     -3.5 

Travel mode Train Local   -3.35 

Travel mode Train Intercity   -3.05 

Seat Bus Always   0 

Seat Bus Uncertain   -0.35 

Seat Train Always   0 

Seat Train Uncertain   -0.35 

Travel time Foot Base   -0.15 

Travel time Foot Bag Light 0 

Travel time Foot Bag Heavy -0.025 

Travel time Foot Age Non senior 0 

Travel time Foot Age Senior -0.025 

Travel time Foot Weather Dry 0 
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Travel time Foot Weather Rain -0.025 

Travel time Foot Companion Without child 0 

Travel time Foot Companion With child -0.025 

Travel time Foot Purpose Utility 0 

Travel time Foot Purpose Fun 0.015 

Travel time Bike Base   -0.1 

Travel time Bike Bag Light 0 

Travel time Bike Bag Heavy -0.02 

Travel time Bike Age Non senior 0 

Travel time Bike Age Senior -0.02 

Travel time Bike Weather Dry 0 

Travel time Bike Weather Rain -0.02 

Travel time Bike Companion Without child 0 

Travel time Bike Companion With child -0.02 

Travel time Bike Purpose Utility 0 

Travel time Bike Purpose Fun 0.01 

Travel time Car Base   -0.06 

Travel time Car Road type Local -0.015 

Travel time Car Road type Highway 0.015 

Travel time Car Unsafety No 0 

Travel time Car Unsafety Yes -0.015 

Travel time Car E burden No housing 0 

Travel time Car E burden Housing -0.015 

Travel time Car Purpose Utility 0.01 

Travel time Car Purpose Fun 0 

Travel time Bus Base   -0.04 

Travel time Bus Purpose Utility 0 

Travel time Bus Purpose Fun 0.01 

Travel time Train Base   -0.04 

Travel time Train Purpose Utility 0 

Travel time Train Purpose Fun 0.01 

Waiting time Bus Base   -0.1 

Waiting time Bus Companion With child -0.05 

Waiting time Bus Companion Without child 0 

Waiting time Bus Purpose Utility 0 

Waiting time Bus Purpose Fun 0.05 

Waiting time Train Base   -0.1 

Waiting time Train Companion With child -0.05 

Waiting time Train Companion Without child 0 

Waiting time Train Purpose Utility 0 

Waiting time Train Purpose Fun 0.05 

Travel cost Car Fuel   -0.1 

Travel cost Car Toll   -0.4 

Travel cost Car Parking   -0.15 

Travel cost Bus Ticket   -0.2 

Travel cost Train Ticket   -0.2 

Transfer Bike-Bus Base   0 

Transfer Bike-Bus Bag Light 0 
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Transfer Bike-Bus Bag Heavy -0.1 

Transfer Bike-Bus Age Non senior 0 

Transfer Bike-Bus Age Senior -0.1 

Transfer Bike-Bus Purpose Utility 0 

Transfer Bike-Bus Purpose Fun 0.1 

Transfer Bike-Train Base   0 

Transfer Bike-Train Bag Light 0 

Transfer Bike-Train Bag Heavy -0.1 

Transfer Bike-Train Age Non senior 0 

Transfer Bike-Train Age Senior -0.1 

Transfer Bike-Train Purpose Utility 0 

Transfer Bike-Train Purpose Fun 0.1 

Transfer Car-Bus Base   -1.2 

Transfer Car-Bus Bag Light 0 

Transfer Car-Bus Bag Heavy -0.1 

Transfer Car-Bus Age Non senior 0 

Transfer Car-Bus Age Senior -0.1 

Transfer Car-Bus Purpose Utility 0 

Transfer Car-Bus Purpose Fun 0.1 

Transfer Car-Train Base   -1.2 

Transfer Car-Train Bag Light 0 

Transfer Car-Train Bag Heavy -0.1 

Transfer Car-Train Age Non senior 0 

Transfer Car-Train Age Senior -0.1 

Transfer Car-Train Purpose Utility 0 

Transfer Car-Train Purpose Fun 0.1 

Transfer Bus-Bus Base   -0.4 

Transfer Bus-Bus Bag Light 0 

Transfer Bus-Bus Bag Heavy -0.1 

Transfer Bus-Bus Age Non senior 0 

Transfer Bus-Bus Age Senior -0.1 

Transfer Bus-Bus Purpose Utility 0 

Transfer Bus-Bus Purpose Fun 0.1 

Transfer Train-Train Base   -0.4 

Transfer Train-Train Bag Light 0 

Transfer Train-Train Bag Heavy -0.1 

Transfer Train-Train Age Non senior 0 

Transfer Train-Train Age Senior -0.1 

Transfer Train-Train Purpose Utility 0 

Transfer Train-Train Purpose Fun 0.1 

Transfer Bus-Train Base   -0.4 

Transfer Bus-Train Bag Light 0 

Transfer Bus-Train Bag Heavy -0.1 

Transfer Bus-Train Age Non senior 0 

Transfer Bus-Train Age Senior -0.1 

Transfer Bus-Train Purpose Utility 0 

Transfer Bus-Train Purpose Fun 0.1 

Transfer Train-Bus Base   -0.4 
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Transfer Train-Bus Bag Light 0 

Transfer Train-Bus Bag Heavy -0.1 

Transfer Train-Bus Age Non senior 0 

Transfer Train-Bus Age Senior -0.1 

Transfer Train-Bus Purpose Utility 0 

Transfer Train-Bus Purpose Fun 0.1 
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Summary 

This thesis is the result of the work package modelling multimodal transport 

system (WP 3) of the EU FP7 project i-TOUR: intelligent Transport system for Optimized 

URban trips. A number of contributions to the state of the art of routing services were 

developed. First, a method was introduced to model multimodal transportation networks 

which are inspired by the well-known concept of supernetwork. Second, a route finding 

method was proposed through multimodal networks taking into account multi-criteria 

preferences of travellers. Third, a personalized routing recommendation method was 

described where the system can adapt travel preference profiles of users through user 

feedback by Bayesian learning. Fourth, a daily activity scheduler was designed which 

combines an activity calendar service and a POI service with the travel information 

system in a single integrated system for real-time constraints checking and rescheduling 

recommendation. Finally, implementation details and validation tests of the whole 

system are discussed. 
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