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𝑤𝑖 The weights for criterion (i) 

𝑤𝑗 The weights for criterion (j) 

XML Extensible markup language file 
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𝑥(𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟,𝑖) Indicates if a transfer occurred in the previous or the current plan (0 is no, 

and 1 is yes) 

z The number of standard deviation units away from the mean 

𝛽(𝑡𝑟𝑎𝑣𝑒𝑙,(𝑀,𝑖)) The marginal utility of traveling by transport mode (M) to reach activity (i) 

𝛽(𝑚𝑜𝑛𝑒𝑦) The marginal utility of the money 

𝛽𝑑,(𝑀,𝑖) The marginal utility of the distance when using transport mode (M) while 

traveling to activity (i) 

∆(𝑚𝑜𝑛𝑒𝑦,𝑖) The change rate in the monetary budget caused by the transport fares 

𝛾(𝑑,𝑀,𝑖) The constant monetary distance rate when using transport mode (M) while 

heading to activity (i) 

𝛽𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦  The marginal utility of performing an activity with its typical duration (t*) 

βdu The marginal utility of performing an activity 

βc The marginal utility of the money 

βt The marginal utility of traveling for all modes 

βo Constant 

η2 Eta squared 

𝜂 Error that can take any distribution forms 

𝜀 a random error 

𝛽𝑡𝑐 (𝑖) The marginal utility of the travelers’ travel costs 

𝛽𝑡𝑡 (𝑖) The marginal utility of the travelers’ travel time 

𝛽𝑚𝑙 (𝑖) The marginal utility of multitasking  

𝛽𝑜 (𝑖) Constant  

𝑈𝑖 (𝑗) The utility of individual (i) choosing alternative (j) 

∀ For all 

𝜆 Eigenvalue 

α(γjs) Normalization for the referenced criteria 
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Chapter 1 

1 Introduction 

1.1 Background 

The transportation volume of passengers and goods is increasing with time to a greater 

extent than the growth of the population, which makes an impact on the environment and 

people’s life in the future [1]. Sustainable transport management is needed for the current 

transport modes and future industry to avoid the negative consequences of the continuous 

increase of demand for movements [2]. Providing high-quality transportation requires 

continuous research and the elaboration of studies since it is connected to people’s 

requirements. Innovation in technology and modelling tools makes the analysis of travel 

patterns possible, especially the travel behavior can be efficiently explored. People’s travel 

behavior is affected by the improvement of transportation technology, especially car 

manufacturing. Recently, vehicles have been developed, where different automation levels 

(Level 0 to Level 5) are introduced [3, 4] [5]. Nowadays, the main challenge is to reach full 

driving automation (i.e., Level 5) in an operational environment. A full driving automation 

vehicle is considered as an innovation that makes positive impacts on the environment, 

economics, safety, traffic, and travelers’ mobility, as stated by several scholars [6-10]. AVs are 

fully automated, self-driving vehicles, which provide the opportunity to use a car without 

restrictions, eliminate the time spent on parking, release the stress of driving, and make driving 

without driving licenses possible [6, 9, 10]. Travelers’ traditional mobility patterns are altered 

once AVs arrive on the market [11]. Litman [12] explains that AVs provide a door-to-door 

service, which influences the travelers’ arrival and departure times. The benefits of AVs are 

diverse, such as minimizing the travel time [13], removing the parking process time [14], 

conducting onboard activities [15], and utilizing the parking spaces generated from the 

decrease in parking demand [16, 17]. Zhong et al. [18] state that the acceptability of AV as a 

replacement transport mode depends on the value of travel time (VOT). The VOT is typically 

used as a reference point to understand the tradeoffs between the travel time and the travel cost, 

as well as it is often applied to evaluate transportation projects, policies and services. Small 

[19] concludes that the VOT is not equally valued by every traveler since travel time valuation 

is based on various factors; moreover, people might pay additional money to reduce the 

perceived travel time during traveling. Due to the absence of empirical studies on the impact 

of AVs on travel behavior, different approaches, such as agent-based models, discrete choice 

modeling, and multicriteria analysis approaches, should be applied to evaluate the effects of 

AVs on people’s travel behavior.  

The integration of AVs with other conventional transport modes (CTMs) (i.e., public 

transport, conventional cars, bicycle, train, walking, taxi, scooter, and motorcycle) requires the 

study of user behavior and the optimization possibilities of the multimodal travel chains. This 

optimization is presented by integrating the newly developed transport modes into the available 

activity-based models to study the consequences of future changes. Moreover, to understand 

the impact of AVs on the travelers’ behavior, two parts of the daily activities, i.e., the travel 
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time and the activity time, have been considered [20]. The simulation and optimization of the 

travelers’ daily activity plans are needed to study the current behavior of travelers as well as 

the potential future behavior (e.g., in case of AV introduction). Several other studies simulate 

the travel demand for AVs without considering the various groups of users [21-23] while few 

studies use the change in VOT to simulate the AVs with other transport modes [24-26]. 

Moreover, the park-and-ride (P&R) system is used to demotivate drivers to enter the city 

center. These facilities are recommended to be as close as possible to the locations of public 

transport stations and stops. The integration of the P&R system in the daily activity chain plans 

of certain travelers is required to study how it affects the travel time and travel distance.  

The preferences of travelers on board in the automated driving age should be further 

investigated by studying the relationship between onboard activities, the tools carried by 

travelers, and trip characteristics of travelers. Travel-based multitasking (i.e., doing one or 

more onboard activities during traveling) is defined as a traveler selecting the transport mode 

based on the available onboard activities [27]. People evaluate their travel time variously based 

on their preferences connected to their own characteristics and journey properties, as stated in 

the economic theory [28]. Pawlak [29] demonstrates that using the travel time is a common 

concept, where travelers use ICT tools to conduct onboard activities. Pudāne et al. [15] show 

that AVs can provide a good environment for multitasking, where travelers can convert travel 

time to productive time (i.e., positive utility). The availability of ICT tools on the board of a 

transport mode motivates travelers to conduct onboard activities, which has an impact on the 

travelers’ willingness to pay for saving travel time. In this study, Transport choice models are 

used to understand people’s travel behavior and to predict the future demand on certain 

transport modes. Travelers’ preferences in the presence of shared autonomous vehicles (SAVs) 

and the connection between multitasking and various travel variables, such as trip purpose, 

transport mode, and travel time, are studied to understand the travelers’ onboard behavior. 

Moreover, the most conducted activities, and the frequent used tools by travelers are presented, 

and the effects of onboard activities on the trip time are evaluated.  

The AVs will have different characteristics than conventional cars [6, 12, 30]. The impact 

of AVs on the transport mode choice is affected by different variables, such as the travel time 

and travel cost. In this work, the impact of AVs is modeled with studying cars and public 

transports based on multitasking. Scarcely can be found studies that focus on AVs and SAVs 

as new transport modes concerning onboard multitasking availability [29]. The impacts of 

multitasking on the selection of transport modes have to be examined to estimate the effects of 

multitasking on AVs and SAVs as well as the impacts of AVs and SAVs on the current 

transport modes.  

Finally, the adoption of AVs in the future is affected by the stakeholders, where each of 

them has different viewpoints. Studying the stakeholders' attitudes toward AVs is crucial to 

understand the needs of each stakeholder and the influence of each actor in the decision-making 

process [31]. Therefore, policymakers, city representatives, car manufacturers, transport 

operators, and other stakeholders should carefully consider their plans, policies, and 

investments to prepare for the future technology assimilation. 
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1.2 Motivations and research gaps 

Mobility constantly changes with the improvements of the transportation system in terms 

of technology as services as well as environmental and social aspects. The paradigm of 

introducing automated vehicles is expected to lead to the reduction of vehicle ownership, the 

mitigation of traffic density on roads, and as a result brings on better environmental 

circumstances. Moreover, AVs play a crucial element in changing the travelers’ travel behavior 

and in optimizing the time and distances needed for conducting a trip due to its varied 

characteristics compared to conventional cars [12, 30, 32]. 

A lot of studies are conducted to examine the implications of AVs in the transport system. 

Previous studies show the impact of AVs on travelers’ mobility in several case studies, while 

other papers focus on aspects that make travelers change to AVs, such as acceptability, the 

willingness to pay, and group differences concerning the usage of AVs. However, only few 

studies investigate the behavior of AVs rather than the impact of AVs on travel time, people 

preferences in the AV era, and the implications of the AVs on the modal share.  

This dissertation is conducted to fill some gaps in the literature. Current study applies the 

main parameters that have an important role on traveler preferences, where simulations are 

realized with some groups who are more likely to use AVs. Thus, the effects of AV introduction 

on the existing transport modal share in Budapest is estimated, where the VOT of AVs is less 

evaluated than that of the conventional cars.  

Furthermore, the impacts of both AVs and the P&R system on travelers’ mobility are not 

well covered in the literature. In this research, the P&R system and AVs are integrated and 

simulated along with public transport to evaluate the impact of the integration of AVs and P&R 

system on overall mobility.  

Preferences during traveling to the main destinations affect the choice of transport modes 

as well as the perceived travel time. Therefore, a new way to introduce onboard activities and 

to study not solely ICT tools but other tools carried by travelers (i.e., not ICT tools), such as 

work-document, food, drink, and book (i.e., leisure), is elaborated. This brings a unique added 

value to current study because there is a lack of similar research in the Central European region.  

Moreover, only a few papers examine the connection between conducting onboard 

activities and the travelers’ carried tools as well as whether SAVs provide a better environment 

for multitasking than CTMs. Previous studies primarily focus on exploring multitasking on 

board of CTMs, while solely a limited number of papers can be found about the topic in case 

of AVs and SAVs. This research adds a contribution since the study examines the main trip 

purposes, urban areas, and relatively short journeys when analyzing the transport mode choice. 

More importantly, current paper contributes to the literature as multitasking availability is 

considered as an attribute in addition to the trip time and trip cost in choosing a transport mode.  

Finally, the availability of AVs on the market as transport mode is controlled by specific 

stakeholders. This research adds a novel contribution to the literature, where studies focusing 

on the stakeholders’ viewpoints in the AV era can be rarely found. Besides, current paper is 

the first study of its kind regarding the evaluation of the various viewpoints different 

stakeholders have toward privately shared autonomous vehicles (PSAVs). 
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1.3 Research objectives   

In this research, five theses are presented to cover some gaps in the literature regarding the 

impacts of AVs on people's life. Current paper focuses primarily on the following points: 

• Estimating the effects of AV introduction on the existing modal share, and the travel 

behavior of certain groups of users. 

• Integrating the P&R system into the activity plans of certain travelers as well as 

integrating AVs into the same framework to study the impact of the integrated systems 

on the travel behaviour and on public transport. 

• Determining the associations between the potential onboard activities and the travelers’ 

carried tools across traveler and trip characteristics as well as examining the onboard 

activities in case of SAVs. Analyzing the effects of onboard activities and the tools 

carried by travelers on board of a vehicle on the perceived trip time while considering 

the travelers’ main trip purpose in urban areas (i.e., short trips). 

• Predicting the travelers’ behavior when individual-ride AVs, shared AVs, cars, and 

public transport (PT) are available on the market considering onboard multitasking 

availability. 

• Finding the relevant stakeholders in the AV era and analyzing their viewpoints on the 

use of AVs by applying MAMCA method. 

1.4 The applied scientific methods  

In this research, multiagent-transport simulation (MATSim), which is an agent-based 

modeling, an activity-based microsimulation model using a co-evolutionary algorithm to 

simulate the travelers’ daily activity plans, is used [20]. The MATSim tool is built in Java, 

which is a flexible programing language. The MATSim loop is used to optimize the travelers’ 

utility based on the Charypar and Nagel utility function, which includes mobility simulation, 

scoring, and re-planning steps.  

The Likert scale method is applied to analyze the categorical (i.e., ordinal) questions [33]. 

The Chi-square, which is a nonparametric test, is used to examine the dependence between the 

variables. Whenever the results are significant, Cramer’s V is applied to measure the strength 

of the associations. Phi represents the correlations between the variables [34]. Furthermore, to 

determine the differences between two or more groups, the Kruskal-Wallis H test (i.e., one-

way ANOVA on rankings), which is a rank-based nonparametric test, is used [35]. The 

statistical method of exploratory factor analysis (EFA) is applied to find the underlying 

structure of a large set of variables, where EFA is executed based on the correlation matrix 

between the variables. The multivariate generalized linear model (GLM) is applied to examine 

the statistical difference between the multiple dependent variables taken at the same time of 

the same sample size and more than one independent variable (e.g., gender group) [36]. To 

examine any differences between the independent variables, the one-way multivariate analysis 

of variance (i.e., one-way MANOVA) is applied.  

In a traveler-choice context, the random utility theory assumes that every individual is a 

rational decision-maker, and travelers try to maximize the utility based on their choices [28]. 

Certainty in stating which alternative (i.e., transport mode) a traveler selects is not applicable, 

but the probability that a traveler chooses one alternative over the others is possible to be 

estimated. The mixed logit (ML) model is applied. In the ML model, the error part can be 
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identified by an extended analysis, such as measuring the random taste heterogeneity. This can 

be done by letting the parameters’ estimates vary across the individuals.  

In the context of evaluating various stakeholders, the MAMCA method is widely used to 

evaluate each stakeholder’s role by considering several criteria [31]. When applying MAMCA 

for the AV framework, the classical analytical hierarchy process (AHP) and the Parsimonious 

AHP (PAHP) methods are used. When using PAHP, the efforts of the involved stakeholders in 

the evaluation process are reduced [37].  

1.5 Dissertation outline  

Current dissertation contains eight chapters. The first chapter provides the introduction. 

The second chapter presents Thesis one, which examines the impact of AV introduction on the 

transport systems and on people’s travel behavior. Chapter three demonstrates the impact of 

integrating AVs and the P&R systems into the framework of the travelers’ daily activity plans, 

which is Thesis two. Chapter four includes Thesis three, where people’s preferences on board 

of CTMs and SAVs in urban areas are analyzed as well as the impacts of multitasking and tools 

carried by travelers on board on the perceived trip time. Chapter five shows the development 

of transport choice models including different presentations of multitasking in the AV era (i.e., 

Thesis four). Thesis five is presented in chapter six, where the stakeholder viewpoints toward 

one use of AVs are evaluated by using multicriteria analysis. Chapter seven presents the 

applications of the scientific findings as well as potential future research topics. Finally, chapter 

eight is the summary of current dissertation. 
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Chapter 2 
2 The Impact of AV Introduction on the 

Transport System and Travel Behavior 

2.1 Introduction 

As a result of introducing AVs into the market, a new paradigm, which changes the 

travelers’ travel behavior, the capacity of the road network, the vehicle-miles-traveled (VMT), 

and the traffic flow volume, will be realized since people without driving licenses can have an 

access to AVs, too [38, 39]. Thus, research concerning the impact of AVs on the existing 

transportation system, such as the alteration of modal share, is needed to understand the travel 

behavior in the AV era by considering different demand types. Koryagin [40] says that as a 

benefit of the technology advancement, AVs will probably facilitate the problems of travel 

demand management.  

The groups of people facing difficulties to travel, such as people who own a car but they 

do not use it because they get tired from driving, people who want to shift to personal car but 

they cannot due to insufficient income, people with disabilities and elderly people, form the 

potential users of AVs [41]. In the literature, certain groups of people who are more likely to 

use AVs than others are presented, like long travelers [41, 42], and public transport users [43]. 

and. Regarding the acceptability of AVs, Litman [44] states that the traveler tends to be 

uncomfortable when the trip time becomes longer than 40 minutes, while Das et al. [41] 

mention that potential users of AVs are long-commuters and long transit commuters. Yap et 

al. [43] study those travelers who use train to reach their destinations. The scholars examine 

the applicability of using AVs to transport travelers from the last stop of the train to their 

destinations. Based on the wide potential users of AVs, different types of travelers can be 

attracted by the new transport mode. The potential users of AVs might have a lower VOT 

compared with the VOT of using CTMs due to the characteristics of AVs, as stated in previous 

studies [24-26]. The VOT might decrease by 35% when AV is used, as mentioned in the study 

of Bozorg and Ali [24]. One problem with existing car-sharing services is the scarcity of 

parking spaces, which consumes time and cost, especially in case of free-floating car-sharing 

systems [15, 45]. It is clear from the characteristics of AVs that this problem of the car-sharing 

systems is solved by using AVs since the new vehicles park themselves or drive to serve 

another passenger [15]. 

Table 2-1 presents the summary of the relevant studies, where the descriptions, case 

studies, and the used methods of the research works are demonstrated. Furthermore, it is worth 

noting that different studies focus on the impact of AVs on the travel time and VMT as well as 

on the determination of fleet size based on the different travel demands. Previous studies show 

different outputs with similar trends (e.g., an increase of VMT, the replacement of more regular 

cars by one AV, and decreased travel time). On the other hand, few studies focus on the impact 

of AVs on the modal share by considering the different values of the VOT. Previous studies 

mention some potential users of AVs primarily based on the results of stated preference (SP) 
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surveys [8, 41, 46-48]; however, scarcely can be found studies that simulate certain groups of 

people based on these results of the SPs. More specifically, previous studies examine several 

groups of travelers based on some parameters, like the traveled distance, the travel time, or the 

VOT. In this regard, the assumption that all people are candidates to use AVs is valid, but 

certain groups of people are more likely to use AVs than others based on their preferences, 

individual features, and trip characteristics, such as people on special trips (i.e., business), long-

distance travelers, personal car users, public transport riders, and travelers with non-frequent 

travel.  

Table 2-1. The summary of the selected relevant studies 

Source Description The place of the 
study 

Method/tool 

[21] The adoption of SAVs across seven European countries. The 
VOT is calculated per country. 

Seven European 
countries 

Stated preference 
survey. Mixed Logit 
model 

[48] Modeling AVs and regular cars to capture preference 
heterogeneity across individuals. Differences between 
countries’ acceptance of AVs are demonstrated. 

Six European 
countries 

Stated preference 
survey. Mixed Logit 
model 

[22] The replacement of conventional taxis by autonomous taxis. 
The authors use SAVs and IR-AVs. Higher replacement of 
conventional cars is found in case of shared rides compared to 
unshared. 

Berlin, Germany MATSim 

[23] Serving travel demand by SAVs based on providing certain 
fleet size for every zone. The reduction in the waiting time is 

demonstrated and increment in the VMT is produced. The fleet 
size of SAVs is determined. 

Austin, USA MATSim 

[15] The impact of AVs on the use of the travel time. AVs open 
opportunities for other activities as well as extend some 
activities’ time. 

- Mathematical model 

[41] The willingness of certain groups to use AVs. Different results 
per age groups are found. 

United States American Time Use 
Survey 

[49] Traveling by AVs considering different demands is studied. 

The impact of waiting time and the fleet size of AVs are 
demonstrated. 

Zurich, Switzerland MATSim 

[50] The impact of AVs on demand responsive transport (DRT) is 
presented. Public transport can be replaced by 300-500 
autonomous vehicles 

Cottbus, Germany MATSim 

[51] Replacing bus lines with fixed schedule by SAVs. The fleet 
size fulfilling the demand on the bus line is determined. 

Berlin, Germany MATSim 

[52] The simulation of the travelers’ daily activity plans when the 

P&R system is integrated with AVs. Reduction in travel time 
and increase in the VMT are obtained. 

Budapest, Hungary MATSim 

[53] The performance of SAVs when the fleet size is changed and 
the impact of changing the capacity of SAVs on the mobility 
of people are demonstrated. 

Rouen Normandie 
metropolitan area, 
France 

MATSim 

[54] The importance of user preferences on the modal share is 
demonstrated. Neglecting people’s preferences in modelling 
affects the quality of the outputs. 

Paris, France MATSim 

[55] The impact of AVs on the travel demand by considering the 
VOT and the fleet size is shown. The decrease in the VOT 
leads to an increase in the VMT. 

Chicago, Illinois, 
Metropolitan Area, 
USA 

POLARIS 

[56] A comparative study of two countries regarding people’s travel 
behavior toward AVs. Germany has lower increase in the 
VMT and a higher use of AVs. 

Germany and the 
USA 

Aspatial travel demand 
model (mathematical 
model) 
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The main contributions of current chapter are: 

• to estimate the effects of AV introduction on the existing transport modal share in 

Budapest, where the VOT of AVs is evaluated as less than that of the conventional cars, 

and to develop an agent-based model. 

• to present some results regarding the variations on the modal shares based on certain 

changes in the value of time spent on AVs. 

• to assess the impacts of AVs on the travel behavior of certain groups of users by 

examining Budapest. 

• to assess the differences between the impact of AVs on certain groups of people, for 

instance, the percentage of those travelers who shift to AVs, the reduction of travel 

time, and the additional driven VMT. 

• to assess the changes in the modal share of different groups of users concerning two 

penetrations of AVs. 

• to estimate the optimal fleet sizes of AVs needed to serve different demands. 

• to provide insight into the implications of AVs on certain groups of travelers. 

 

This chapter provides more detail about the mobility parameters generated from the 

simulation, such as utilization, drop-off time, and pick-up time. Current chapter forms one of 

the first studies that assesses the impact of AVs on the mobility of different groups of people 

(e.g., car users, and public transport users) and on the modal share considering the specific 

penetration levels of AVs and different VOTs for the travelers. Moreover, this chapter includes 

an assessment of the impacts of AVs on specific mobility-related measures of three groups of 

travelers based on the literature and the conducted survey in Budapest [57]. The assessment 

includes the obtained benefit of travelers replacing CTMs partially or fully by AVs.  

The hypotheses of this study are: 

• AVs can decrease the number of CTMs on the road network. 

• AVs affect the existing modal share to some extent. 

• AVs reduce the travel time and increase the VMT. 

• the impacts of AVs on certain groups of users are not the same. 

 

The optimization of the travelers’ daily activity plans, in which the travelers’ utility is 

maximized, is conducted. The simulations of the travelers’ daily activity plans aim to assess 

the impact of AVs on various demands and different groups of users primarily based on the 

change in the existing modal share, the travel time, and the travel distance. 

 

2.2 Methodology 

2.2.1 Case Study 

The integration of AVs in 8500 travelers’ daily activity plans based on their own records 

of their daily activity plans in Budapest is visualized, as shown in Figure 2-1 and Figure 2-2. 

The sample contains 8500 respondents’ real activity data from various households in Budapest 

(i.e., travelers from different houses in Budapest), which is considered as a representative 

sample for the population of Budapest as well as the existing modal share of the city [58].  
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Figure 2-1: The travelers’ origins 

 

Figure 2-2: The travelers’ destinations 
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The data were collected and aggregated in 2014 by Centre for Budapest Transport (BKK) 

which conducts a periodic survey every 10 years [57]. The sample contains information about 

the inhabitants’ daily travel behavior such as the activity type, the transport mode, the departure 

time, the arrival time, the parking search time, the parking fees, and other sociodemographic 

variables. The proportions of the different activity types are the followings: 51.5% work, 16.4% 

education, 15.4% shopping, 13.5% other, and 3.2% leisure. 

The sample is scaled to the population of Budapest to consider the traffic conditions [20]. 

Budapest’s population is estimated based on the publicly available data of the National 

Hungarian Census Bureau declaring that the city of Budapest has around 1.7 million 

inhabitants, which is 18% of the Hungarian population [57]. Figure 2-1and Figure 2-2 depict 

the road network, the 23 districts of Budapest, and the origin and first destinations of each 

examined traveler. The length of the road network in Budapest is around 8000 km including 

all classes of roads (i.e., around 650 roads with length higher than 1 km with a mean length of 

3 km) based on the OSM within the boundaries of the city [59].  

The changes in the travel behavior, when AVs are integrated in the travelers’ existing daily 

activity plans, are examined. To achieve the aims of this chapter, three sections are presented. 

2.2.2 Conceptual assumption of section one: the influence of AV introduction on the 

CTMs and travel time 

This section includes three scenarios as shown in Figure 2-3. These scenarios are the 

followings: 

• In the first scenario, two steps are conducted. The first step is the simulation of the 

existing condition (i.e., calibrating the model), which includes the study of the existing 

condition without changing anything in the characteristics of the collected daily activity 

plans of the travelers. This step aims at simulating people’s real behaviour based on the 

exact records, where the parameters of the model are estimated. The second step 

includes simulating and optimizing the daily activity plans by introducing changes in 

the plans, such as the alteration of the travel departures. The base scenario, which is 

used later, is the optimized one (i.e., the second step). 

• The second scenario is made up of three sub-scenarios including different groups of 

users. The first sub-scenario replaces the CTMs with AVs thus finding the required 

fleet size (i.e., the number of vehicles) of AVs and calculates some mobility 

components, such as the VMT. The second sub-scenario includes the substitution of 

public transport modes by AVs. Moreover, the third sub-scenario concerns car users, in 

which cars are replaced by AVs. All in all, in the second scenario, such components are 

discussed as the waiting time and the VMT.  

• The third scenario intends to find the impact of AVs on the current modal share when 

AVs appear on the market concerning the different VOTs of AVs. Value of travel time 

(i.e., the marginal utilities of the travel time) in the range of 90% to 50% of the value 

of travel time in conventional cars value of travel time in AVs are studied. For example, 

80% of the VOT of a conventional car is assigned to AVs. A fixed fleet size of AVs is 

set to see the impact of the VOT on the usage of the fixed fleet. To achieve this goal, 

the data are prepared for the simulation by using MATSim. 
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Figure 2-3.The proposed traveler behavior simulation scenarios 

2.2.3 Conceptual assumption of section two: the evaluation of the impacts of AVs on the 

mobility of various user groups  

Figure 2-4 shows the four scenarios of Section Two. The scenarios are filtered based on 

the characteristics of every scenario, where the applied datasets include information about each 

traveler’s trip time, age, and the type of their work. The scenarios are selected based on the 

literature [8, 12, 46-48] and on the availability of the data (i.e., the travelers’ daily activity 

plans). The scenarios are the followings: 

• Scenario 1 represents all travelers.  

• Scenario 2 includes long commuters with high-income, where travelers belonging to 

the high-income class and traveling more than 40 minutes in any daily trip are selected.  

• Scenario 3 consists of elderly people who are retired. For this scenario, travelers being 

more than 65 years old and retired are selected.  

• Scenario 4 includes part-time workers, where the selected travelers work on a part-time 

basis.  

Scenarios

Scenario (2)

Long commuters with 

high-income

Scenario (4)

Part-time workers

Scenario (3)

Elderly people 

who are retired

Scenario (1)

All travelers

 

Figure 2-4. The proposed traveler behavior simulation scenarios 

In this part, first, the simulations are carried out without any changes on the travelers’ daily 

activity plans (i.e., the existing conditions) for the four scenarios to be compared with the 

changes in the travel behavior when AVs are on the market. Table 2-2 shows the sample size 

and the activity type’s percentages for each scenario. Scenario 2 contains 440 daily activity 

plans, Scenario 3 includes 1020 daily activity plans, and Scenario 4 consists of 505 daily 

activity plans.  

Table 2-2. The sample size and the travelers’ activity type in the four scenarios * 

Scenario No. Description Sample size Activity type (%) 

working education shopping leisure other 

(1) All travelers 8500 51.5 16.4 15.4 3.2 13.5 

(2) Long commuters with high-income 440 74.2 11.2 3.9 1.8 8.9 
(3) Retired elderly people 1020 6.1 0.6 48.5 8.7 36.1 
(4) Part-time workers 505 51.5 6.5 19 3.2 19.8 

* Home-based activity. 

2.2.4 Conceptual assumption of section three: the potential reduction in travel time with 

the full penetration of AVs for the different types of travelers 

Figure 2-5 shows some potential users of AVs, and they are arranged in the following three 

groups:  
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• Group 1 (i.e., travelers of long travel) contain all travelers who travel at least 40 minutes 

or 10 km on any trip (the third scenario is based on the distance rather than time). The 

sample sizes of the three scenarios of group (a) are derived from the collected data 

based on the longest trip time and distance in each traveler’s daily activity plan. It is 

worth mentioning that the sample sizes of all groups are located inside the city. The 

travel cost of using AVs is measured based on the travel time or the travelled distance, 

and it is reflected in scenarios 1 and 3 to be used in the evaluation and policies of the 

transport and city planners.  

• Group 2 (i.e., public transport riders) is selected based on the study of Yap et al. [43] to 

be used in the future as a replacement technology for personal cars and a feeder system 

to public transport (i.e., intermodal).  

• Group 3 (travelers with specified characteristics) studies the impact of replacing car 

ownerships rather than car uses, as studied by some researchers, because one of the 

vision of AVs is to replace personal cars not to replace solely those cars that are used 

for commuting. Besides, the collected data include people who are not satisfied with 

their current transport modes and want to switch to personal cars but cannot. These 

travelers are suggested to be potential users of AVs. Additionally, people of 

nonfrequent travel who do not buy monthly public transport passes are assigned to AVs 

as potential users, as well.  

 

Figure 2-5. The proposed traveler behavior simulation scenarios 

Table 2-3 presents some statistics about the seven scenarios demonstrated in Figure 2-5 

and the activity type’s percentage for each scenario.  

Table 2-3. The sample size and the travelers’ activity types in the seven scenarios * 

Group Scenario Sample size Activity type (%) 

work education shopping leisure other 

1 Scenario (1) 300 77.93 10.37 1.34 3.01 7.35 
Scenario (2) 570 64.50 13.50 6.20 3.70 12.10 
Scenario (3) 1,307 78.25 7.66 2.45 4.52 7.12 

2 Scenario (4) 2,000 61.30 13.35 12.25 1.90 11.20 
3 Scenario (5) 4,042 53.07 18.16 12.91 2.89 12.96 

Scenario (6) 468 80.29 7.82 2.56 2.56 6.77 

Scenario (7) 2,240 69.78 6.61 8.26 2.81 12.54 
*: Home-based activity. 

 

2.2.5 Tool description 

Data preparation for the simulation is carried out, where all data files are converted to 

XML files (i.e., the daily activity plans, the road network, and the public transport network). 

The road network’s components of Budapest are extracted from the OpenStreetMap (OSM) 

with the support of the JOSP MATSim plugin [60]; while the public transport data are taken 

from BKK [61] in form of General Transit Feed Specification (GTFS) files. A specific 

contribution in MATSim is used to convert the GTFS files to a transit schedule file (i.e., XML) 

based on a pre-developed code in Java programming language [62]. All geographic data should 

be consistent in the form of text and coordinate systems. The coordinates are transformed into 
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one reference coordinate system (EPSG: 3857) by using the Eye4Software Coordinate 

Calculator software [63].  

One of the tools used to study the travelers’ behavior is the MATSim tool [20]. MATSim 

is an open-source, activity-based microsimulation software, which is used to model the 

travelers’ daily behavior (i.e., demand) and has the power to simulate large-scale projects (i.e., 

country) in a competitive time [64]. The optimization and simulation of the daily activity plans 

are carried out by using MATSim, which applies the concept of a co-evolutionary algorithm 

based on flexible functions. The process of the simulation and optimization goes through a loop 

called the “MATSim process loop”, executed (mobility simulation, scoring, and re-planning) 

by several iterations that guarantee the maximum scoring value, as shown in Figure 2-6. 
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and nodes
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Figure 2-6. The flow chart of the data analysis 

2.2.6 The scheme of the analysis with a description 

This section summarizes the steps of simulation by using MATSim, more details are found 

in Appendix A. 

Initial demand 

To prepare the initial demand for the simulation, the necessary data are depicted in Figure 

2-7. Firstly, the daily activity plans contain information about the locations of the activities, 
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the departure time and the arrival time, the duration of the travel, and the used transport modes 

in each trip, such as conventional car, public transport (i.e., transit), walking, or cycling. 

Secondly, the facilities (i.e., the points of interest (POIs)) taken from the OSM contain the 

locations (i.e., coordinates), the type of the facility, and the active time (i.e., the opening hours) 

of each facility to be used as alternative facilities for the travelers in the replanning process 

[59]. Figure 2-7 depicts how the data are formulated, structured, and organized to create the 

initial demand of the simulation. Finally, the population for MATSim is created, but it is not 

distributed over the network (i.e., the initial demand). The initial demand is loaded into the 

road network by using Mobility Simulator (MobSim), as explained in the following subsection. 

Mobility Simulator 

MobSim is the transport simulation module incorporated into MATSim and used to load 

the activity plans into the network by implementing a queue-based model [65]. MobSim uses 

the queue simulator (Qsim) engine to load the plans into the road network. At the initial point, 

the travelers are located on the network by using the coordinates of their activities. A specific 

algorithm is used to assign the best route to a trip based on the selected transport mode and the 

departure time, based on Stochastic User Equilibrium. The Dijkstra routing algorithm is used 

to find the shortest path algorithm. It is worth mentioning that the MATSim’s default transport 

mode is car mode, while other modes (e.g., walking, bike, AVs, and public transport) are 

defined based on the modifications of the car mode’s parameters in a process called 

teleportation [20].  

Input files (xml format)

Data manipulation, analysis, filtering, 
refomulating, checking,etc.

Plan/Diaries (activity chains, locations,
leg mode, travel time, etc.)

Population

Connected by

configuration file 

Initial demand 

MobSim (Qsim) 

Parmeters and settings

Facilities (coordinates, 

duration, types)

Public transport network 
(routes, transit network, 

transit schedule, etc.)

Road network (links, modes,

capacity, number of lanes, 
etc.)

Road network

Collected data
(representive sample)

 

Figure 2-7. The initial demand preparation for MobSim 

 

Scoring  

Scoring is the process during which the daily activity plans are evaluated based on the 

utility function in each iteration, where the first iteration is taken by simulating the initial 

demand. The scoring step is followed by the replanning, which makes changes in the daily 

activity plans; afterward, MobSim simulates the generated new daily activity plans solely to be 

followed by the scoring step again. A utility function combining both the activity and travel 
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parameters is applied. The utility function of Charypar-Nagel, which combines the activity 

utility and travel (dis)utility, is used in this part of the research. The score of the activity and 

the travel is determined by using Equation (2.1) [66]. Equation (2.1) presents the function that 

can be used to reach the maximum benefit obtainable from conducting activities and 

minimizing both the time spent on traveling and the incurred cost of the selected transport 

mode. 

𝑉𝑝𝑙𝑎𝑛 = ∑(𝑉𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦,𝑖 + 𝑉𝑡𝑟𝑎𝑣𝑒𝑙𝑖𝑛𝑔,𝑖,𝑗)

𝑛

𝑖=0

 (2.1) 

 

 is the utility of performing a selected plan. 𝑉𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦,𝑖 means the utility of performing activity 

(i); it is always positive. 𝑉𝑡𝑟𝑎𝑣𝑒𝑙𝑖𝑛𝑔,𝑖,𝑗is the (dis)utility derived from traveling to and from the 

location of activity (i) by using transport mode (j); it is always negative because travelers pay 

money rather than get money in case of traveling.  

In the activity utility, Equation (2.2) is applied, where 𝑉𝑞  stands for the utility of activity 

(q), 𝑉𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛,𝑞 is the utility of performing activity (q), 𝑉𝑤𝑎𝑖𝑡𝑖𝑛𝑔,𝑞  means the utility of waiting 

for activity (q) to open, 𝑉𝑙𝑎𝑡𝑒,𝑞  is the utility of arriving late at the location of activity (q). 

Furthermore, 𝑉𝑒𝑎𝑟𝑙𝑦,𝑞 refers to the utility of leaving the location of activity (q) early (i.e., not 

staying enough time at the location of the activity) and 𝑉𝑠ℎ𝑜𝑟𝑡,𝑞  stands for the utility of staying 

a shorter time than required by activity (q) [20]. 

 

𝑉𝑞 = 𝑉𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛,𝑞 + 𝑉𝑤𝑎𝑖𝑡𝑖𝑛𝑔,𝑞 + 𝑉𝑙𝑎𝑡𝑒,𝑞 + 𝑉𝑒𝑎𝑟𝑙𝑦,𝑞 + 𝑉𝑠ℎ𝑜𝑟𝑡,𝑞  (2.2) 

 

𝑉𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦,𝑖(𝑡𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦,𝑖) is the utility of performing activity (i), t activity is the actual 

performed duration of the activity, 𝛽𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦  means the marginal utility of performing an activity 

with its typical duration (𝑡∗,𝑖 ). 𝑡0,𝑖 represents a scale parameter related to the minimum duration 

of the activity and its importance.  

In the traveling part, Equation (2.3) is used for estimating the score of the travel, where 

𝑉(𝑡𝑟𝑎𝑣𝑒𝑙,𝑖)is the traveling (dis)utility [20]. 

 

𝑉(𝑡𝑟𝑎𝑣𝑒𝑙,(𝑀,𝑖)) = 𝐶(𝑀,𝑖) + 𝛽(𝑡𝑟𝑎𝑣𝑒𝑙,(𝑀,𝑖)) ∗ 𝑇𝑇 (𝑖) + 𝛽(𝑚𝑜𝑛𝑒𝑦) ∆(𝑚𝑜𝑛𝑒𝑦,𝑖) + (𝛽(𝑑,(𝑀,𝑖))

+  𝛽𝑚𝑜𝑛𝑒𝑦 ∗ 𝛾(𝑑,𝑀,𝑖) ) 𝐷(𝑡𝑟𝑎𝑣𝑒𝑙,𝑖) +  𝛽(𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟) ∗ 𝑥(𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟,𝑖) 
(2.3) 

 

M refers to the transport mode, i means the activity, and d is the traveled distance. 𝐶(𝑀,𝑖) 

represents a mode-specific constant. 𝛽(𝑡𝑟𝑎𝑣𝑒𝑙,(𝑀,𝑖)) is the marginal utility of traveling by 

transport mode (M) to reach activity (i), 𝑇𝑇 (𝑖) stands for the travel time from the location of 

activity (i) to the location of activity (i+1). Moreover, 𝛽(𝑚𝑜𝑛𝑒𝑦) is the marginal utility of the 

money,  ∆(𝑚𝑜𝑛𝑒𝑦,𝑖) means the change rate in the monetary budget caused by the transport fares. 

(𝛽(𝑑,(𝑀,𝑖)) is the marginal utility of the distance when using transport mode (M) while traveling 

to activity (i). 𝛾(𝑑,𝑀,𝑖)  represents the constant monetary distance rate when using transport 
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mode (M) while heading to activity (i), 𝐷(𝑡𝑟𝑎𝑣𝑒𝑙,𝑖) is the traveled distance between two 

successive activities, such as (i) and (i+1). Finally, 𝛽(𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟) stands for the public transport 

transfer penalty, and 𝑥(𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟,𝑖) indicates if a transfer occurred in the previous or the current 

plan (i.e., 0 means no, and 1 means yes). The values of all the previous parameters are derived 

based on the characteristics of the collected data. 

A logarithmic form of the equation is used to calculate the positive utility, which is shown 

in Equation (2.4) [66].  

 

𝑉𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦,𝑖(𝑡𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦,𝑖) = 𝛽𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦  . 𝑡∗,𝑖 . 𝐿𝑛(
𝑡𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦,𝑖

𝑡0,𝑖
) (2.4) 

 

When applying the previous equations, the typical utility values of the Vickrey bottleneck 

congestion model are used [20].  

Re-planning 

Travelers try to maximize their benefits by selecting those daily activity plans that have 

the highest score. For example, travelers can aim to minimize the time and the cost of the travel 

by selecting the bike mode instead of traveling by bus with a long headway that does not affect 

the arrival time. In the re-planning process, modifications in the daily activity plans are 

conducted. The re-planning is a learning mechanism in MATSim, where travelers (i.e., agents) 

can improve their plans in each iteration until a steady-state condition is reached. The 

improvements are obtained by making modifications in the travelers’ daily activity plans. The 

GA is used by MATSim to generate various activity plans with different score values thus 

enabling travelers to select the best activity plan with competitive time (see the co-evolutionary 

algorithm of MATSim in Appendix A). During this process, a  number of options are generated 

in each iteration [66]. An evaluation of the new selected plan is generated based on the mutation 

(i.e., changing on parts of one solution randomly to increase the diversity of the initial demand) 

and the selection strategies to adopt the next iteration (see Appendix A for more information 

on GA) [67].  

At the end of the process, the selected new daily activity plans are sent to MobSim for 

simulation and afterward to the scoring step to find the new score. The MATSim loop continues 

iteratively until a steady-state condition, where no extra benefit is taken from the modification 

of the travelers’ daily activity plans [20, 68].  

2.2.7 Model development  

Initially, the statistics of the modal share (i.e., actual mode shares of the case study) and 

the traveled distance included in the recorded data of the travelers’ daily activity plans are used 

as a reference in determining the parameters, such as the mode choice model and the speed of 

other than car transport modes [20, 69]. The outputs of the simulation should converge enough 

to the actual collected data statistics, such as the modal share and the traveled distance [70].  

Table 2-4 presents the parameters that are used in this study. The change in monetary 

distance reflects the toll or fare incurred when traveling from one geographical location to 

another. The monetary change rate value for each mode is calculated based on several 
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parameters, for example, the engine type of the vehicle, the insurance, and the depreciation. 

Around 39 Hungarian Forint (HUF)/km and 5 HUF/km are used for cars and bicycles, 

respectively, as derived from the records (i.e., the daily activity plan records) and the tariff in 

Budapest [13, 71]. Similarly, in case of public transport, the monetary change is calculated 

based on the ticket type and the traveled distance; it is estimated to be around 37.5 HUF/km. 

The monetary change per distance is negative because a traveler must pay money for traveling.  

The MATSim uses a Genetic Algorithm (GA) to generate different activity plans with 

different utility function values. GA does not generate the optimum solution; instead, it 

generates a plausible solution, which saves time for discovering possible alternatives.GA gives 

a near-optimum solution, and the chosen solution is based on the maximum utility that can be 

obtained from changing the travel parameters (Scoring), such as departure time. The pros of 

GA over traditional optimization algorithms are the ability to deal with different types of 

optimizations including stationary and non-stationary, linear, nonlinear, continuous, not 

continuous objective functions. When developing the calibrated model, the values are obtained 

after many runs with MATSim to avoid having global optimum value. The objective function 

includes activity and travel utility parts.  

In each run, a different value of transport mode constant and marginal utility of traveling 

of each transport mode is used to calibrate the model. In each run, the outputs of the simulation 

are checked (i.e., the modal share in the last iteration should coincide with the modal share of 

the first iteration) by considering the average travel distance of the simulation and the first 

iteration [64]. As a result of the calibration process, the transport model of Budapest is 

developed. Particularly, the model is very helpful in forecasting the alterations in demand when 

a policy is changed. The simulations are conducted after setting the parameters in the tables, 

where all travelers go through the MATSim loop.  

Table 2-4. The modes and marginal utility parameters 

Parameter Calibrated value 

The marginal utility of performing activity-βdur +6 
The marginal utility of money -βc +0.0018 
Monetary distance rate (per meter) -0.39 car, -0.0375 PT, -0.005 bike, -0 walking 
The marginal utility of traveling for all modes (βt)-(time) -2.5 car, -0.5 PT, -0.3 bikes, -0.1 walking 
Constant -βo -0.2 car, 3.92 PT, -17.81 bike, 2.64 walking 

In the simulation of AVs, the acceptable waiting time for a traveler is around 10 minutes. 

The 10-minute acceptable waiting time is taken from the literature, where scholars show that 

this value is equivalent to an average parking time for car users and an average walking time 

for public transport users [22, 49]. Moreover, some studies demonstrate that travelers are more 

likely to wait 5 to 10 minutes without feeling bad or nervous [49]. In the simulation, this waiting 

time value controls the fleet size determination of AVs. In case of a full penetration of AVs, 

the results of the simulation in each trail, a new fleet size is selected and the produced waiting 

time is used to decrease or increase the fleet size. It is worth mentioning that the 95th percentile 

waiting time of the travelers is used [20]. 
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2.3 Results 

The results are presented for every conceptual assumption section and described in the 

following sections. 

2.3.1 Section one: the influence of AV introduction on the CTMs and travel time 

Scenario one is used as a base model for Budapest, and it is applied for comparisons, as 

well. The simulation runs are stopped when the maximum utility of the activity plans and the 

steady-state point is reached.  

Scenario 1: the modeling of the existing condition  

The scenario consists of two parts. The first one is the result of the calibrated model, which 

is calibrated at the initial run, while the second part consists of the simulation of the existing 

condition and the optimization of the travel time based on the changes in the travel departures. 

These two parts are conducted based on the parameters discussed in the previous section (see 

Table 2-4). The result of simulating the 8500 daily activity plans is the modal share and the 

average distance of the trips at the initial run, which approximately corresponds to the recorded 

information in the travelers’ daily activity plans (i.e., statistics) (see the first step). The modal 

share is 2.3% bicycle, 26.8% car, 37.4% public transport, and 33.5% walking, while the 

average trip distance of a traveler per day is 3.87 km. The generated average trip time is 43.73 

minutes. On the other hand, the second step of the scenario includes the optimization of the 

travel time, and the result is 33.4 minutes. Therefore, the average daily travel time for a traveler 

is around 1 hour and 28 minutes (i.e., multiplying the average number of trips by the average 

trip time), and it is reduced by 23% based on the results of the MATSim simulation concerning 

primarily the innovation on the departure time. Figure A. 3 and Figure A. 4 in the Appendix A 

illustrate the distribution of the demand across time. It is worth mentioning that Scenario 1 is 

considered as a basis for the comparison with other scenarios.  

Scenario 2: the replacement of the CTMs by AVs 

The objective of this scenario is to find the number of AVs that might serve different 

demands once switching entirely to AVs.  

It is worth mentioning that the result of the MATSim simulation of the existing condition 

produces trip durations of 33.4 minutes, 34 minutes, and 43 minutes for simulations 1, 2, and 

3, respectively. The travel time does not regard the parking time, which is around 9 minutes on 

average (i.e., including searching and parking operation) based on the collected data. This value 

demonstrates car users, who need to park their cars. As all CTMs are replaced, based on the 

recorded parking time for those who used cars, the average parking time is 6.8 minutes. Finally, 

6.8 minutes are added to the first simulation, and 9 minutes to the second simulation. With the 

presence of AVs, the simulations are repeated several times with various fleet sizes of AVs to 

find the suitable fleet size that serves the assigned demand and meets the criterion of acceptable 

waiting time (i.e., 10 minutes). For instance, in the first simulation, 900, 1500, 2300, 2500, and 

3000 AVs are tested, where 3000 provide the best outcomes. As a result, fleet sizes of 3000, 

300, and 425 are selected for simulations 1, 2, and 3, respectively. The mobility components, 

when AVs are used, are summarized in Table 2-5 for each scenario. Figure 2-8 presents the 

fleet utilization and the additional VMT per simulation. Thus, the fleet utilization (i.e., the 

summation of the pick-up time, drop-off time, occupied time divided by the summation of the 
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pick-up time, drop-off time, occupied time, and empty time,) and the AVs travel an additional 

distance (empty to occupied driven time). The result of simulation 2 demonstrates a reduction 

in the travel time, and that 1 AV can replace 7.85 conventional vehicles. In Appendix A, Figure 

A. 5,  Figure A. 6, and Figure A. 7 illustrate the results of simulations 1, 2, and 3, respectively.  

 Table 2-5. Travelers’ trip time components when AVs are used 

Simulation Fleet 
size 

Average 
trip time 

95th 
percentile of 
waiting time 

Average 
waiting 
time 

Empt
y 
driven 
time 

Pick-up 
time 

Occupied 
time 

Drop-
off 
time 

Minute Hour per day 

The full replacement of CTMs 3000 18.75 11.2 2.83 797 568 5854 284 

The full replacement of 
conventional personal cars 

300 11.30 9.81 4.2 317 152 863 76 

Replacing the public transport 
rides by AVs 

425 9.56 9.77 3.63 453.2 238.8 1078.5 119.4 

 

  

Figure 2-8. The fleet utilization and additional VMT per simulation in Scenario One 

Scenario 3: the impact of AV introduction on the existing modal share  

The integration of AVs in the travelers’ daily activity plans is simulated. The simulation 

includes different cases based on the marginal utility of a conventional car. Each case includes 

various values of marginal utility of traveling by AVs based on the marginal utility of traveling 

by a conventional car. The values are 90%, 80%, 70%, 60%, and 50% of the marginal utility 

of conventional cars. Thus, five simulations (i.e., cases) are conducted, and the results are 

recorded in Table 2-6. 

The modal share of the existing condition shows that the highest modal share (37.4%) is 

found for public transport, and the lowest (2.3%) is for the bike mode. It can be easily 

concluded from the results that a slight change in the marginal utility of travel time in case of 

AVs does not trigger major changes in the modal share. For example, when the marginal utility 

of traveling by AVs is 90% of the marginal utility of the travel time in case of the conventional 

car, the modal share of AVs is 20.6%, while it is 22.2% when the marginal utility of traveling 

is 80%. On the other hand, the change from 90% to 60% generates an increase in the usage of 

AVs from 20.6% to 25.4%. The result of the simulation with 50% of cars shows a higher shift 

from public transport to AVs since the marginal utility of traveling in this simulation is closer 

to the marginal utility of traveling by public transport. Thus, the marginal utility of traveling 

by AVs affects the modal share differently, and it is not linear, as demonstrated in the five 

simulations. Additionally, the walking modal share increases when 90% of the VOT simulation 

is produced, where the simulation setting defines 0.75 km as an acceptable walking distance 
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(i.e., the selected acceptable distance), and some of the travelers originally use their personal 

cars even for a shorter than 0.75 km distance; this enforces people to choose walking as their 

transport mode rather than using their personal cars. It is illustrated that the walking share 

remains around 39% (i.e., small variations are produced because the algorithm in the 

replanning step process does not change the same plan in each run). 

Table 2-6. Modal shares with the presences of AVs concerning the different values of the marginal 

utility of traveling by AVs 

Transport 
mode 

Existing 
situation 

Case 

90% of the 
VOT of the car 

80% of the 
VOT of the car 

70% of the 
VOT of the car 

60% of the 
VOT of the car 

50% of the 
VOT of the car 

AV - 20.6 22.2 23.8 25.4 28.4 

Car 26.8 9.5 8.6 8.1 7.5 6.4 

Public 

transport 
37.4 28.8 27.3 26.1 25.2 23.5 

Bike 2.3 2.9 2.8 2.9 2.8 2.8 

Walking 33.5 38.2 39.1 39.1 39.1 38.9 

The modal shares of the simulations are depicted in Figure 2-9, which includes the existing 

condition and the five cases.  

 

Figure 2-9. The modal shares with the presence of AVs 

Those travelers’ mobility components who switch to AVs are summarized in Table 2-7. It 

can be concluded that as the AV usage increases, the waiting time and the fleet’s average served 

request (i.e., the average number of the travelers per AV) increases, as well. As the fleet 

utilization increases, the efficiency of the fleet slightly increases, too, which means that more 

passengers are attracted by AVs. All simulations show additional VMT, which are generated 

from the empty driven time by the fleet. The increase in the VMT is primarily affected by the 

geographical location of the activities (i.e., the travelers’ distribution in the network) and the 

fleet size of AVs. Therefore, the relation between the usage of AVs and the VMT is not 

straightforward, as demonstrated in the results of the five cases.  
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Table 2-7. The travelers’ trip time components when 20% fleet size is used  

Simulation 
Average waiting 
time/trip 
(minutes) 

Empty 
driven 

time 

Pick-
up time 

Occupied 
time 

Drop-
off 

time 
Fleet 

utilization 

Additional 

VMT 

The fleet’s 
average 

served 
request (#) Vehicle-hours per day 

90% of the 
VOT 

9.9 1541.72 310.10 2850.61 155.05 54.1% 68.3% 2.10 

80% of the 
VOT 

9.8 1647.64 334.52 3065.93 167.27 53.7% 68.4% 2.25 

70% of the 

VOT 
10.0 1831.89 365.53 3342.72 182.76 54.8% 68.0% 2.47 

60% of the 
VOT 

10.5 2107.78 398.67 3807.39 199.33 55.4% 67.6% 2.76 

50% of the 
VOT 

11.2 2481.40 440.88 4307.53 220.38 57.6% 66.7% 3.01 

2.3.2 Section two: the evaluation of the impacts of AVs on the mobility of various user 

groups  

In this section, three simulations of each scenario are conducted concerning the existing 

condition and the availability of the two different fleet sizes of AVs. The concept behind the 

selection of 10% and 20% is to simulate the different penetrations of AVs, where the first 

simulation represents the case where AVs are accepted to a moderate extent, and the second 

simulation shows the booming of the market where AVs become more widespread. The 

selected percentages are used to simulate the initial demand, while the extra demand that can 

be generated from the advancement of AVs, as  Harper et al. [53]presented, is not considered. 

The simulation of the existing condition of Scenario 1 is the same as Scenario one of 

Section One. It shows that the average trip time per traveler is 33 minutes after 70 iterations. 

For certain travelers who spend more than 40 minutes on one trip and belong to the high-

income class, the simulation of the existing condition of Scenario 2 shows that the average trip 

time per traveler is 46 minutes after 100 iterations. Moreover, for Scenario 3, which consists 

of those elderly people who are more than 65 years old and retired, the simulation of these 

travelers’ existing condition demonstrates that the average trip time per traveler is 33 minutes 

after 100 iterations. Finally, in Scenario 4, which includes those people who work on a part-

time basis, the result of the simulating the existing condition shows that the average trip time 

is 38 minutes after 100 iterations.  

The current modal share  

The modal share of each scenario which contains the percentages of those travelers who 

use a particular transport mode is shown in Figure 2-10. Figure 2-10 presents four transport 

modes that are primarily used by travelers such as car, public transport, bike, and walking. 

From Figure 2-10, it can be concluded that in case of Scenario 1, the highest percentage of 

travelers use public transport (37.4%), while the lowest number use bike (2.3%). In Scenario 

2, the car is more often used than any other transport mode. This can be explained as the 

travelers of long travel distances prefer to use car where other transport options are not suitable, 

such as walking is not that much popular for longer trips. Among those travelers who are 

retired, the car is not so popular anymore since older people do not usually drive cars that much 

due to health and safety issues. Part-time workers use public transport and walking more often 

because of the price benefits and flexible work schedules. In all scenarios, the percentage of 
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those travelers who use the bike mode is relatively low (1%-2.3%) compared to other transport 

modes. 

 

Figure 2-10. The current modal-share of the simulations 

Travelers’ trip time components in the presence of AVs 

Table 2-8 and Table 2-9 present the results of each scenario when AVs are included in the 

simulations with 10% and 20% fleet sizes, respectively. The average waiting time and the usage 

parameters of the AV fleet size including the empty time, the driven time, the occupied time, 

and the drop-off time are recorded. The drop-off and the pick-up times represent the time spent 

on picking up the travelers and dropping them off in case of AVs. The fleet utilization ratio 

and the additional VMT are recorded.  

Table 2-8. The travelers’ trip time components when the fleet size of AVs is 10% of the sample size 

Scenario Fleet 
size 

Average 
waiting 
time 

Empty 
driven 
time 

Pick-
up 
time 

Occupied 
time 

Drop-
off 
time 

Fleet 
utilization 

Additional 
VMT 

The average served 
request per one AV 
(#) 

 Minute per trip Vehicle*hour per day    
(1) 850 13.3 1696.25 344.27 3014.41 172.13 68% 56% 4.66 

(2) 40 12.3 111.02 32.87 199.82 16.43 69% 56% 9.70 

(3) 100 4.7 108.25 46.07 122.35 23.03 64% 88% 5.73 

(4) 50 6.1 96.70 31.77 106.13 15.88 61% 91% 7.60 

 

Table 2-9. The travelers’ trip time components when the fleet size of AVs is 20% of the sample size 

Scenario Fleet 
size 

Average 
waiting 
time 

Empty 
driven 
time 

Pick-
up time 

Occupied 
time 

Drop-
off 
time 

Fleet 
utilization 

Additional 
VMT 

The average 
served request 
per one AV (#) 

 Minute per trip Vehicle*hour per day    
(1) 1700 10.5 2107.78 398.67 3807.39 199.33 68% 55% 2.76 

(2) 80 8.0 137.7 34.9 222.21 17.45 67% 62% 5.24 

(3) 200 3.3 79.12 47.83 127.36 23.92 72% 62% 2.86 

(4) 100 4.5 74.78 33.57 104.71 16.78 67% 71% 3.98 

As the ratio of the empty driven time to the occupied driven time decreases, the utilization 

of the fleet size of AVs increases. The average served request per one AV per day represents 

the number of picked-up travelers per AV, which is the number of those travelers that each AV 

serves on average. As this number gets high, it brings more efficiency and profit to the 

operators. Figure 2-11 shows the fleet utilization ratio while Figure 2-12 demonstrates the 

additional VMT when the fleet size of AVs is increased from 10% to 20% of the sample size. 

Figure 2-12 shows the difference in the average requests served by an individual AV when the 

fleet size of AVs is increased from 10% to 20% of the sample size.  
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Figure 2-11. The fleet utilization differences across the two AV penetrations and the average served 

request by an individual AV 

 

 

Figure 2-12. The differences in the VMT across the two AV penetrations 

The modal shift in the presence of AVs 

The inclusion of the new transport mode (i.e., AV) makes the travelers recalculate their 

utility based on the travel cost and the travel time between two consecutive activities. The 

results of the simulations produce new modal shares including AVs, as shown in Table 2-10 

and Figure 2-13. Some travelers switch to AVs to increase the utility of their traveling (i.e., 

decrease the disutility). 23.6% of the people switch to AVs in Scenario 1 when the fleet size of 

AVs is 850, and 25.4% when the fleet size of AVs is 1700. The small increment in the modal 

share of AVs is not the only result since the quality of the service is enhanced by reducing the 

average waiting time when the fleet size of AVs is changed from 10% to 20%. The results 

show that the rise in the fleet size of AVs does not attract more travelers, but it makes a positive 

impact on the average waiting time. The inclusion of additional AVs on the market affects 

other transport modes negatively, especially the car and the walking modes. The decrease in 

the car and walking modal splits when the additional AVs are introduced into the market 

produces an increase in modal splits of the public transport and AVs. The results lead to the 

conclusion that increasing the fleet size of AVs primarily increase the quality of the service 

based on the assumption that decreasing the waiting time enhances the quality of the service. 

The interpretation of the shift from the non-motorized transport modes to motorized modes 

when the additional AVs are on the market can be obtained from the time allocation strategy 

and the minimum acceptable walking time. The time allocation is affected by the average 

waiting time, which impacts the usage of AVs. The characteristics of travelers determine 

whether they use AVs or not since the arrival and the departure as well as the availability of 
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AVs within the schedule should coincide. Therefore, more AVs on the market can lead to less 

waiting time and more usage of AVs concerning other factors, such as the VOT of the travelers.  

Table 2-10. The mode-share shift results of the simulations 

Transport mode The fleet size of AVs is 10% of the sample size The fleet size of AVs is 20% of the sample size 

Scenario 
1 

Scenario 
2 

Scenario 
3 

Scenario 
4 

Scenario 
1 

Scenario 
2 

Scenario 
3 

Scenario 
4 

AV 23.6 47.5 19.5 30.5 25.4 49.5 22.3 30.6 

Car 12.8 6.3 2.6 2.9 7.5 2.3 2.2 1.8 

Public transport 21.5 31.2 29.0 36.1 25.2 33.0 29.2 39.4 

Bike 3.0 2.7 3.0 2.7 2.8 2.4 3.1 2.8 

Walking 39.1 12.3 45.9 27.9 39.1 11.9 43.2 25.4 

 

 

Figure 2-13. The results of the mode-share shift when the AV penetration increases from 10% to 20% 

From the above tables, it can be concluded that the waiting time is decreased as the fleet 

size of AVs is increased, and as the fleet size of AVs is increased, the additional empty driven 

time/distance is decreased. As the traveled distance increases, the empty driven time increases, 

as well, as demonstrated in Scenario 1. Increasing the fleet utilization is a target because it 

indicates the high efficiency of the fleet. As the number of requests per AV increases the 

efficiency of the fleet increases, and the number of idle AV hours decreases. The bike and 

walking modes are less affected by the inclusion of AVs because the users of those modes have 

different characteristics from the other travelers. For example, people using bikes or walking 

enjoy non-motorized modes in addition to the low cost. The occurred shift to the AVs from the 

non-motorized modes appears because of those travelers who travel long distances, for 

example, two hours walking in case of one trip.  

2.3.3 Section three: the potential reduction in travel time with the full penetration of 

AVs for the different types of travelers 

This section presents the result of simulating three groups of travelers, where the first 

group has three scenarios, the second one has one scenario, and the third one has three 

scenarios, as shown in Figure 2-5.  

The travelers of the long travel group 

Simulating the existing condition (i.e., CTMs) of the three scenarios produces average trip 

distances of 9.3 km, 9.9 km, and 9.2 km. While the average trip times are 43.3, 37.3, and 28.2 

minutes for scenarios 1, 2, and 3, respectively. The simulation of the daily activity plans of 
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scenario 3 produce trip distance smaller than 10 km because the users of this scenario are 

selected from the daily activity plans rather than the simulation. Additionally, the traveled 

distances from the activity plans show that the simulation optimizes the travel time and traveled 

distance based on the occurred modifications of the route and time allocation strategies in the 

re-planning step in the MATSim loop. The results of the AV simulation are shown in Table 

2-8, where the fleet size of AVs is determined by several trials based on the produced 95th 

percentile waiting time (see Figure A. 8 and Figure A. 9 in Appendix A). The average trip times 

are 14.5, 20.4, and 15.4 minutes, and the average waiting times are 4.7, 4.3, and 3.5 minutes, 

for scenarios 1, 2, and 3, respectively. While 9.03, 10.6, and 10.2 minutes are the 95th 

percentiles of scenarios 1, 2, and 3, respectively. 

Table 2-11. The travelers’ trip time components when the AV fleet size is used per scenario 

Scenario AV 

fleet 

size 

Average 

trip time 

95th percentile 

of waiting time 

Average 

waiting 

time 

Empty 

driven 

time 

Occupied 

time 

Pick-

up time 

Drop-

off time 

  Minute per trip Vehicle-hour per day 

(1) 120 14.5 10.6 4.7 88.4 286.9 38 19 

(2) 70 20.4 10.2 4.3 25.6 117.8 11.9 5.9 

(3) 300 15.4 9.03 3.5 151.9 762.6 87.2 43.6 

From Table 2-8, the ratio between the empty time and the occupied time for each scenario 

is calculated, and they are 31%, 22%, and 20% for scenarios 1, 2, and 3, respectively. These 

ratios are the additional VMT accompanied by AVs. 

Public transport users 

This scenario aims to compare the mobility indicators when AVs are used as a feeder 

system from the location of an activity to a public transport stop and vice versa (i.e., feeder 

mode for public transport). The simulation of the existing condition (i.e., the public transport 

mode with walking for access and egress distances) produce an average trip distance of 1.8 km. 

While the average trip time is 26.2 minutes. The results of the simulation with AVs are shown 

in Table 2-12, where the determination of the fleet size of AVs is optimized by making several 

runs and checking the produced 95th percentile waiting time. The additional VMT (78%) is 

because of the distribution of the demand and the travelers’ departure time. The results of the 

simulation produce a modal split including the walking mode, the access and egress time, and 

public transport. The walking mode remains to some extent because AVs cannot access some 

travelers’ exact location, based on the results of the simulation. The iterations’ run of the 

scenario is 500. 

Table 2-12. The travelers’ trip time components when the fleet size of 425 AVs is used 

Scenario Fleet 

size 

Average 

trip time 

95th percentile 

of waiting time 

Average 

waiting time 

Empty 

driven 

time 

Occupied 

time 

Pick-

up time 

Drop-

off time 

Minute per trip Vehicle-hour per day 

(4) 425 13.2 10.9 3.6 354.6 454.8 195 97.5 

Travelers with specified characteristics 

Simulating the existing condition of scenarios 5, 6, and 7 are carried, followed by the 

simulations of AVs for each scenario. Specifically, scenario 5 is divided into two sub-scenarios. 

Sub-scenario (5.1) includes the currently used transport modes, while sub-scenario (5.2) is built 

based on the assumption that all travelers would use their cars. In the simulation with AVs, 

sub-scenario (5.1) contains the travelers’ daily activity plans, where AVs are used instead of 
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the existing motorized modes to compare it with the existing condition, while sub-scenario 

(5.2) is simulated in a way that all modes of transport are replaced by AVs in the travelers’ 

daily activity plans. The result of the simulations for scenarios 5.1, 5.2, 6, and 7 are presented 

in Table 2-13. For example, in terms of distance, compared with the CTMs, the AVs of scenario 

5.1, 5.2, 6, and 7 traveled 25.8%, 23.9%, 27.5 %, 26.7% more, respectively. 

Table 2-13. The travelers’ trip time components when the fleet size of AVs is used per scenario 

Scenario Fleet 

size 

Average 

trip time 

95th percentile 

of waiting time 

Average 

waiting time 

Empty 

driven 

time 

Occupied 

time 

Pick-

up time 

Drop-

off time 

  Minute per trip Vehicle-hour per day 

(5.1) 650 14.1 9.5 3.1 319.9 1239.5 206.8 103.4 

(5.2) 850 10.5 9.1 2.7 359.5 1501.7 269.9 134.9 

(6) 150 14.1 10.4 3.6 55.5 201.5 30.9 15.4 

(7) 475 12.1 9.8 3.5 257.8 964.1 149.4 74.7 

 

2.4 Discussion  

The chapter examines the impact of AV technology on travel behavior. Practically, the 

applicability of some sub-scenarios may be seen far from achievable, but they measure the 

potential decrease of travel time and travel distance and simulates a fully automated 

environment. Besides, this chapter examines the impact of the variations of VOT on the usage 

of AVs and its consequences on the modal share as well as on people’s travel behavior. 

The chapter demonstrates that the cost of the time spent on AVs determines the usage of 

AVs, and the usage of AVs depends on the value of time spent on traveling. As the cost of time 

spent on a transport mode decreases, the usage increases. The result shows that AVs influence 

the use of cars and public transport, too. The car mode seems to be the most affected transport 

mode. Walking and biking, which are the two non-motorized modes, are affected slightly. The 

maximum acceptable walking distance, the travelers’ preferences, and the trip characteristics 

determine the shift to the walking mode. The results of the simulations when AVs are integrated 

into the daily activity plans show an additional accompanied VMT, which is generated from 

the empty driven time. Moreover, the results show different fleet utilizations based on the fleet 

sizes, which can participate in determining the parking spaces for idle AVs and in defining the 

profits generated from the fleet of AVs. More usage of AVs and more intensity of the demand 

show larger fleet utilization and less additional VMT. The results demonstrate that AVs might 

decrease the travel time and increase the VMT. The usage of AVs is affected by a change in 

the VOT, which represents the marginal utility of time over the marginal utility of cost of a 

particular transport mode and a specific trip. Moreover, the fleet size of AVs influences the 

usage of AVs as it becomes larger, once the usage is higher.  

The results of the simulations demonstrate differences among the groups regarding AV 

usage. It is worth mentioning that the variations in the results of the simulations between the 

scenarios refer to the variations in the characteristics of each scenario. Furthermore, the 

availability of idle AVs affects the usage of AVs because travelers schedule their travel based 

on such preferences as departure time and arrival time. Additionally, increasing the larger fleet 

size of AVs enhances the quality of the service to the travelers rather than to the operators 

because travelers tend to have as small waiting time as possible. The waiting time is an 
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important factor that affects the usage of AVs in addition to other factors, such as sharing 

acceptability and service trust. The changes in the modal share are not affected solely by the 

fleet size of AVs but by other factors, too, such as the VOT of the travelers, the time preferences 

regarding the time schedules of the individuals, and the activities. 

The results of the simulations demonstrate that as the fleet utilization increases, the extra 

driven distance decreases. Additional AVs on the market lead to a smaller number of served 

orders per AV, while the high utilization ratio leads to more profit for the operators and gives 

an indication of the efficiency of the AVs’ fleet size. The additional VMT is not preferable 

because it increases the energy consumption, the deterioration of the roads, and the depreciation 

of the vehicles.  
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Chapter 3 
3 The Integration of AVs and the P&R System in 

the Activity Chain Framework Plans  

3.1 Introduction 

Traffic congestion is steadily increasing due to the continuous population growth and the 

rise in car ownership. Decision-makers work to alleviate the traffic congestion by using 

different transport strategic plans. The actions that make changes on the level of traffic 

congestion are parking pricing, increasing the accessibility of public transport, and providing 

P&R facilities on the periphery of the city center close to public transport stations [72], [52]. 

Usually, people who work in the city center and use their cars face several problems regarding 

parking restrictions, which enforce travelers to park their cars outside the city center and to use 

other transport modes to reach their work as well as to avoid extra costs [73], [74]. Meanwhile, 

the P&R system, which provides travelers (especially commuters) with incentives to save costs 

by leaving their cars at specific locations and using the adjacent public transport mode instead, 

is developed [75]. The advancement in technology is uninterrupted, and a recent innovation is 

AVs, which appear on the market in due time [76]. AVs are different from conventional cars, 

such as using AVs is considered as a door-to-door service, AVs do not need a driver to operate, 

and to be used, AVs do not require a driving license. AVs can be operated shared or unshared 

[77]. In this chapter, as AVs are not on the market, the VOT of the travelers is used to 

differentiate among the transport modes. People choose transport modes based on the VOT, 

which is defined as the ratio of the marginal utility of the travel time to the marginal utility of 

the cost spent on a transport mode [20, 78].  

Studies related to AVs, the P&R system, and their impacts on the travel behavior, are 

scarcely found in the literature. Recently, Zhou et al. [79] have studied the P&R system in 

residential areas in Japan, where people can park their cars in P&R facilities then use AVs to 

get to a subway station and finally reach their destinations. In this research, MATSim is used 

in this study due to its flexibility and the suitability for the scope of this research, where the 

P&R system and AVs are integrated. The contributions of current study are finding the impacts 

of the P&R system on the travel time of certain user groups by using an integrated approach 

that connects the P&R with the travelers’ daily activity chain plans. Furthermore, the impacts 

of AVs on the travelers’ mobility, where car users are not allowed to enter city centers, are 

examined. Besides, this chapter evaluates the change in the car users’ modal share when a fixed 

fleet of AVs is provided, and rules do not enforce car users to park their cars in any of the 13 

P&R facilities, and they are simulated with the existing public transport system. Moreover, this 

study is the first of its kind in Hungary on the P&R system and AVs. The simulation is 

conducted based on the existing P&R facilities in Budapest, Hungary, and it assumes a smaller 

VOT for AVs than for conventional cars, as stated by Steck et al. [25]. 
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3.2 Methodology 

The sample size is taken from a revealed preference survey conducted by the Hungarian 

Census Bureau in 2014, as mentioned in chapter two [57]. The obtained data contain the 

travelers’ daily activity plans in Budapest, information about the travelers’ sociodemographic 

variables, and their trip characteristics, such as the transport mode, the trip purpose, the income, 

the age, the duration, and the schedule of the trips as well as the parking fees and time. The 

road network and the locations of the P&R facilities are illustrated in Figure 3-3. This part 

includes two sections as described in the following paragraphs. 

3.2.1 Conceptual assumptions of section one: the impact of integrating AVs with the 

P&R system on shoppers and workers’ travel time 

In this study, travelers using their cars to travel to either work or shopping destinations are 

examined. These two types of travelers are chosen because of their frequent travel to either 

work or shopping, and they are more likely to use the P&R system to save the time of searching 

for parking spaces, to avoid the extra costs of parking and the congestion in the city center. 

Based on the literature, the P&R systems can be primarily used by those travelers who travel 

for work or shopping by using their conventional personal cars [80]. Thus, around 1782 

travelers are derived from the collected data to be used in this study. This sample size is 

considered sufficient for a city like Budapest because the percentage of those types of travelers 

used in this study is not high compared to other travelers who use public transport, for example. 

Table 3-1 shows that 90% of the travelers are workers, and 10% are shoppers.  

Table 3-1. Sample size characteristics* 

Item Sample size 
Activity type (%) 

Working Shopping 

Daily activity plans (travelers) 1782 90% 10% 

*: Home-based activity. 

As a result, two scenarios are simulated, as shown in Figure 3-1: (1) AVs are available on 

the market as replacement for personal cars, (2) P&R facilities and public transport are 

integrated with AVs.  

 

Figure 3-1. The simulation scenarios of working and shopping travelers 

Based on the sample size, which is extracted from the original data, solely 10 P&R 

facilities are used. 

3.2.2 Conceptual assumptions of section one two: the impact of AVs on car travelers’ 

behavior when P&R facilities are integrated in the activity chain framework 

The sample size consists of 2309 travelers who usually use their cars to reach the place of 

their daily activities. Table 3-2 shows the composition of the sample size. Those people who 

travel for work as a first destination form 69.64%, who go for shopping is 7.54%, who travel 

to conduct leisure activity is 3.38%, who travel to the place of education is 7.8%, and who go 

for other destinations is 11.61%. Thus, it can be concluded that most travelers go to work. 
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Table 3-2. Sample size characteristics* 

  Activity type (%) 

 Sample size Working Shopping Leisure Education Others 

The daily activity plans of the travelers 2309 69.67% 7.54% 3.38% 7.80% 11.61% 

*Home-based activity 

Figure 3-2 illustrates three scenarios. The first scenario, Scenario (1), simulates the 

existing situation, where travelers record their actual daily activities. Scenario (2) includes the 

integration of the P&R system in the car users’ daily activity plans, where the drivers must park 

their cars in the P&R facility closest to their destination (i.e., using P&R facility is mandatory). 

Scenario (3) presents a tradeoff between using the P&R system and switching to AV (i.e., using 

P&R is not mandatory).  

 

Figure 3-2. The three scenarios of the simulations 

Based on the sample size, which is extracted from the original data, solely 13 P&R 

facilities are used. Figure 3-3 illustrates the locations of P&R facilities and the car users’ origins 

and destinations.  

 

Figure 3-3: The network and the location of P&R facilities in Budapest 
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3.2.3 Tool description  

The MATSim tool, where all travelers’ utility is optimized, is applied, as discussed in 

detail in chapter two. It is worth mentioning that Budapest has 31 P&R facilities and some of 

them are used in this study. The ArcGIS and Google Maps Directions API Service tools are 

used. These tools identify the locations of the P&R facilities and the travelers using the real 

road network measurements, where the P&R facilities nearest to the travelers’ destinations are 

used [81]. 

 

3.3 Results 

In Budapest, all P&R facilities are in the vicinity of public transport lines. Thus, travelers 

can park their cars and use public transport, instead of their cars, to travel to the city center. 

Therefore, P&R facilities provide transfer activities, where travelers can park their cars within 

a short time, then use public transport. The P&R facilities are assigned to the travelers based 

on the routing algorithm (i.e., Google API), and they are included in the travelers’ activity 

plans. Therefore, a new activity (i.e., P&R) is added to the travelers’ activity chain plans. 

3.3.1 Section one: the impact of integrating AVs with P&R system on shoppers and 

workers’ travel time 

The daily activity plans involving the travelers’ work and shopping trips are studied based 

on four scenarios. Each scenario is discussed in the following subsections. First of all, the 

existing situation is simulated. The results show that the average trip distance is 8.5 km, and 

the average trip time is 20.1 minutes. The average travel time is calculated as a door-to-door 

travel, where the parking time is added (i.e., it is 9 minutes as taken from the collected data). 

Therefore, 20.1 minutes (i.e., the trip time) times the number of legs plus 9 minutes gives 69.5 

minutes as average travel time.  

Scenario 1: the simulation of daily activity plans when AVs are used instead of personal cars  

Several trials are executed to determine the required fleet size serving all the demand based 

on the 95th percentile of the waiting time. Table 3-3 shows the results. 425 AVs can serve 1782 

travelers (i.e., car users), which suggests that one AV can replace around 4 conventional cars 

(i.e., 1782 conventional cars divided by 425). The average waiting time is 3.7 minutes, and the 

95th percentile of the waiting time is 10 minutes, which is acceptable based on people’s 

perception. Moreover, the empty time is the time when the AV fleet moves to pick up travelers, 

while the occupied time is when the AV fleet transport travelers to their destinations. In 

addition, the additional VMT is 26.5%.  

Table 3-3. The trip time components of the travelers in Scenario 1, when the AV fleet is used 

Fleet 
size 

Average trip 
time 

Average 
waiting time 

95th percentile of the 
waiting time 

Occupied 
time 

Empty 
driving time 

Drop-off 
time 

Pick-up 
time 

# Minute per trip Vehicle hour per day 

425 13.1 3.7 10.0 827.5 218.6 59.3 118.7 

Scenario 2: the simulation of the daily activity plans using the P&R system and AVs 

In this scenario, the travelers use AVs to reach the nearest P&R facilities and then use the 

nearest public transport. 750 AVs are required, as a minimum, to fulfill the generated demand 

for the movement of those travelers who travel for work or shopping activities. From the fleet 
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size of AVs, it can be concluded that one AV can solely replace 2.4 conventional private 

vehicles, where travelers use the nearest existing P&R facilities to arrive at their destinations. 

Additionally, Table 3-4 presents the results of the simulation: the trip time is 18.2 minutes, the 

95th percentile of the waiting time is 10 minutes. Furthermore, the additional VMT is 19.6%. 

The average total daily travel is 54.8 minutes, excluding the average waiting time for AVs in 

each trip (10.2 minutes). 

Table 3-4 The trip time components of the travelers for Scenario 2, when an AV fleet is used 

Fleet 
size 

Average trip 
time 

Average 
waiting time 

95th percentile of the 
waiting time 

Occupied 
time 

Empty 
driving time 

Drop-off 
time 

Pick-up 
time 

 Minute per trip Vehicle hour per day 

750 18.2 3.4 10.0 748.3 146.8 43.4 86.8 

It is worth mentioning that the total travel time is 107.6 minutes plus 4.5 (i.e., the average 

value) for the parking process at the P&R facilities. It is noted here that at the P&R facility, a 

random distribution of parking time in a range of 3 to 6 minutes is distributed to the travelers.  

Further simulation is conducted to check the impact of the parking process at P&R 

facilities on the travel time. The results reveal 5.75-minute increments in the average trip time 

when the P&R duration is increased from 4.5 minutes to 10 minutes.  

3.3.2 Section two: the impact of AVs on car travelers’ behavior when P&R facilities are 

integrated in the activity chain framework 

The car users’ daily activity plans are studied based on three scenarios. Each scenario is 

discussed in the following paragraphs.  

Scenario 1: the simulation of the car users’ daily activity plans 

Scenario 1 studies the existing condition of the car users’ travel behavior without 

considering the P&R system. The results of the simulation of 2309 travelers’ trips are presented 

in Table 3-5. The average trip distance is 8.78 km, and the average trip time is 35.5 minutes. 

The trip time does not contain the average parking time (i.e., searching for an empty parking 

space, parking, and walking to the destination/activity location). Based on the information 

provided by the travelers, it can be concluded that the parking process (i.e., as an average value 

for all) is around 8.5 minutes. Thus, the average trip time is 44 minutes (i.e., 35.5 plus 8.5). 

The total travel time per day equals the number of trip legs multiplied by 44 minutes, which is 

88.05 minutes. 

Table 3-5. The travelers’ mobility indicators in Scenario 1 

Average leg distance (km) Average trip time Total daily travel time  

8.78 00:35:30 1:28:03 

Scenario (2): the simulation of the daily activity plans with the presence of the P&R system 

Scenario 2 presents the situation where travelers have to park their cars in the P&R 

facilities closest to their destinations. It is good to know that the locations of the P&R facilities 

are close to public transport terminals, which makes the travelers’ switch to public transport 

after they arrive at the P&R facilities easier. The P&R system is integrated into the travelers’ 

daily activity plans, where each facility of the P&R is considered as a separate activity with a 

5-minute duration that simulates the parking time needed to park a car without the searching 

time [52]. It is worth mentioning that the P&R facilities are allocated to the travelers by using 

the Google API routing algorithm. The simulation of the new daily activity plans (including 
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the P&R activity) is conducted until reaching a steady state for the system. The results show 

an average leg travel distance of 3.36 km, which represents one trip from one activity to another 

during the day, and the average trip time is 28.5 minutes, as shown in Table 3-6. The total daily 

travel time per traveler is 114 minutes (i.e., calculated as the average trip time multiplied by 

the average number of legs/trips in the travelers’ daily activity plans). It is shown that the 

average trip time is smaller than in Scenario 1 because the distance to the destination is 

shortened by inserting the P&R facilities in between. On the contrary, the total travel time is 

larger than in Scenario 1 because the travelers change the transport mode to a slower one as 

well as there is an increase in the total travel distance due to the diverted routes taken to reach 

the P&R facilities.  

Table 3-6. The travelers’ trip time components for Scenario 2, when a P&R system is integrated 

Average leg distance (km) Average trip time Total daily travel time 

3.36 00:28:30 1:54:00 

Scenario (3): the simulation of the daily activity plans with the presence of the P&R system 

and AVs 

The presence of AV impacts the modal share of the existing condition of Scenario 2. In 

Scenario 3, the fleet size of AVs, which equals 20% of the number of travelers, is inserted into 

the network with the conventional cars and public transport. The cost of using a car is increased 

by 10% to demonstrate the increase in the travel cost due to the parking pricing as well as to 

motivate people to use the P&R system and to switch to public transport. The marginal utility 

of traveling by AV is 60% of the conventional cars, as shown by some previous studies [24, 

25]. The simulation is run, and the results present changes in the existing modal share and in 

the travel measures like time and distance. Referring to the definition of Scenario 2, the modal 

share is 50% public transport and 50% car, where the access and egress time are merged with 

public transport. The inclusion of an AV into the system leads to a change in the modal share 

based on the travelers’ utility (i.e., maximizing their score concerning the time and the cost). 

The new modal share is 21% car, 15% public transport, and 64% AV. Moreover, the total 

number of requests served by the AV fleet is 2823 orders (i.e., trips), where 33% of them are 

exposed to a maximum of 10 minutes waiting time. Table 3-7 summarizes the output of the 

simulating the AV fleet size, which is 20% of the sample size. The sum of the pick-up, the 

drop-off, and the occupied time represents the total occupied time, and the ratio of the empty 

driven time to the total occupied time shows the fleet utilization index and consequently, 

indicates the additional VMT compared with conventional cars. The fleet utilization equals 

96%, which means that the used fleet of AVs is occupied by passengers all the time. It is worth 

mentioning that another fleet size which represents around 40% of the number of travelers (i.e., 

1000 AVs) is simulated. It is demonstrated that as the AV fleet size increases, more travelers 

switch to AVs. It is found that with a fleet size of 1000 AVs, around 4150 trips are served, 

while there are around 2823 trips served in case of 460 AV fleet size (i.e., 20% of the sample 

size). Additionally, in case of 460 AVs, around 33% wait 10 minutes compared to the 55.1% 

in case of 1000 AV fleet size.  

Table 3-7. The travelers’ trip time components for Scenario 3, when an AV fleet is used 

Fleet 
size 

Average trip 
time 

Occupied time 
(hr) 

Empty driving time 
(hr) 

Drop-off time 
(hr) 

Pick-up time 
(hr) 

Stay (hr) 

460 00:26:45 7255.15 273.55 49.83 99.80 4173.77 
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3.4 Discussion  

Those travelers’ daily activity plans who use personal cars to reach their activities are 

simulated in this chapter. The chapter presents a solution for the scarcity of parking spaces, the 

alleviation of the congestion by reducing the number of vehicles on the road network, and the 

removal of the stress accompanied by the searching time for empty parking spaces. In the 

simulation, the travel time, the travel distance, and the AV fleet size per scenario are analyzed.  

3.4.1 Section one: the impact of integrating AVs with the P&R system on shoppers and 

workers’ travel time 

The obtained benefits of using AVs are presented in Table 3-8, which shows a reduction 

in the travel time. The travel time is reduced from 69.5 to 39.5 minutes when conventional cars 

are replaced by AVs. Additionally, on average, travelers would be exposed to 11.4 minutes of 

waiting time during the day, and they have to wait at their places rather than on the street or at 

a specific location. Additionally, AV travelers are not required to care about parking the 

vehicles because they park themselves or go to serve another order, which means savings in 

terms of the time spent on the parking process. Scenario 1 shows a decrease in the travel time 

compared to the existing condition. Finally, the simulation of Scenario 2 shows that the travel 

time could be reduced if personal cars are replaced by AVs. The reduction in travel time is 

50.3% based on a fleet size of 750 AVs, and the total waiting time per day for each traveler on 

average is 10.2 minutes.  

Table 3-8. The trip time comparison of CTMs and AVs 

Scenario Total average daily trip 
time (minutes) 

Total average waiting time 
(minutes) 

Total parking time 
(minutes) 

(1) Existing condition with AVs 39.5 11.4 - 

(2) P&R and AVs 54.8 10.2 - 

The simulation of the existing transport modes with AVs shows a reduction in the average 

daily travel time compared with the existing condition of 26.7% (the summation of 39.5 and 

11.4 minutes divided by 65.5 minutes), including the total average waiting time. This shows 

the benefit of using AVs instead of conventional private cars. AVs are used as a replacement 

for cars, and the P&R system is integrated in the travelers’ daily activity plans. AVs are used 

as a feeder system to public transport, and the result is a reduction in the travel time of 38.4% 

(the summation of 54.8 and 10.2) compared with the existing transport mode with the P&R 

scenario (i.e., 105.1 minutes). Thus, the P&R system increases the travel time, decreases the 

number of vehicles inside a city center, decreases the congestion resulting from the parking 

search process, allows travelers to avoid using expensive parking inside the city center, and 

generally increases the travelers’ daily utility.  

The results lead to the conclusion that the operational strategy of the P&R facilities affects 

the travelers’ mobility. For example, an agent can take a traveler’s car and park it on behalf of 

the traveler, or the design of the P&R system could determine the required time for parking. 

3.4.2 Section two: the impact of AVs on car travelers’ behavior when P&R facilities are 

integrated in the activity chain framework 

The result of the simulation demonstrates an increase in the traveled distance and in the 

travel time. Besides, the P&R facilities are integrated in the travelers’ daily activity plans. The 

results show a notable change in the modal share because AVs are treated differently than 
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conventional cars. The locations of the P&R facilities in the network cause a large percentage 

shift from public transport to AVs. The modal share of public transport is 50% when using the 

P&R system is mandatory, and when applying parking pricing, the modal share drops from 

50% to 15%. 

The output of current study is useful for decision-makers to find the motivations and the 

incentives, such as pricing zones (i.e., buffer), road tolls, discount on using public transport, 

and parking pricing strategy, to encourage travelers to use P&R facilities or to compensate for 

the extra driven time. The outcome of this study can be used by policymakers, who decide 

about the strategy of the P&R system, such as its capacity, its cost of use, the incentives, and 

the operational use. In essence, managing the parking in the city center can be done by using 

the P&R system. The P&R system increases the travel time, the travel distance, and the 

emissions due to the extra distance (i.e., assuming that public transport is not electric). The 

AVs can attract travelers and make them avoid using the P&R system, which reduces the 

number of conventional cars and the area needed for P&R facilities.  
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Chapter 4 
4 Multitasking and Travelers’ Carried Tools on 

Board of CTMs and SAVs  

4.1 Introduction  

The continuous advancement in transportation affects the travelers’ behavior. Quantitative 

and qualitative measures impact the transport mode choice models because travelers choose 

the transport mode that complies with their preferences [82, 83]. Due to the advancement of 

technology, travelers can easily conduct onboard activities to make the journey more pleasant. 

Thus, transport modes can be eventually selected based on the onboard activities, which 

decrease the disutility of traveling. Travel-based multitasking is defined as doing one or more 

activities during the travel [27]. Compared to passengers, drivers conduct fewer onboard 

activities because they have to control their vehicles and interact with the road messages (i.e., 

signs, signals, curvature), and the traffic flow [84]. Rhee et al. [85] and Mokhtarian et al. [86] 

show that multitasking during the travel affects the travelers’ feelings positively. Varghese et 

al. [87] find that crowding impacts the perceived travel time negatively in case of traveling by 

trains in the Japanese capital. A study in France by Mokhtarian et al. [86] proves that onboard 

activities impact the disutility of traveling positively based on four onboard activity types. A 

recent innovation developed to take the control of the vehicle is called AVs [88]. Molin et al. 

[89] state that facilitating onboard activities by enhancing the use of ICT inside the vehicles 

might influence the choice of a transport mode [90]. Singleton [91] studies 23 onboard 

activities that commuters conduct in case of various transport modes. The author examines 

home-work trips alone, and the study focuses on the total trips (i.e., not solely on the in-vehicle 

time). Additionally, Singleton [92] studies travel-based multitasking by using two categories 

of multitasking (i.e., passive and active) among commuting adults in Portland, where 23 

onboard activities are analyzed. The author groups the use of ICT tools into texting, using 

social media, and reading electronically, while other activities that cannot be done without ICT 

such as talking, listening, and trip navigating, are not presented in his work.  

Previous studies, such as Pawlak [29] and Keseru and Macharis [93], examine the effects 

of onboard activities and digital tools (i.e., ICT) on travel behavior. Almost all studies focus 

on ICT tools; however, there is not a unified form of listing or studying onboard multitasking. 

In addition, some scholars focus on specific transport modes and traveler groups while 

neglecting others. Furthermore, Keseru and Macharis [93] highlight the need for a study that 

formulates the onboard activities in a way that combines all activities people usually conduct 

on board, while Pawlak [29] summarizes previous studies on multitasking and ICT and shows 

the lack of exhaustive conclusion on the impacts of multitasking and ICT due to the absence 

of consensus about the definition of multitasking as well as the continuous advancement in 

ICT. The literature review of current research demonstrates the importance of the travelers’ 

satisfaction on board and the potential efficient use of travel time in case of various types of 

transport modes with solely a limited number of studies on AVs.  
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As a contribution to the literature, this research introduces the potential multitasking 

options on board of both CTMs and SAVs. Besides, current study analyzes the effects of 

onboard activities and the tools carried by travelers on the perceived trip time while considering 

the travelers’ main trip purpose in urban areas (i.e., short trips). Different demonstrations of 

onboard activities for the sake of finding a unified presentation of those onboard activities that 

travelers usually conduct, are presented, and not solely ICT tools but other tools carried by 

travelers (i.e., not ICT tool) are studied, as well. Besides, the travelers’ satisfaction associated 

with traveling to their primary trip purposes (i.e., the study focuses exclusively on the travelers’ 

main trips) within urban areas is analyzed, where each onboard activity and tool carried by the 

travelers are considered. The travelers’ main trips are selected by themselves. Current research 

covers the most common onboard activity types and carried tools that travelers can conduct 

and use on board. Furthermore, it is not limited to a specific mode of transport but considers 

all main transport modes. In addition, this study uses travel data collected in Budapest, 

Hungary, which enables a novel empirical application of the developed methods. This is a 

unique added value because of the lack of similar studies in the Central European region.  

Moreover, people’s preferences toward SAVs considering the potential involvement in 

onboard activities is examined in this research because this topic is not mentioned in previous 

studies where traveling is relatively short and takes place in urban areas. The selection of SAVs 

is done because it is one of the paradigms of using AVs in the future, where people can share 

the ride with others.  

The implementation of this chapter is divided into the following two parts:  

Part 1 includes (a) collecting the potential onboard activities that travelers may conduct, 

(b) collecting the possible tools that travelers may carry and use on board, (c) examining the 

onboard activities in case of CTMs and SAVs with different groups of travelers, (d) examining 

the travelers’ carried tools on board of CTMs with various groups of travelers, and (e) 

comparing SAVs and CTMs based on the onboard activities. This part answers six research 

questions: 

• Question 1: What are those variables that impact the trip time negatively? 

• Question 2: What are the travelers’ preferences on board of SAVs and CTMs? 

• Question 3: Will travelers multitask on board of SAVs more than in the case of CTMs? 

• Question 4: Are there any associations between the onboard activities of CTMs and the 

characteristics of travelers and trips? 

• Question 5: Are there any associations between the onboard activities of SAVs and the 

traveler and trip characteristics? 

• Question 6: Are there any associations between the travelers’ carried tools and the 

traveler and trip characteristics? 

Part 2 includes (a) examining the relationship between the onboard activities, the tools 

carried by travelers, and the trip characteristics (i.e., transport mode, trip purpose, and trip 

time), (b) ranking the transport modes based on those onboard activities that influence the trip 

time positively, (c) analyzing the onboard activities, the carried tools, and the trip time across 

sociodemographic, economic, and trip variables to examine the differences between groups, 

and (d) finding an underlying relationship between the onboard activities and the tools carried 

by travelers’ sets to uncover the underlying structure of each set in estimating the impact on 

the trip time. 
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This part answers eight research questions:  

• Question 1: How are onboard activities and the tools carried by travelers associated 

with the variables of sociodemographic and trip characteristics? 

• Question 2: How are onboard activities associated with the tools carried by travelers on 

board to impact trip time?  

• Question 3: Which transport mode is used mostly to conduct onboard activities based 

on its positive impact on the trip time? 

• Question 4: What are the effects of onboard activities and the tools carried by travelers 

on the perceived trip time?  

• Question 5: Are there any differences between certain groups of travelers regarding the 

impacts of onboard activities on the perception of the trip time?  

• Question 6: Are there any differences between certain groups of travelers concerning 

the impacts of the tools that travelers carry on board on the perception of the trip time? 

• Question 7: What are the rankings of onboard activities across certain groups of 

travelers? 

• Question 8: What factors (i.e., onboard activities/the tools carried by travelers’ subset) 

can be used to estimate the impact of onboard activities/the tools carried by travelers 

(i.e., set) on the trip time (i.e., uncover the underlying structure in each set)? 

 

4.2 The potential onboard activities and the tools carried by travelers 

Travelers conduct several onboard activities while traveling. These onboard activities can 

be divided into two groups: passive and active activities. The active activities require travelers 

to interact physically or to use ICT, while the passive activities do not require any physical 

interactions or the use of ICT, such as window gazing or sleeping. The survey of current 

research is based on the travelers’ main trip purposes, for example, traveling from home to 

work by using the most frequent transport mode. Besides, the survey asks travelers to choose 

onboard activities and tools which they would conduct and use while using SAVs.  

To simplify the survey, the potential onboard activities are investigated based on the 

literature as well as on the characteristics of the transport modes, the trip purposes, and the ICT 

requirements. Some of the activity types need technological tools (e.g., mobile, laptop, or 

tablet), which are used to conduct such activities as making phone calls, writing text messages, 

using social media, or gaming. The activities are grouped into the following ten groups: 

reading, writing (which may require the use of ICT tools), talking (to other passengers or on 

the phone), using social media (e.g., surfing on Facebook, YouTube, Twitter, or Instagram), 

relaxing (e.g., sleeping, window gazing), listening (to music or radio), thinking (e.g., trip 

tracking, meditation, planning), eating/drinking, gaming (on a tablet, laptop, or mobile), and 

other activities (e.g., getting bored, anxious, unpleasant, stressed). It is worth mentioning that 

other activities mean that a traveler does not conduct any of the mentioned multitasking 

activities on board (e.g., a traveler is getting bored). Moreover, some multitasking options are 

conducted related to the trip purpose, for example, sending emails, which are relevant to work, 

leisure, shopping, and education.  

Table 4-1 shows that the onboard activities are divided into two parts based on the main 

purpose or other purposes. For example, a traveler travels to work and uses his mobile for 

sending business’ emails (i.e., the main purpose) or listens to music for relaxing (i.e., other 
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purposes). Furthermore, the activities are categorized by the possible use of ICT tools. Some 

activities cannot be done without ICT, such as sending an email requires a 

smartphone/laptop/tablet. These divisions are used to understand the purpose of using ICT tools 

and to find the relationship between the trip purpose and the onboard activities.  

Table 4-1. The types of onboard activities as well as their divisibility based on the trip purpose and the 

need for ICT  

No.  Activity Main purpose ICT Tools 

1 Reading  Yes Yes 
2 Writing Yes Yes 
3 Talking  Yes Yes 

4 Using social media  No Yes 
5 Relaxing No No 
6 Listening  Yes Yes 
7 Thinking  Yes No 
8 Eating/drinking No No 
9 Gaming No Yes 
10 Other activities No No 

The tools carried by travelers are gathered based on the literature, and the results show 12 

tools that people commonly use on board. The carried tools that travelers might carry during 

the travel are classical cellphones, smartphones, tablets, laptops, headsets, newspapers/books, 

work documents, internet bundles, battery chargers, food, drinks, and nothing (i.e., no tools). 

A 6-point Likert scale is used, where people choose actual activities and tools that make 

impacts on the perceived trip time either positively or negatively rather than no opinion. The 

participants are asked for giving their level of agreement to the impact of the examined onboard 

activities and the tools carried by travelers on the trip time [94].  

 

4.3 Methodology  

In this section, the methodology is shown in two parts based on one survey and one 

questionnaire distributed during the research. 

Part 1 

The structure of the methodology of Part 1 is depicted in Figure 4-1. The survey structure 

is designed to help the understanding of those onboard activities that travelers conduct when 

they travel to their main destinations (see Survey No. 1 in Appendix D).). The questionnaire 

inquires about the trip characteristics, the sociodemographic and economic variables, people’s 

preferences toward attitudinal variables, the onboard activities, and the tools carried and used 

onboard by the travelers. The sociodemographic and economic variables include the 

employment, the age, the gender, the income, and the education of the participants. The travel 

characteristics provides information on the transport modes, the car ownership, the trip 

purpose, and the trip time. The attitudinal variables include those factors that make an impact 

on conducting activities onboard of CTMs and the acceptability of SAVs. The outputs of this 

research include descriptive statistics, variables that have a high impact on multitasking, and 

the association strengths of the travelers and the trip variables across onboard activities as well 

as the tools carried and used onboard by the travelers. Moreover, a comparison between CTMs 

and SAVs is done based on how suitable these vehicles are to conduct onboard activities.  
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Figure 4-1. The structure of the methodology 

Part 2 

The structure of the methodology of Part 2 is depicted in Figure 4-2. The travelers’ in-

vehicle behavior regarding onboard activities and the carried tools with the trip time is 

analyzed. A questionnaire is used to collect the preferences of travelers regarding onboard 

activities and the tools that travelers carry and use during traveling to their main trip purposes 

(see Survey No. 2 in Appendix D). Besides, other individuals and travel variables are collected. 

The collected data are analyzed according to the research questions and the objectives of the 

research.  

Questions 1 and 2 are used to achieve examining the relationship between onboard 

activities, the tools carried by travelers, and trip characteristics (i.e., transport mode, trip 

purpose, and trip time). Question 3 aims to ranking transport modes per those onboard activities 

that influence the trip time positively, while analyzing the onboard activities, the carried tools, 

and trip time across sociodemographic, economic, and trip variables to examine differences 

across groups is obtained by answering Questions 4, 5, and 6. Finally, finding an underlying 

relationship in onboard activities’ and in the tools carried by travelers’ sets to uncover the 

underlying structure of each set in estimating the impact on the trip time is accomplished by 

Question 8. The dependence and the strength of the association tests (i.e., symmetric measures) 

of two variables are used to answer Questions 1 and 2. Likert scale analysis method (e.g., 

central tendency and interquartile range (IQR)) is applied to answer Questions 3 and 4. In 

Questions 5 and 6, multivariate analysis of variance is used to determine if there are any 

differences among certain groups of people regarding their onboard activities and their carried 

tools. In Question 7, the difference between two groups of travelers regarding a particular 

variable is examined by using a nonparametric test (i.e., rankings). Finally, in Question 8, 

exploratory factor analysis (EFA) is applied to decrease the number of variables (i.e., onboard 

activities/carried tools) and to be used in measuring the impact of all variables on the trip time. 
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Figure 4-2. The methodological approach 

4.3.1 The travelers’ attitudinal variables 

The attitudinal variables aim to study the impacts of some variables on accepting SAVs 

and onboard multitasking. The variables are taken from the literature [27, 95], and defined 

based on the experience of the authors of this research. The questions provide information 

about the passengers’ preferences while conducting a journey by using either SAVs or CTMs 

(see Table 4-2). The respondents are asked to evaluate the variables of Table 4-2 on a 1-5 Likert 

scale. The survey includes questions about the travelers’ feelings considering the travel 

environment when they travel to their main destinations. Travelers may experience an 

unpleasant journey because of the negative impacts triggered by unfavorable companions, poor 

transportation quality, the unavailability of technological tools, or uncomfortable/unavailable 

seats. On the other hand, some negative impacts could be eliminated in case of SAVs, such as 

the stress generated from driving.  

Table 4-2. The travelers’ attitudinal variables  

No.  Variable 

1 The length of the journey: The trip time impacts onboard multitasking. 

2 The carried tools and the in-vehicle space: Features/tools on board of SAVs influence the travelers’ decisions 
whether to use SAVs. 

3 Congested vehicular traffic: The congestion affects onboard multitasking. 

4 Night: During the night, onboard multitasking is limited. 

5 Seat availability: The seat availability impacts onboard multitasking. 
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4.3.2 The applied methods  

A Likert scale method is applied to analyze the categorical (i.e., ordinal) questions [33]. A 

Chi-square, which is a nonparametric test, is used to examine the dependence between the 

variables. Whenever the results are significant, Cramer’s V is applied to measure the strength 

of the associations; where more than 0.15 is a strong relationship and more than 0.25 indicates 

a very strong relationship. It is worth mentioning that the strength of the association of the 

significant results ranges from 0.17 to 0.24, which is classified as a low association based on a 

study of David and Sutton [96] and as moderate to strong based on a study of Akoglu [97]. Phi 

represents the correlations between the variables, where a value more than 0.3 indicates a 

moderately correlated variable, while a value higher than 0.7 is considered as a strongly 

correlated variable [34]. A Kruskal-Wallis H test (i.e., one-way ANOVA on rankings), which 

is a rank-based nonparametric test, is applied to determine the differences between two or more 

groups, such as the groups of males and females, and to provide rankings [35]. The statistical 

method of EFA is used to find the underlying structure of a large set of variables, where EFA 

is executed based on the correlation matrix between the variables (see Williams et al. [98]). 

Multivariate GLM is applied to examine the statistical difference between multiple dependent 

variables that are taken at the same time of the same sample size and more than one independent 

variable (e.g., gender group) [36]. To examine any differences between the independent 

variables, the one-way multivariate analysis of variance (i.e., one-way MANOVA) is applied. 

Eta square (η2) is used to measure the proportion of the total variance in the dependent variables 

associated with different groups of independent variables [99]. On the other hand, the partial 

Eta square stands for the effects generated from other independent variables and the 

interactions between them, where all are partialized out. The η2 is explained the same way as 

the coefficient of the determination (R2) in regression analysis [100]. The η2 estimates the 

proportion of the variation in the dependent variable associated with the independent variables 

(i.e., groups) [101], as it is given in Equation (4.1). 

𝜂2
𝑆𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑒𝑓𝑓𝑒𝑐𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑒𝑟𝑟𝑜𝑟𝑠, 𝑒𝑓𝑓𝑒𝑐𝑡𝑠, 𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝑖𝑛 𝐴𝑁𝑂𝑉𝐴
 (4.1) 

 

It is worth mentioning that Wilks' Lambda (Λ), Hotelling’s trace, and Pillai's criterion 

statistics are used to test the hypothesis that the dependent variables are influenced by different 

independent variables, such as the transport mode and the trip purpose [100]. In essence, each 

statistic estimates a hypothesis that the means of the population on the dependent variables are 

equal among the groups. Measures of effect size are reported with partial Eta squared (η2). In 

Statistical Package for the Social Sciences (SPSS), the multivariate effect size associated with 

Λ is given in Equation (4.2) [102, 103]. 

 

𝜂2 = 1 − 𝛬
1
𝑠  

(4.2) 

 

Here, s equals the number of the dependent variables minus 1. The η2 ranges from 0 to 1, 

where 0 means no relationship between the independent variable and the dependent variable, 

while 1 indicates a strong relationship [102, 103]. 
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4.3.3 Survey design 

LimeSurvey Version 3.22.1 is used to distribute the survey. The applied online survey tool 

has some features that support the conduction of various survey types [104]. The survey is 

distributed in Budapest, Hungary. It is worth mentioning that the survey and the questionnaire 

were distributed under the COVID-19 pandemic; however, the participants were asked to fill 

the questionnaire by considering their normal life before the outbreak of the pandemic. 

Part 1 

The survey includes information on the travelers’ sociodemographic and attitudinal 

behavior on board when using CTMs and SAVs. An SP survey containing a questionnaire is 

used to collect information on the travelers’ perspectives and behavior during the travel. The 

prepared survey consists of four sections. Section 1 includes the travelers’ trip characteristics, 

the tools carried by the travelers, and the travelers’ feelings on board of CTMs and SAVs. 

Section 2 investigates the existing onboard activities in case of CTMs and the possible onboard 

activities of SAVs. Section 3 presents the impacts of some attitudinal variables on the travel. 

Finally, Section 4 includes the socio-demographic and economic variables.  

The respondents start by choosing their main trip purpose, the transport mode for their 

main trip, the in-vehicle used carried tools during their main trip, and the onboard activities 

that the participants conduct during their main trip. Afterward, the travelers are asked about 

their willingness to conduct onboard activities in case of SAVs. Moreover, the survey lists 

some attitudinal variables, where travelers are asked about the impacts of the variables on 

multitasking or adopting SAVs. At the end of the survey, travelers are asked about their 

sociodemographic and economic variables.  

Part 2 

The questionnaire includes the following information on sociodemographic variables (e.g.,  

age, gender, and education), economic variables (e.g., the traveler’s income, car ownership, 

and job), trip characteristics (e.g., the trip purpose, the transport mode, and the trip time), what 

tools the traveler uses on board, what impact the use of the tools carried by travelers makes on 

the perceived trip time (i.e., whether the selected tools impact the trip time positively), and 

what impact the onboard activities make on the perceived trip time (i.e., whether the selected 

onboard activities impact the trip time positively). 

Based on respondents’ main trip purposes, individuals fill in the survey by examining some 

attitudinal variables, such as the usefulness of trip time, and by updating the travel plan 

regularly (e.g., route choice and transport mode choice). Besides, the participants provide 

information about their main travel, such as transport mode, trip purpose, and trip time. Mainly, 

they record their on board activities and the tools that they carry and used on board.  

 

 

https://multitaskingandvtt.limequery.com/admin/survey/sa/rendersidemenulink/subaction/surveytexts/surveyid/376667#modalSystemInformation
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4.4 Analysis and results  

4.4.1 Descriptive statistics  

Part 1 

The number of respondents participating in the survey is 552 within two and a half months 

(i.e., from February 9 till April 25, 2020), while solely 276 travelers answer the entire survey. 

Table 4-3 summarizes the various sociodemographic and economic variables (i.e., categories) 

of the 276 participants.  

Table 4-3. The descriptive statistics of the sociodemographic variables 

Category % Category % Category % 

Employment  Educational level  Income  
Full-time worker 34.8 High school 1.8 Low 49.1 
Part-time worker 12.0 Undergraduate studies 83.3 Medium 40.2 
Student 41.6 Graduate studies 13.8 High 8.7 
Unemployed 5.4 Other 1.1 No answer 2.0 
Retired 2.9 Gender  Monthly public transport pass ticket  

Others 3.3 Female 37.7 Yes 48.6 
Age  Male 62.3 No 51.4 
15-24 22.5 Car ownership    
25-54 71.7 Yes 25.7   
55-64 3.6 No 74.3   
+65 2.2     

The transport mode, the trip time, and the trip purpose are reported to study their impacts 

on onboard multitasking and to find some statistics about the travelers’ behavior, as shown in 

Table 4-4.  

Table 4-4. The participants’ trip purpose, transport mode, and trip time statistics 

Main daily transport mode % Main daily trip purpose % Trip time (main trip) % 

Car as a driver 20.7 Working 44.2 <10 minutes 14.5 
Car as a passenger 5.4 Shopping 3.3 >10 minutes and <20 minutes 31.2 
Public transport 54.3 Education 42.8 >20 minutes and <30 minutes 22.8 
Taxi 3.6 Home 4.3 >30 minutes and <40 minutes 11.6 
Bicycle 5.1 Leisure or others 5.4 >40 minutes and <50 minutes 7.2 
Walking 9.8   >50 minutes and <60 minutes 5.4 
Others 1.1   >60 minutes 7.3 

Part 2 

525 participants provide their personal and travel information, such as sociodemographic, 

economic, and travel data, as shown in Table 4-5 and Table 4-6. The questionnaire had been 

being distributed for two months starting in March 2020 in Budapest, Hungary. 

Table 4-5. The descriptive statistics of the sociodemographic and economic variables 

Category % Category % Category % 

Educational level   Income  Employment  

High school 11.24 Low 38.10 Full-time worker 43.62 
Undergraduate studies 53.90 Medium 25.52 Part-time worker 7.05 

Graduate studies 30.86 High 14.67 Student 37.33 
Others 4.00 No answer 21.71 Unemployed 8.38 
Gender  Age  Self-employed 1.52 

Female  51.43  15-24 37.90 Retired 1.72 
Male 48.57  25-54 56.19 Others 0.38 
Car ownership  55-64 4.77   

Yes 34.67  +65 1.14   
No 65.33      
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Table 4-6. The participants’ trip purpose, transport mode, and trip time statistics  

Main daily transport mode % Main daily trip purpose % Trip time (main trip) % 

Car-as-a-driver 17.90 Working 50.10 <10 minutes 16.63 

Car-as-a-passenger 23.81 Shopping 2.86 >10 minutes and <20 minutes 25.81 
Taxi 4.38 Education 37.52 >20 minutes and <30 minutes 20.27 
Public transport 41.72 Home 6.29 >30 minutes and <40 minutes 13.00 
Bicycle 3.24 Leisure or others 3.23 >40 minutes and <50 minutes 8.22 
Walking 8.00   >50 minutes and <60 minutes 6.50 
Others  0.95   >60 minutes 9.57 

4.4.2 Ranking those factors that impact the trip time negatively  

In the next step, Likert scale is used. The participants report their level of agreement on a 

5-Likert scale, where 1 means totally disagree, and 5 stands for totally agree. The participants 

are asked to scale their opinion about the factor that affects the travel time negatively to the 

greatest extent. The most important factors affecting the travel time negatively are presented 

in Table 4-7. In a multiple response analysis, the percentage of those participants who select a 

variable is calculated. 

Table 4-7. The factors affecting the travel time negatively 

Factor Response The percentage of the case  Ranking 

N % 

Waiting time 123 23.8 44.6 1 
Congestion/Delay 112 21.8 40.6 2 
Comfort  100 19.4 36.2 3 
Travel cost 63 12.3 22.8 4 
Safety 54 10.5 19.6 5 

Privacy 27 5.3 9.8 6 
Reliability 26 5.1 9.4 7 
Others 9 1.8 3.3 8 
Total 514 100.0   

Respondents are asked to choose maximum four factors. The percentage of the case is the 

ratio of the N (i.e., responses) divided by the number of the participants (276). The results show 

that the waiting time is the most important factor because it appears in 23.8% of the responses. 

The finding demonstrates that 44.6% of the participants agree on the waiting time being the 

most important factor affecting the travel time negatively, as shown in Table 4-7. The last 

column presents the ranking of the factors from the most negative to the least negative: 

congestion/delay is ranked 2nd, comfort is the 3rd, travel cost is ranked 4th, safety gets the 5th 

position, privacy is ranked 6th, the reliability of the transport mode is the 7th, and others are 

ranked 8th. Thus, eight variables are ranked based on their importance in affecting the travel 

time negatively.  

4.4.3 The travelers’ preferences on board of CTMs and SAVs 

Besides, four sets of variables are examined with SAVs and CTMs considering 

multitasking. The factors that characterize the travelers’ preferences concerning SAVs are 

presented in Table A. 1. Four sets of attitudinal variables are studied. For instance, people’s 

preferences toward SAVs in terms of sharing the ride and companions. The interquartile range 

(IQR) is used to check the variability of the responses, where IQR is defined as the range of 

the middle 50% of the data [105]. Based on Table A. 1, the findings are the followings: 
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• 48.6% of the respondents prefer using SAVs like a taxi. 

• 33.8% prefer riding SAVs alone to make their travel more pleasant. 

• 55.5% and 78.2% prefer using SAVs with known companions and with family 

members. 

• 27.2% of the respondents indicate that traveling with children makes the journeys 

unpleasant. 

• 72.1% of the participants say that seat availability, the available tools inside a vehicle, 

and trip time determine their onboard activities. 

• 41.7% of the respondents reveal that the privacy of work limits their ability to work on 

board of a vehicle, such as using laptop and making phone calls. 

 

The attitudinal variables are grouped as shown in Table A. 1. In this part, the underlying 

structure of each variable’s set estimating the impact on onboard activities and the use of SAVs 

is determined. Based on the collected data, solely set (1) and set (2) are chosen. To decrease 

the number of those factors (i.e., observable variables) that contribute to defining a component, 

the EFA method, which seeks to reduce the number of observable variables that participate in 

predicting the component (i.e., finding the unobservable variable/latent variable from 

observable variables), is applied. Set (1) represents the factors that determine the travelers’ 

willingness to switch to SAVs. While set (2) represents factors that affect onboard multitasking. 

Those factors in the two sets can predict the impact of other factors (see EFA).  

Based on a study by Pearson and Mundform [106], as the sample size increases, the quality 

of the output increases, as well. In this research, the sample size is appropriate to conduct the 

analysis. The Kaiser-Meyer-Olkin (KMO) test is applied to measure the adequacy of the 

sample size, and Bartlett's test is used for sphericity (i.e., significance at a confidence level of 

95%) [98]. In Table 4-8, the KMO is 0.633 for set (2) and 0.614 for set (1), which are acceptable 

values (i.e., KMO>0.05). Thus, the sample size is large enough [98]. The eigenvalue (i.e., the 

variances of the factors) and the “varimax rotation” method are used in the EFA [107, 108].  

Table 4-8. The KMO and Bartlett's Test 

  Onboard activities’ set The tools carried by travelers’ set 

Kaiser-Meyer-Olkin test 0.672 0.835 

Bartlett's test of sphericity 

Approx. Chi-Square 717.922 2055.705 

df 45 66 

Sig. 0 0 

The output is obtained at Level 1 of the factor analysis. The first level is used to interpret 

the relationship among the factors. Table 4-9 shows the results of the EFA. The Scree plots of 

Figure A. 10 demonstrate the eigenvalues against the factor numbers, where the correlations 

less than the absolute of 0.3 are removed. Referring to Table 4-9 and Figure A. 11, certain 

factor/s that can be used to predict the factors affecting the onboard activities of CTMs. The 

results show one factor is used to predict the impact of other factors in each set. The criterion 

is that the eigenvalue is larger than 1. As a result, the values are reasonably favorable. The 

findings are the followings: 
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• “Extra tools (e.g., Internet, smart technology, touchscreen) inside SAVs determine if I 

use SAVs or not” in set (1) explains 56.51% in the variances set (1).  

• “Seat availability and the location of the seat determine my onboard activities” in set 

(2) explains 44.33% of the variances in set (2).  

4.4.4 Comparison between CTMs and SAVs based on multitasking availability 

Cochran's Q test is applied to examine the statistically significant difference between the 

participants’ responses on the selected onboard activities both in case of CTMs and SAVs. The 

participants are asked to select the activities that they usually conduct during traveling to their 

main destinations. Furthermore, they are asked to answer the questions based on their current 

transport modes and a hypothetical situation of using SAVs, as well. For example, the activity 

“reading for the trip purpose” is statistically different when considering CTMs and SAVs. 

Table 4-10 shows the result of the test and the ranking of each variable based on the A Kruskal-

Wallis H test. Cochran's Q test and the A Kruskal-Wallis H test produce the ranking values, 

where a high ranking is given to the transport modes with more onboard activities, while low 

values are given to the transport modes with fewer onboard activities. 

The results show that: 

• There is no concrete conclusion about the availability of difference in the proportion of 

the selection between conducting an activity on board of CTMs or SAVs.  

• SAVs have higher ranking values than CTMs, which means that more onboard 

activities can be conducted in case of SAVs than CTMs. 

 

Table 4-9. The total variance explained* 

Factor Component (Set) Initial Eigenvalue The extraction sum of the 

squared loadings 

Total % of 

variance 

cumulative 

% 

Total % of 

variance 

cumulative 

% 

 Set (1): factors making people switch to SAVs 

1 Extra tools (e.g., Internet, smart 
technology, touchscreen) inside SAVs 
determine if I use SAVs or not 

1.695 56.508 56.508 1.695 56.508 56.508 

2 I would leave my current mode and 
switch to SAVs to minimize my travel 

time 

0.762 25.417 81.924    

3 I would leave my current mode and 
switch to SAVs to increase my 
multitasking options 

0.542 18.076 100.000    

 Set (2): factors determining the onboard activities  

1 Seat availability and the location of the 

seat determine my onboard activities 

1.773 44.333 44.333 1.773 44.333 44.333 

2 Available tools inside the vehicle, e.g., 
Internet, determine my onboard activities 

0.927 23.177 67.510    

3 The privacy of my work (e.g., using 
laptop and making phone calls) enforces 
me to avoid working while traveling 

0.776 19.394 86.905    

4 Trip time determines my onboard 
activities 

0.524 13.095 100.000    

*Extraction Method: Principal Component Analysis 

* Based on a 5-point Likert scale, 1: totally disagree, 2: disagree, 3: neutral, 4: agree, and 5: totally agree. 
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Table 4-10. The statistically significant difference of onboard activities in case of CTMs and SAVs  

Test Statistics Cochran's Q test A Kruskal-Wallis H test 

Activity χ2(2) Asymptotic 

significance  

χ2(2) Asymptotic 

significance  

Ranking 

Reading for the trip purpose 21.491 0.000* 11.87 0.001* 294 for SAVs and 259 for CTMs 
Reading for others 8.33 0.004* 4.73 0.001* 286.5 for SAVs and 266.5 for CTMs 
Writing for the trip purpose 10.52 0.001* 7.935 0.03* 286.5 for SAVs and 266.5 for CTMs 
Writing for others 4.55 0.033* 3.311 0.005* 281.5 for SAVs and 271.5 for CTMs 
Talking for the trip purpose 2.68 0.10** 2.014 0.069** 283 for SAVs and 270 for CTMs 
Talking for others 17.47 0.000 13.339 0.156 292 for SAVs and 261 for CTMs 

Listening for the trip purpose 2.97 0.095** 1.811 0.00 281 for SAVs and 272 for CTMs 
Listening for others 0 1 0.000 0.178 276.5 for SAVs and 276.5 for CTMs 
Using social media  0 1 0.000 1.0 276.5 for SAVs and 276.5 for CTMs 
Relaxing 0 1 31.824 1.0 309 for SAVs and 244 for CTMs 
Thinking 0.13 0.718 0.065 0.00* 275 for SAVs and 278 for CTMs 
Gaming 2.613 0.10** 1.124 0.799 281 for SAVs and 272 for CTMs 
Eating/drinking 8.33 0.004* 5.035 0.289 286.5 for SAVs and 266.5 for CTMs 
Other activities 9.38 0.002* 8.174 0.025 269 for SAVs and 284 for CTMs 

*Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%. The sample size is 276. 

4.4.5 Multitasking and the carried tools across trip characteristics, sociodemographic 

and economic variables  

The statistical results are summarized in Table 4-12,  

Table 4-13, and  

Table 4-14. The connection between several variables and the CTMs is examined regarding the 
onboard activities, as mentioned in Table 4-12. The associations between the trip purpose, the job, the 

age, and the gender are examined with the onboard activities assuming that SAVs are on the market. 

The results of the statistical analysis are summarized in  

Table 4-13. Additionally, based on their trip purpose, in case of SAVs, travelers might be 

more involved in onboard activities than in case of CTMs. This information is part of justifying 

the usage of SAVs in the future.  

The objects carried by the travelers (e.g., mobiles, laptops, documents, Internet access, and chargers) 

influence the types of activities conducted on board; for example, mobiles enable travelers to make 
calls and to use social media. In current study, the carried tools that travelers use during their travel 

are examined on board of CTMs, as shown in  

Table 4-14. 

While considering onboard activities, in case of CTMs, the transport mode, the trip 

purpose, the job, and the age are examined. The results present some dependence between the 

10 activities (i.e., 14 sub-activities) and the variables. The transport mode is primarily 

associated with reading for the trip purpose, reading for other purposes, and writing for others. 

The trip purpose is associated with listening for the trip purpose and listening for others, and 

the trip time is associated with talking for the trip purpose, listening for the trip purpose, and 

thinking. The job type is associated with reading for the trip purpose and talking for others. On 

the other hand, gender and income do not show any association with the activities on board. 

Some activities such as gaming, eating and drinking, and other activities demonstrate a lack of 

association with sociodemographic and trip characteristics.  

In case of SAVs, the trip purpose, job, and gender variables are examined with the onboard 

activities. The onboard activities are affected by the trip purpose with the presence of SAVs 

because the results reveal a positive association between the trip purpose and reading for the 

trip purpose, talking for the trip purpose, talking for others, listening for the trip purpose, 

listening for other purposes, using social media, thinking, gaming, eating and drinking. 
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Besides, reading for the trip purpose, talking for the trip purpose, and talking for other purposes 

are associated with the job types, as well. Gender shows an association with writing for the trip 

purpose, writing for other purposes, talking for others, and listening for the trip purpose. 

Additionally, females show a higher level of involvement in multitasking and the usage of 

carried tools than males. It is found that people are interested in conducting more activities on 

board of SAVs once compared to CTMs. Thus, the usage of SAVs is encouraged in the future.  

4.4.6 The impact of onboard activities and carried tools on the trip time 

A six-point Likert scale is used to study the travelers’ level of agreement to the positive 

impact of 10 different types of onboard activities and 12 types of tools carried by the travelers 

on the trip time. The most frequent answer for the impact of onboard reading, talking, listening, 

using social media, relaxing, thinking, gaming, and doing nothing on the trip time is positive 

(i.e., five on the Likert scale). Table 4-11 shows the tools that travelers carry on board and the 

onboard activities as well as their influence on the perceived trip time (i.e., experienced trip 

time). The question that participants answer is the following: “Does this onboard activity/the 

tools carried by travelers that you conduct/use impact your trip time positively?” 

The H-spread of the responses is four or above for all carried tools, which means the 

participants agree on that the tools carried by the travelers and the onboard activities have a 

positive impact on the trip time. The median, which is the middle value, is calculated; thus, the 

higher half of the sample is separated from the lower half. The median is five on the Likert 

scale, which means 50% of the participants have “agree” and “totally agree” (i.e., five and six 

on the Likert scale) about the positive impact of smartphones on the trip time, while 50% have 

different opinions (i.e., one, two, three, and four on the Likert scale). The mode gives 

information about the most frequent answers, such as participants who choose classical 

cellphone as the carried tool answer “disagree” (i.e., two on the Likert scale) about the positive 

impact of classical cellphone on the trip time. The most frequent answer for the impact of 

onboard reading, talking, listening, using social media, relaxing, thinking, gaming, and doing 

nothing on the trip time is positive (i.e., five on the Likert scale).  

Table 4-11. The participants’ responses regarding the positive impact of various tools carried by the 

travelers and the onboard activities on the trip time * 

Carried tool Mean IQR Median Mode Activity on board Mean IQR Median Mode 

Classical cellphone 3.03 4 2 2 Reading 4.10 5 5 5 
Smartphone 5.07 6 5 5 Writing 3.09 4 3 2 
Tablet 3.56 5 4 4 Talking 4.24 5 5 5 
Laptop 4.49 6 5 5 Listening 4.97 6 5 5 
Headsets 3.60 5 4 4 Using social media 4.15 5 5 5 

Newspaper, book 3.55 5 4 4 Relaxing 4.57 5 5 5 
Work document 4.71 6 5 5 Thinking 5.01 6 5 5 
Internet bundle 3.87 5 4 4 Gaming 2.95 4 2 5 
Battery charger 4.58 6 5 5 Eating/drinking 3.46 5 4 2 
Food 3.99 5 4 5 Doing nothing 2.76 2 2 3 
Drink 4.28 5 5 5           
Not using anything (no 
tools) 

3.07 4 4 4           

*1: totally disagree, 2: disagree, 3: slightly disagree, 4: slightly agree, 5: agree, and 6: totally agree. 

The findings show that all the tools carried by the travelers on board except for the classical 

cellphone and all onboard activities except for eating/drinking and writing have a positive 

impact on the trip time, while doing nothing, where participants are bored or stressed, has a 
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slightly negative impact on the trip time, which means that even though travelers seem to be 

used to doing nothing on board, they would like to change this habit.  

4.4.7 The transport mode with the most frequent activity 

Figure 4-3 shows the travelers’ onboard activities per transport mode. The participants 

report their current transport modes and the activity that they conduct influencing their trip 

time positively. The criterion to be used in the decision is the median, where the percentage of 

the participants is higher than 50%. It is worth mentioning that “others” refers to any transport 

mode except for car-as-a-driver, car-as-a-passenger, taxi, public transport, bicycle, and 

walking. The sequence of transport modes from the best to the worst based on the consensus 

of conducting onboard activities that influence the trip time positively are the followings:  

• Reading: public transport, car-as-a-passenger, walking, car-as-a-driver 

• Writing: public transport, car-as-a-passenger, walking, car-as-a-driver 

• Talking: car-as-a-passenger, car-as-a-driver, public transport, walking 

• Listening: public transport, car-as-a-passenger, car-as-a-driver, walking 

• Using social media: public transport, walking, car-as-a-passenger, car-as-a-driver 

• Relaxing: public transport, walking, car-as-a-passenger, car-as-a-driver 

• Thinking: public transport, walking, car-as-a-passenger/car-as-a-driver 

• Gaming: public transport, car-as-a-passenger, walking, car-as-a-driver 

• Eating/drinking: car-as-a-passenger, car-as-a-driver, public transport, walking 

 

 

Figure 4-3. The percentage of each onboard activity that a user of a transport mode conducts 
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Table 4-12. The significant variables affecting the onboard activities on board of CTMs * 

Category Onboard activity 

Reading 

for the 
trip 
purpose 

Reading 

for 
others 

Writing 

for the 
trip 
purpose 

Writing 

for 
others 

Talking 

for the 
trip 
purpose 

Talking 

for 
others 

Listening 

for the 
trip 
purpose 

Listening 

for 
others  

Using 

social 
media 

Relaxing  Thinking  Gaming 

 

Eating 

and 
drinking 

Other 

activities 

Transport 
mode 

95% 95% N 90% N 95% N 90% N N N N N N 

Trip 
purpose 

90% N N N 90% 90% 95% 95% 90% N N N N N 

Trip time N N N N 95% 90% 95% N N N 95% N N N 
Job 95% N 90% N N 95% N N N N N N N N 
Age N N N N 95% N N N N 90% N N N N 

*Statistically significant at a confidence level. N: insignificant variable.  

 

Table 4-13. The significant variables affecting the onboard activities in case of SAVs 

Category Onboard activity 

Reading 
for the trip 
purpose 

Reading 
for others 

Writing 
for the trip 
purpose 

Writing 
for 
others 

Talking 
for the trip 
purpose 

Talking 
for 
others 

Listening 
for the trip 
purpose 

Listening 
for others  

Using 
social 
media 

Relaxing  Thinking  Gaming 
 

Eating 
and 
drinking 

Other 
activities 

Trip 
purpose 

95% N N N 95% 95% 95% 95% 95% N 95% 95% 95% N 

Job 95% N N N 95% 95% N N N N 90% N N N 
Gender N N 90% 90% N 90% 90% N N N N N N N 

*Statistically significant at a confidence level. N: insignificant variable. 

 

Table 4-14. The significant variables affecting the use of the carried tools on board of CTMs 

Category Carried tool 

Classical 
cellphone 

Smartphone Tablet Laptop Headset Newspaper, book, 
notebook 

Work 
document 

Internet 
bundle 

Battery 
charger 

Food Drink Nothing 

Trip purpose N 95% N 95% N N N 95% N 95% 95% 95% 

Transport 
mode 

N 95% 90% N 95% 95% N 95% N N N 95% 

Education  N N N 95% N N N N 90% 95% N N 
Age N 95% N N 90% N N N N 90% 90% 95% 

*Statistically significant at a confidence level. N: insignificant variable. 
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4.4.8 The connection between the onboard activities and the tools carried by the 

travelers 

The combination between the onboard activities and the tools carried by the travelers is 

examined by using the cross-tabulation method. The connection is built based on the impact of 

onboard activities and the tools carried by travelers on the perceived trip time. The aim is to 

find the connection between using the tools carried by travelers and the involvement in onboard 

activities during traveling to the main trip purpose, as shown in Table A. 2 in Appendix C. 

Based on the results dependence is found between the tools carried by travelers and the onboard 

activities, as shown in the rows of Pearson Chi-square. Dependence is found between all 

onboard activities and the tools carried by travelers except for doing nothing and internet, 

tablet, battery charger, food, and drink, which shows independence, based on a confidence level 

of 95% and 90%.  

Strong associations (i.e., indicated by aqua hatch) are found between using newspaper–

reading, using work document–reading, using work document–writing, having internet 

bundle–reading, having headset–relaxing, having internet bundle–using social media, having a 

drink–eating/drinking, and having food–eating/drinking.  

4.4.9 The changes of the impact of onboard activities and carried tools by travelers on 

travel time across groups 

The change in the effects of the used tools that travelers carry on board and the onboard 

activities on the perceived trip time across groups when travelers travel to their main trip 

purposes is examined by using multivariate analysis. Multivariate analysis is applied to 

examine the statistical difference between onboard activities and groups of transport modes, 

trip purpose, trip time, gender, age, income, education, job, and car ownership, where the same 

individuals answer the same questions in the questionnaire. However, the one-way MANOVA 

is conducted, where the onboard activities and the tools carried by travelers are treated as the 

dependent variables, while the sociodemographic, economic, and trip characteristics are the 

independent variables. Before conducting the analysis, correlation analysis, Box's test, and 

equality of error variances test are run. Box's test of equality of covariance matrices shows that 

the null hypothesis stating that the observed covariance matrices of the dependent variables 

(i.e., onboard activities) are equal among all groups (e.g., transport modes) is invalid (p<0.001). 

Table A. 3 in the Appendix C shows that Levene’s test of equality of error variance is 

insignificant for any of the dependent variables, which leads to the conclusion that the 

multivariate test results can be interoperated. A bivariate analysis of onboard activities (i.e., the 

dependent variables) is conducted. The results support the conduction of one-way MANOVA, 

which assumes no multicollinearity to conduct a multivariate statistical analysis (i.e., no strong 

correlations > 0.8) [100].  

Eta square is used to measure the proportion of the total variance in those onboard activities 

and tools carried by travelers that are associated with the different groups of transport modes, 

trip purpose, trip time, gender, age, income, education, job, and car ownership. A bivariate 

analysis of the tools carried by travelers (i.e., the dependent variables) is examined to check 

the correlations. It is worth mentioning that in this paper, one-way interaction is presented 

alone.  
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In Table 4-15 and Table 4-16, each F tests the multivariate effect of the independent 

variables (i.e., groups). These tests are based on the linearly independent pairwise comparisons 

of the estimated marginal means. Box's test of equality of covariance matrices shows that the 

null hypothesis that the observed covariance matrices of the dependent variables (i.e., onboard 

activities/ tools carried by travelers) are equal among all groups (e.g., transport modes) is 

invalid; thus, using Wilks' Lambda multivariate test in the interpretation is valid. The four tests 

are significant (>0.05).  

In case of onboard activities, there is a statistically significant difference in conducting 

onboard activities based on the transport modes, gender, income, and car ownership. For 

example, car ownership shows statistically significant difference in conducting onboard 

activities, F (9, 482.000) = 2.258, p < 0.05; Wilk's Λ = 0.960, partial η2 = 0.046. While other 

independent variables are not statistically significant.  

In case of the tools carried by travelers, the correlations are significant in all pairs except 

for no tools-newspaper and no tools-work document. All the correlations range from weak to 

moderately strong correlations, where the highest correlation locates between drink-food 

(0.783). The results support the conduction of one-way MANOVA that assumes no 

multicollinearity to conduct a multivariate statistical analysis (i.e., no strong correlations >0.8). 

The transport modes, the trip purpose, the trip time, the gender, the age, the education, and the 

job show statistically significant differences in using the tools carried by travelers. For 

example, the job group shows statistically significant difference in using the tools carried by 

travelers F (84, 2941.677) = 1.375, p < 0.05; Wilk's Λ = 0.790, partial η2 = 0.033. While other 

independent variables (i.e., car ownership and income) are not statistically significant. 

The formulation of the generalized model that combines the dependent variables and the 

independent variables is shown at the bottom of Table 4-15 and Table 4-16. Moreover, η2 value 

is the variance explained by a given variable of the variance remaining after excluding the 

variance explained by other predictors. The power of η2 is considered small to medium (i.e., 

small=0.01, medium=0.06, and large=0.14) [109]. 

Table 4-15. Onboard activities across groups: the results of multivariate analysis test a 

Effect 

 
Value F Hypothesis df Error df Sig. Partial Eta Squared (η2) 

Intercept Wilks' Lambda 0.323 112.350b 9 482.000 0.000* 0.705 

Transport mode Wilks' Lambda 0.842 1.567 54 2462.322 0.005* 0.031 

Trip purpose Wilks' Lambda 0.929 0.992 36 1808.014 0.484 0.021 

Trip time Wilks' Lambda 0.921 0.741 54 2462.322 0.920 0.016 

Gender Wilks' Lambda 0.970 1.677b 9 482.000 0.092** 0.042 

Age Wilks' Lambda 0.949 0.950 27 1408.331 0.538 0.019 

Income Wilks' Lambda 0.926 1.383 27 1408.331 0.092** 0.027 

Education Wilks' Lambda 0.956 0.809 27 1408.331 0.744 0.016 

Job Wilks' Lambda 0.872 1.059 63 2720.757 0.352 0.021 

Car ownership Wilks' Lambda 0.960 2.258b 9 482.000 0.018* 0.046 

a. Design: Intercept + Transport mode + Trip Purpose + Trip time + Gender + Age + Income + Education + Job + Car ownership  

b. Exact statistic. * Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  
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Table 4-16. The tools carried by travelers across groups: the results of multivariate analysis test a 

Effect Value F Hypothesis df Error df Sig. Partial Eta Squared (η2) 

Intercept Wilks' Lambda 0.374 66.802b 12 479.000 0.000* 0.626 

Transport mode Wilks' Lambda 0.798 1.537 72 2611.846 0.003* 0.037 

Trip purpose Wilks' Lambda 0.879 1.316 48 1847.197 0.073** 0.032 

Trip time Wilks' Lambda 0.828 1.281 72 2611.846 0.058** 0.031 

Gender Wilks' Lambda 0.953 1.982 b 12 479.000 0.024* 0.047 

Age Wilks' Lambda 0.872 1.872 36 1415.987 0.001* 0.045 

Income Wilks' Lambda 0.910 1.271 36 1415.987 0.132 0.031 

Education Wilks' Lambda 0.893 1.529 36 1415.987 0.024* 0.037 

Job Wilks' Lambda 0.790 1.375 84 2941.677 0.014* 0.033 

Car ownership Wilks' Lambda 0.967 1.362 b 12 479.000 0.180 0.033 

a. Design: Intercept + Transport mode + Trip Purpose + Trip time + Gender + Age + Income + Education + Job + Car ownership  

b. Exact statistic. * Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  

The results of the multivariate analysis demonstrate that the perception of trip time is not 

the same across some groups. Thus, travelers have different perceived trip times across the 

groups while conducting onboard activities and using the carried tools on board, as presented 

in Table 4-15 and Table 4-16. 

4.4.10 Ranking the travelers’ groups based on the onboard activities and the tools carried 

by travelers 

The statistically significant differences between the sociodemographic variables 

considering the onboard activities and the tools that travelers carry are tested by using the 

Kruskal-Wallis H test to find the rankings for each onboard activity per group. Kruskal-Wallis 

H test is applied for the travelers’ groups such as gender, age, income, education, job, car 

ownership, transport mode, and trip purpose.  

Only gender group is presented in detail, while the results of others are presented in Table 

A. 6 to Table A. 12 in Appendix C. The result of the test on the gender group shows that there 

is a statistically significant difference between the responses of males and females in case of 

reading, writing, talking, relaxing, and no activity, as well as the rankings, as shown in Table 

4-17 and Table 4-18 (see χ2, p, and the mean ranking). Table 4-17 shows the significance of 

the results, while Table 4-18 demonstrates the rankings. Reading, writing, talking, and relaxing 

are significant at a confidence level of 95%, while “no activity” is significant at a confidence 

level of 90%. On the other hand, listening, using social media, thinking, gaming, and 

eating/drinking activities do not show significant differences across the genders.  

The findings of the research are summarized in the followings: 

• Women are more likely to read, write, or relax on board than men because it has a 

higher mean ranking than for males. 

• Males are more likely to talk or to do nothing on board than females because these 

activities have a higher mean ranking than in case of females. 

• People from the age class of 15-24 years are more likely to be engaged in onboard 

activities than other age classes.  
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• Low-income people are more involved in onboard activities than high-income and 

middle-income travelers.  

• High-school degree holders are more involved in onboard activities than other 

educational degree holders.  

• The self-employed travelers followed by the students, in sequence, are more likely to 

be involved in onboard activities than people belonging to other job types. 

• People who do not own personal cars are more involved in onboard activities than car 

owners.  

• People who travel to home and school are more involved in onboard activities than 

traveling to other trip purposes. 

• Travelers using public transport, taxi, and car-as-a-passenger are more involved in 

onboard activities than other transport mode users. 

 

Table 4-17. Kruskal-Wallis test statistics of the gender groups 

 Readin

g 

Writin

g 

Talkin

g 

Listenin

g 

Using 

social 
medi
a 

Relaxin

g 

Thinkin

g 

Gamin

g 

Eating/ 

drinkin
g 

Doing 

nothin
g 

Chi-Square 8.579 7.598 4.379 0.253 0.105 6.858 0.272 0.073 0.004 3.461 
df 1 1 1 1 1 1 1 1 1 1 
Asymptoti
c Sig. 

0.003* 0.006* 0.036* 0.615 0.746 0.009* 0.602 0.787 0.951 0.063* 

* Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  

 

Table 4-18. One-way ANOVA/The rankings of the gender groups 
Gender Reading Writing Talking Listening Using 

social 
media 

Relaxing Thinking Gaming Eating/ 
drinking 

Doing 
nothing 

Mean 
Rank 
(female) 

282.30 281.18 249.47 266.18 260.86 279.85 259.73 264.79 263.41 250.75 

Mean 
Rank 
(male) 

244.77 245.83 275.77 260.00 265.02 247.09 266.09 261.31 262.62 274.56 

4.4.11 The factors that own the most impact on the perceived trip time  

Participants evaluate the trip time in the presence of onboard activities and each carried 

tool. The evaluation is based on a six-point Likert scale. EFA is used to find the factors that 

own the most impact on the perceived trip time, where each onboard activity or carried tool is 

considered as a factor. This analysis aims to decrease the number of activities/tools involved 

in the evaluation of the perceived trip time. Table A. 5 in the Appendix C shows that KMO is 

0.672 for the onboard activities and 0.835 for the tools carried by travelers, which means the 

sample size is large enough for conducting the analysis (KMO>0.05) [98]. The eigenvalues, 

which are the variances of the factors, and the statistical technique varimax rotation method are 

used in EFA (i.e., at one level of factor analysis as an attempt to interpret the relationship 

among the factors) [107, 108]. 

The EFA result is presented in Figure A. 11 in the Appendix C which shows the Scree 

plots and their values of the eigenvalues against the factor numbers, where the factors of the 

eigenvalue larger than 1 are selected. The correlations with less than the absolute value of 0.3 

are removed. The factors that are good to evaluate the trip time are the first four factors in case 
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of onboard activities and the first three factors in case of the carried tools, where the eigenvalue 

is larger than 1.  

In the onboard activities’ set, the results show that the reading, writing, talking, and 

listening factors explain 25.56%, 13.66%, 10.74%, and 10.5 % of the variance, respectively. 

While in the tools carried by travelers’ set, the following factors: classical mobile phones, 

smartphones, and laptops explain 35.88%, 12.506%, and 9.88% of the variance, respectively.  

From the results of EFA, it is important to understand the underlying structure between 

the factors, where a reduction in the number of factors in the set of factors (i.e., onboard 

activities/carried tools) is possible. The rotation component matrix, which shows the Pearson 

correlation between the components and items (i.e., the correlations are called factor loadings), 

is presented in Table A. 4 in Appendix C. In the onboard activities’ set, eating, gaming, using 

social media, talking, and listening can be measured by component one (i.e., reading), reading 

and writing can be measured by component two (i.e., writing), thinking and relaxing can be 

measured by component three (i.e., talking), and doing nothing can be measured by component 

four (i.e., listening). In the tools carried by travelers’ set, internet bundle, smartphone, headset, 

tablet, and no tools can measure component one (i.e., classical mobile phone), newspaper, work 

document, classical mobile phone, and laptop can measure component two (i.e., smartphone), 

and drink, food, and battery/charger can measure component three (i.e., laptop).  

 

4.5 Discussion 

The travelers’ behavior on board of CTMs and SAVs is investigated, where 10 onboard 

activities and 12 carried tools are presented. Statistical methods are used to understand the 

travelers’ behavior on board of CTMs and SAVs by finding the association between the 

onboard activities and various factors. Association analyses are done to understand the 

relationship/dependence between the onboard activities and the carried tools, trip 

characteristics, and travelers’ characteristics. Moreover, the impact of multitasking and the 

carried tools of travelers used on board on the perceived trip time is analyzed. 

Firstly, the individuals provide information about their existing conditions when they 

travel for their main trip purposes. The responses are analyzed, and the transport modes where 

travelers conduct specific activities are presented. The transport modes are sequenced per 

onboard activity (i.e., which influences the trip time positively) based on the respondents’ 

satisfaction. The onboard activities and the tools carried by travelers with the trip time are 

analyzed based on the participants’ responses about the impact of conducting onboard activities 

and using the carried tools on board on the trip time. Besides, the differences between the 

groups across the onboard activities and the tools carried by travelers are analyzed to see if the 

perceived trip time is enhanced in certain groups or not. The values of the difference across 

groups per onboard activity are estimated, where the superior subgroup (i.e., class) in each 

group is presented. Travelers show that the waiting time is the most important factor affecting 

the travel time negatively, which is followed by congestions/delays, as shown in Table 4-7.  
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What are the travelers’ preferences on board of SAVs and CTMs? 

The acceptability of SAVs by the travelers is examined. The seat availability and the extra 

tools inside of SAVs would encourage people to accept SAVs as a transport mode more than 

other factors, such as the tools inside the vehicle, the privacy, the travel time, the minimization 

of the travel time, and onboard multitasking. Furthermore, the result of the study demonstrates 

that travelers are more willing to multitask on board of SAVs than CTMs, as shown in Table 

4-10.  

What are those variables that impact the trip time negatively? 

Eight variables are ranked based on their importance in affecting the travel time negatively. 

The finding demonstrates that 44.6% of the participants agree on the waiting time being the 

most important factor affecting the travel time negatively.  

How are onboard activities and the tools carried by travelers associated with the variables of 

sociodemographic and trip characteristics? 

The associations between onboard activities and the characteristics of the travelers and trip 

on board of CTMs and SAVs are examined. First, in case of CTMs, associations are found 

between reading, writing for others, talking for others, and listening for others with the 

transport mode used by travelers. In case of the trip purpose, associations are found with 

reading for the trip purpose, talking, listening, and using social media. In case of the trip time, 

associations are found with talking, listening for the trip purpose, and thinking. In case of the 

job, associations are found with reading for the trip purpose, writing for the trip purpose, and 

talking for others. In case of the age, associations are found with talking for the trip purpose 

and relaxing. Second, in case of SAVs, not all variables are associated with the onboard 

activities. In case of the trip purpose, associations are found between reading for the trip 

purpose, talking, listening, using social media, thinking, gaming, and eating/drinking with trip 

purpose. In case of the job, associations are found with reading for the trip purpose, talking, 

and thinking. In case of the age, associations are found with writing and talking. On the other 

hand, the associations between the carried tools by travelers and the characteristics of travelers 

and trips are examined with the CTMs. The results show that not all variables are associated 

with the carried tools by travelers. In case of the trip purpose, associations are found with using 

smartphone, laptop, Internet bundle, food, drink, and others. In case of the transport mode, 

associations are found with smartphone, tablet, headset, newspaper, Internet bundle, and 

nothing. In case of the education, associations are found with laptop, battery charger, food, 

drink, and nothing. In case of the age, associations are found with smartphone, headset, food, 

drink, and nothing. 

How are onboard activities associated with the tools carried by travelers on board to impact 

trip time?  

The travelers are asked to measure their agreements on the positive impact of each onboard 

activity and carried tool by traveler on the trip time. The connections between using the tools 

carried by travelers and the onboard activities are examined, and the results demonstrate 

moderate to strong associations, as shown in Table A. 2. Thus, the availability of the tools 

carried by travelers on board affects the type of onboard activities, for example, strong 

association is presented between Internet bundle and using social media. Thus, the perceived 
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trip time is affected by the availability of tools on board, whether the tools are carried by 

travelers or provided by transport operators.  

Which transport mode is used mostly to conduct onboard activities based on its positive 

impact on the trip time? 

The Likert scale analysis shows that the preferred transport mode for conducting specific 

onboard activities is addressed. The public transport is the most preferred transport mode over 

others when reading, writing, listening, using social media, relaxing, and gaming, while car-

as-a-passenger is the preferred transport mode in case of eating/drinking and talking. Moreover, 

it is demonstrated that the car is the preferred mode for talking because the car provides privacy. 

Thus, the type of transport mode generally determines the activities onboard. 

What are the effects of onboard activities and the tools carried by travelers on the perceived 

trip time?  

It is found that onboard multitasking adds a positive experience to the travelers’ perceived 

trip time, while some activities show a negative impact on it. For example, gaming is relatively 

low ranked; a potential reason for that is gaming takes time, and the trip time is reported to be 

short. Another reason might be that the study focuses on the main trip purpose, which means 

that travelers are not so much interested in gaming during this kind of trip. Additionally, writing 

affects the perceived trip time negatively (i.e., 30.9% and 17.1% of two and one on the Likert 

scale, respectively) because the onboard writing activity requires special environment, such as 

no crowding, enough space, available tools, and comfort. Finally, doing nothing activity shows 

a negative impact on the perceived trip time, where travelers feel bored and unpleasant during 

traveling for their main trip purposes.  

On the other hand, the impact of the different tools carried and usually used by travelers 

on board of CTMs on the perceived trip time is examined, and the results are the followings: 

travelers using classical mobile on board show that the impact of this tool on the perceived trip 

time is not significant (i.e., a slight impact), while other tools have a much more positive 

influence on the perceived trip time. Thus, the relevance of travelers’ experience on 

determining the impact of various tools on the perceived trip time is demonstrated.  

Are there any differences between certain groups of travelers regarding the impacts of 

onboard activities on the perception of the trip time? And are there any differences between 

certain groups of travelers concerning the impacts of the tools that travelers carry on board 

on the perception of the trip time? 

The differences between certain groups of travelers regarding the impacts of onboard 

activities/the tools that travelers carry on board on the perception of the trip time are examined. 

The results of the MANOVA analysis demonstrate a statistical difference in the use of the tools 

carried by travelers and onboard activities. The use of the tools that travelers bring on board is 

statistically different based on the transport mode, trip purpose, trip time, age, gender, job, and 

education. Besides, the involvement in onboard activities is statistically different according to 

the transport mode, gender, income, and car ownership. Thus, statistical difference means that 

the perceived trip time is not fixed across the groups. Travelers conduct onboard activities and 

use their carried tools based on their characteristics and travel properties, where the degree of 
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enhancement on the perceived trip time depends on more than one variable, such as trip 

purpose, and the availability of tools on board.  

What are the rankings of onboard activities across certain groups of travelers? 

The result of the Kruskal-Wallis test presents that participation in onboard activities is 

different across the gender, age, income, education, job, car ownership, trip purpose, and 

transport mode groups. The values of difference are presented in Table A. 6 to Table A. 12 as 

rankings (i.e., one-way ANOVA rankings). The result of the analysis demonstrates that the 

subgroups of women, the people aged 15-24 years, low-income people, high school degree 

holders, non-car owners, travelers with home and educational trip purposes, taxi/public 

transport/car-as-a-passenger users as well as self-employed workers and students are the most 

likely to engage in onboard activities during their traveling to the main trip purposes.  

Some onboard activities do not show significant results at a confidence level of at least 

90%; they do not change across the groups, such as doing nothing and relaxing, because they 

depend on the travelers’ preferences at the time of their travel rather than on other variables 

(see Table A. 6 to Table A. 12 in Appendix C). Thus, onboard activity is changed across the 

groups, and no dominant activity for each subgroup is noted.  

What factors (i.e., onboard activities/the tools carried by travelers’ subset) can be used to 

estimate the impact of onboard activities/the tools carried by travelers (i.e., set) on the trip 

time (i.e., uncover the underlying structure in each set)? 

The underlying relationship in the onboard activities’ set, and in the tools carried by 

travelers’ set is examined to uncover the underlying structure of each set in estimating the 

impact on the trip time. Identifying the structure of the relationship between the tools carried 

by travelers and the trip time is analyzed by using EFA. EFA is applied to the tools that travelers 

carry on board and the onboard activities. The results are four components/factors (i.e., 

activities) out of the ten onboard activities, which can be used to estimate the influence of the 

ten activities on the perceived trip time, and three components/factors (i.e., carried tools) out 

of the 12 tools carried by travelers, which can be used to estimate the influence of the 12 tools 

carried by travelers on the perceived trip time. The connection between EFA and the Likert 

scale analysis presents that EFA simplifies the analysis, and it requires less effort as studying 

four activities needs less time than studying ten activities. The same applies to the carried tools. 

Thus, the underlying relationship between the onboard activities and the tools carried by 

travelers is determined (see Figure A. 11). 
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Chapter 5 
5 The Impact of Multitasking on the Selection of 

Cars, AVs, SAVs, and Public Transport  

5.1 Introduction  

Transport mode selection is influenced by several factors, for example, travel time, travel 

cost, comfort, travel distance, safety, reliability, ease of use, multitasking possibility, and 

technophobia [82, 83, 110]. Travelers seek to maximize their utilities while traveling; 

accordingly, the transport mode, the route, and the carried tools (i.e., portable tools that they 

can use on board) are chosen. Generally, travel time is considered unproductive (i.e., disutility) 

because the travel aims to reach a destination rather than to make the travel itself [20]. People 

can switch to a transport mode to make the travel time more productive, for example, by 

conducting onboard activities [111]. The utilization of travel time on board of CTMs is 

profoundly covered in the literature, where each transport mode impact has a certain level of 

utilization based on the travelers’ preferences, such as car-as-a-passenger travelers utilize their 

travel time more than the drivers. Guevara [112] states that generally, travel time is divided 

into three parts, i.e., walking time, waiting time, and in-vehicle time. The in-vehicle time is the 

least unfavorable, while the waiting time is the most unfavorable [111]. The in-vehicle time is 

the longest part of the journey, which deserves more attention, and it can easily change with 

the presence of new transport modes or new vehicle designs. In current research, the in-vehicle 

time is studied. People try to maximize their utility on board by conducting onboard activities, 

where some onboard activities can be done with the travelers’ carried tools. For example, ICT 

tools and onboard activities might be phone calls [110]. Thus, the multitasking impact is varied 

across the transport modes, where multitasking is connected to the availability of ICT tools and 

other portable tools travelers can carry on board, such as food and drink.  

In the literature, the impact of onboard activities on the transport mode choice is discussed 

in different studies, such as Varghese and Jana [95], Banerjee and Kanafani [113], Jara-Díaz 

[114], [110, 115], Pawlak [116], Keseru et al. [117], Malokin et al. [90], Rhee et al. [85], 

Cyganski et al. [118], Singleton [115], Steck et al. [25], Lee et al. [119], Pudāne et al. [120], 

and Rashidi et al. [121]. These studies primarily focus on examining multitasking on board of 

CTMs, and solely a limited number of papers can be found on IR-AVs and SAVs because they 

have not appeared on the market yet. The results of previous studies focus on those factors that 

impact the travel behavior based on certain properties, such as the trip purpose, the transport 

mode, the travel time, the role of the travelers (i.e., driver or passenger), and the qualitative 

measures. Travelers’ attractiveness toward AVs and SAVs is primarily assessed based on the 

travel time, travel cost, and trust. Scarcely can be found studies that consider the multitasking 

on board of IR-AVs and SAVs. Furthermore, in previous studies, multitasking connected to 

AVs is not taken into consideration in more detail, and solely the general uses of multitasking 

options are studied. Besides, the trip purpose and the geographic area are not well-defined and 

covered in previous studies. Current research paper tries to cover these gaps.  
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Therefore, the framework of this study is the analysis of travelers’ main trips in urban 

areas, which differs from the objectives of previous papers. Moreover, the impact on the 

selection of transport modes made by the availability of main onboard activities is analyzed. A 

detailed examination of multitasking based on the need for ICT tools is presented, where active 

and passive activities are demonstrated. In this research, cars, public transport, IR-AVs, and 

SAVs are examined. Cars are normal passenger cars owned by individuals. IR-AVs are 

driverless cars not owned by individuals but used unshared with other passengers, and their 

capacity is like cars. SAVs are driverless cars not owned by individuals but used shared with 

other passengers, and their capacity is like cars’. 

The main contribution of this chapter concentrates on estimating the utility of different 

onboard activities and their impact on the travelers’ behavior when using the following 

transport modes: IR-AVs, SAVs, cars, and public transport. These new modes (i.e., IR-AVs 

and SAVs) are selected because of their shared characteristics, such as there is no driver, and 

all people are converted to passengers. It is worth mentioning that IR-AVs and SAVs are 

assumed to provide a door-to-door service, and they are not owned by individuals. 

  

5.2 Methodology 

The methodology described in the following paragraphs is applied for the two groups of 

transport modes: 

• The first group includes IR-AVs, SAVs, and cars. 

• The second group consists of IR-AVs, SAVs, and public transport.  

An SP survey is a tool applied to evaluate and analyze people’s behavior once a new 

situation is presented by showing theoretical experiments. In current paper, due to the absence 

of experimental trials (i.e., AVs have not appeared on the market yet), a theoretical presentation 

of AVs is used, such as exhibits, descriptions, and assumptions. In this research, an SP is 

designed, where such information is collected as the characteristics of the travelers, the travel, 

and the vehicle. Figure 5-1 shows the structure of the methodological approach followed in 

modeling the first group. The purpose of the analysis is to understand the transport choice 

model of AVs, SAVs, and cars.  

 

Figure 5-1. The structure of the survey and the outputs of the first group 

Figure 5-2 demonstrates the structure of the methodology applied in modeling the second 

group. The purpose of the analysis is to understand the transport choice model of AVs, SAVs, 

and public transport.  
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Figure 5-2. The structure of the survey and the outputs of the second group 

Discrete choice modeling is applied to uncover how travelers value certain attributes of a 

product/service by asking travelers to select their choice over different hypothetical 

alternatives, such as transport modes [122] (See Discrete Choice Modeling in Appendix A). In 

current research, discrete choice modeling is selected due to its suitability for the scope of this 

work and its power in eliciting the travelers’ attitudes and their willingness to pay for using a 

transport mode [123]. 

5.2.1 The approach of the analysis 

Different approaches and methods of analysis are used in the literature to model the 

onboard activities and to investigate multitasking. Previous studies apply the Multinomial 

Logit (MNL) model, Mixed Logit (ML) model, Ordered Probit Logit model, and Binary Logit 

model [27, 85, 86, 95, 118, 124-126]. In current study, the ML model is applied. The ML model 

is an extended model of the MNL that removes some constraints of the MNL, such as the 

independence of irrelevant alternatives (IIA) and the normal distribution of the random errors. 

In the ML model, the error part can be identified by an extended analysis such as measuring 

the random taste heterogeneity. This can be done by letting the parameter estimates vary across 

the individuals.  

The general form of the utility is expressed in Equation (5.1). 

 

𝑈𝑗 = 𝑉(𝛽/𝑋𝑖𝑗) + (𝜂 + 𝜀) (5.1) 

 

Where V is a deterministic part, which can be defined from the attributes and the levels of 

the selected alternative, xi stands for a vector of the attribute levels defining alternative j, and 

β is a vector of the estimated coefficients. ε stands for a random error, like in the MNL, which 

is independent and independent and identically distributed (IID), while η is an error that can 

take any distribution forms such as normal, log, uniform, triangular, or fixed to overcome the 

constraints of the MNL [127]. Equation (5.1) can be rewritten to consider the specification of 

current research, as shown in Equation (5.2). Equation (5.2) accounts for two types of errors to 

measure the taste of heterogeneity among travelers.  

 

𝑈𝑖𝑗𝑐 = 𝛽0 (𝑖) + 𝛽𝑡𝑡 (𝑖) ∗  𝑇𝑇 + 𝛽𝑡𝑐 (𝑖) ∗ 𝑇𝐶 + 𝛽𝑚𝑙 (𝑖) ∗ 𝑀𝐿 (𝐷𝑢𝑚𝑚𝑦) + ⋯ + (𝜂 + 𝜀)ijc (5.2) 
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Where 𝑈𝑖𝑗𝑐 is the utility of alternative (j) selected by individual (i) at time c. ε is a random 

error, like in the MNL, which is independent and IID, while adding η which stands for an error 

that can take any distribution forms such as normal, log, uniform, triangular, or fixed for the β 

of alternative specific constant [127]. 𝛽0 (𝑖), 𝛽𝑡𝑡 (𝑖), 𝛽𝑡𝑐 (𝑖), 𝛽 𝑀𝐿 (𝑖),  𝛽… are parameters of the 

observed variables to be estimated from the collected data. The ML model is the integral of the 

standard logit probabilities over the density of the parameters. Equation (5.3) shows the general 

form of the utility function of the ML model. The unconditional probability 𝑃𝑖 of the choice 

sequence, which is estimated by the maximum likelihood estimation, is given by Equation 

(5.3). 

 

𝑃𝑖 = ∫ 𝐿𝑖 (𝛽) 𝑓(𝛽)𝑑(𝛽) (5.3) 

 

Where 𝐿𝑖 stands for the logit probability at β, and 𝑓(𝛽) is a density function. The 

probability that individual (i) selects alternative (j) from a set of k alternatives at time c is 

conditional on β, as in Equation (5.4). 

 

𝐿𝑖𝑗𝑐 = (
𝑒𝑥𝑝(𝑋𝑖𝑗𝑐𝛽𝑖)

∑ 𝑒𝑥𝑝(𝑋𝑖𝑗𝑐𝛽𝑖)𝐾
𝑗=1

) 
(5.4) 

 

The panel data-mixed logit model, which is known as the heteroskedastic error component 

type model, is used in this study to capture the unobserved factors and the correlations between 

the choices selected by the same participant [128]. Furthermore, the VOT can be estimated by 

using Equation (5.5). 

 

𝑉𝑂𝑇 =
𝛽𝑡𝑡

𝛽𝑡𝑐
 

(5.5) 

 

Where VOT stands for the value of travel time, 𝛽𝑡𝑡 is the marginal utility of the travelers’ 

travel time, and 𝛽𝑡𝑡 is the marginal utility of the travelers’ travel costs. 

5.2.2 Survey design 

In this chapter, an SP survey method is used to extract responses that detect priorities, 

preferences, and the relative importance of individual features associated with the 

characteristics of the transport mode [123]. 

The SP survey consists of three sections: the travel characteristics, the individual 

characteristics, and the DCEs. The first section reveals information on the main travel 

characteristics, such as the transport modes and the travel time. While the second section 

includes the variables related to the sociodemographic data, such as gender, age, income, and 

job. Finally, the third section presents the DCEs, which capture the impact of the travel time, 

travel cost, and multitasking on the transport mode choice. 
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The survey is distributed in Budapest, Hungary. The survey had been available for 1.5 

months (i.e., from February 2020 to April 2020). The people are asked to fill the survey based 

on their normal days; thus, the impact of the COVID-19 pandemic is avoided. The respondents 

fill the survey for their main trip purposes, for example traveling from home to shopping by 

taxi (i.e., as the most frequent transport mode for a traveler going for the main trip). The 

LimeSurvey online survey tool is used as a platform for conducting the online survey. The 

LimeSurvey is an adequate tool for this type of survey because it supports the DCE by having 

the randomization feature [104].  

The first group survey is shown in Survey No. 1 in Appendix D, while the second group 

survey is shown in Survey No. 2 in Appendix D. It is worth mentioning that only two 

combinations of the DCEs are shown, as examples.  

5.2.3 Defining the attributes 

The availability of multitasking means that a traveler can conduct one or more than one 

activity besides traveling. In current study, the onboard activities are divided into two groups: 

passive and active activities. Active activities are those where travelers have to interact either 

physically or by using ICT tools to conduct an activity, while passive activities mean that 

travelers do not require tools or any kind of ICT tools to conduct an activity. Some examples 

of passive activities include window gazing, thinking, and sleeping. The trip purpose, the 

transport mode, and the availability of the tools/features on board (i.e., tools are either provided 

by the vehicle operators on board or carried by the travelers on board) affect the level of 

conducting an onboard activity [124].  

In essence, to simplify the understanding of the survey for the respondents, the possible 

onboard activities are formulated based on the characteristics of the trip purpose, transport 

mode, and ICT tool requirements. For instance, the activity that needs technological tools to be 

conducted are assigned to multitasking availability, such as mobile, laptop, and tablet, headset, 

smartphone. These tools are used for making phone calls, sending text messages, using social 

media, and playing games. 

The first group 

Ten activities are presented and grouped into either multitasking availability or 

multitasking unavailability.  

• Multitasking availability (i.e., the active activities) includes the followings: (1) reading, 

(2) writing, (3) talking (to other passengers or on the phone), (4) using social media 

(i.e., surfing on Twitter, Facebook, YouTube, or Instagram), (5) eating/drinking, (6) 

listening (to music or radio), and (7) gaming (on a tablet, laptop, or mobile).  

• The unavailability of multitasking (i.e., the passive activities) means that there is low 

possibility for travelers to conduct the previous seven active activities as main activities 

but might do the followings: (8) thinking (i.e., trip tracking, meditation, or planning), 

(9) relaxing (i.e., sleeping or window gazing/watching), and (10) doing nothing (i.e., 

getting bored, unpleasant, anxious, or stressed).  

 

The multitasking attribute in the DCE method includes two options: either multitasking is 

available, or multitasking is not available. The availability of multitasking means that travelers 

can conduct solely active onboard activities, while the unavailability of multitasking means 
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that travelers might be involved in passive activities alone. In case of active onboard activities, 

the following activities are possible regardless of the level of possibility: reading, writing, 

talking, listening, using social media, gaming, and eating/drinking. On the other hand, the 

unavailability of multitasking means conducting passive onboard activities such as window 

gazing, thinking, relaxing, or sleeping.  

Table 5-1 presents the components of the DCE, which consists of the alternatives (i.e., 

choice modes), the attributes (i.e., factors) that characterize the alternatives, and the levels that 

represent the changes in each attribute.  

Table 5-1. The properties of the DCE for the first group * 

Level Attribute   

 Multitasking option Total trip cost (HUF)* Total trip time (minute) 

Level 1 Available 1.30*(TC) 1.25*(TT) 
Level 2 Not available TC TT 
Level 3  0.70*(TC) 0.75*(TT) 

* TC: travel cost, TT: travel time 

The survey asks the participants to choose the car, AV, or SAV alternative to reach their 

main destinations. Figure 5-3 shows a sample where respondents are asked to choose one of 

the transport modes (see Survey No. 1 in Appendix D). 

 

   
 Attribute  IR-AV SAV Car 

Total trip cost (HUF) 325 250 175 

Total trip time (minute) 25 25 30 

Multitasking availability  Not available Available Available 

Figure 5-3. A DCE sample 

The second group 

Six onboard activities are formulated, i.e., (1) reading, (2) writing, (3) talking, (4) using 

social media and gaming, (5) eating/drinking, and (6) doing nothing on board (i.e., doing others 

like window gazing, sleeping, etc.). In the case of reading or writing, one can use either paper-

based (e.g., book or sheet) or technological tools (e.g., mobile, laptop, or tablet) during the 

travel. Talking with strangers, family, acquaintances, or friends is conducted either face to face 

or by using technological tools inside the vehicle. Facebook, YouTube, Twitter, Instagram are 

examples of social media. The sixth activity (i.e., doing nothing) means that travelers do not 

conduct any activity (however, they have feelings: they are bored, anxious, unpleasant, 

stressed, etc.). This methodology aims to estimate the impact of each activity on the transport 

mode selection. Decision-makers can use the output of this analysis as an input to improve the 

transport system. 

Table 5-2 presents the multitasking options in case of each transport mode based on the 

six onboard activities. Moreover, multitasking has a contribution to mode choice, for example, 

reading and writing for work purposes is different than reading and writing for leisure as the 

requirements of these onboard activities (e.g., privacy) are different. Since not all activities can 

be conducted efficiently in case of all transport modes, travelers choose a transport mode over 

the others to be able to conduct a certain activity, while other activities are secondary and have 

little effect on the travelers’ utility. The definition of multitasking activities provides 

information to understand the utility of multitasking in transport mode choice. Thus, travelers 
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are asked to select IR-AVs, SAVs, or public transport after considering the time, the cost, and 

the possible onboard activities. As a summary, Table 5-2 illustrates the attributes and levels 

used in generating the choice sets. The attributes’ levels are distributed randomly in the choice 

experiments. 

Table 5-2. DCE attributes and levels for the second group 

Level 
Attribute 

Multitasking option Total trip cost (HUF)* Total trip time (minute) 

Level 1 Reading 1.30*(TC) 1.25*(TT) 
Level 2 Writing TC TT 
Level 3 Talking 0.70*(TC) 0.75*(TT) 
Level 4 Using social media and gaming    
Level 5 Eating and drinking   
Level 6 Others   

An example for choice combination is shown in Table 5-3 (see Survey No. 1 in Appendix 

D). It is worth mentioning that the availability of one activity on board a transport mode means 

that there is a high probability that the travelers conduct primarily this activity during their 

travel.  

Table 5-3. One choice combination 

 

  
 

 Attribute  IR-AV SAV Public transport 

Total trip cost (HUF) 175 325 175 

Total trip time (minute) 20 30 20 

Multitasking availability  Talking Reading Writing 
1Euro=340HUF 

5.2.4 The DCE design methods 

The DCE design is constructed by using a fractional factorial design [129]. The attributes 

of the DCEs are uncorrelated, and the alternatives are mutually exclusive. The respondents 

answer six questions. The number of levels in each block is equal, and the number of choice 

sets in each block is equal, too. The fractional factorial design is realized by using RStudio to 

find the possible combinations. The choice set creation is conducted by using simultaneous 

choice sets [130, 131]. Practically, a block is randomly given to a respondent, so instead of all 

choice sets, the questions in the given block are answered [132]. The “Lma.design” function 

from the “support.CEs” package is used to create the DCE from the orthogonal main-effect 

array, where each row represents a combination set. In current research, an average trip length 

of four km is used, which represents an average trip distance in Budapest [13, 133, 134]. 

For the first group, the number of choice sets is 36. The 36 scenarios are distributed into 

six blocks, and each of them has six scenarios. The rough estimate of the required sample size 

to develop a mode choice model based on the results of the DCE is calculated relying on the 

study of de Bekker-Grob et al. [135]. The minimum sample size required for the analysis 

consists of 120 respondents (i.e., based on the number of the alternatives, the largest number 

of the attributes and levels); however, it is highly recommended to have a bigger sample size 

[135].  

For the second group, the results are 72 choice sets/combinations distributed equally to 12 

blocks [136]. The required sample size for conducting the analysis includes 330 respondents 
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(500 *(the largest number of levels) / (the number of scenarios * the number of attributes)) 

based on de Bekker-Grob et al. [135]. 

5.2.5 Model specifications and design 

The utility function for choosing one transport mode over others is studied for three 

factors, i.e., travel time, travel cost, and multitasking. The utility function of the model of the 

first group is given in Equation (5.6). While the model of the second group is given by Equation 

(5.7). The model specification is rewritten based on Equation (5.2), as shown in Equation (5.6). 

 

𝑈𝑖𝑗𝑐 = 𝛽 0(𝑖) + 𝛽𝑇𝑇(𝑖) ∗  𝑇𝑇 + 𝛽𝑡𝑐 (𝑖) ∗ 𝑇𝐶 + 𝛽𝑀𝐿 (𝑖) ∗ 𝑀𝐿𝑇 (𝐷) + ∑ [𝐷𝑘
𝑗𝑘

∗ 𝐷𝑗 ∗ 𝛽𝑗𝑘]

+ (𝜀 +  𝜂)𝑖𝑗𝑐  

 

(5.6) 

𝑈𝑖𝑗𝑐 = 𝛽0 (𝑖) + 𝛽𝑇𝑇 (𝑖) ∗ 𝑇𝑇 + 𝛽 𝑇𝐶 (𝑖) ∗  𝑇𝐶 + 𝛽 𝑀𝐿 (𝑖) ∗  𝑀𝐿𝑇 (𝐷) + ∑ [𝐷𝑘
𝑗𝑘

∗ 𝐷𝑗

∗ 𝛽𝑗𝑘] + (𝜀 +  𝜂)𝑖𝑗𝑐  

(5.7) 

 

Where 𝑈𝑖𝑗𝑐 is the utility of alternative (j) selected by individual (i) at time c, TC is the 

travel cost, TT is the travel time, and MLT represents the multitasking options.  Dk  is the 

dummy variable (k), and DkT is the dummy of alternative (j). 𝛽𝑇𝑇(𝑖), 𝛽𝑇𝐶(𝑖), and 𝛽 𝑀𝐿 (𝑖) are 

alternative specific variables. βjk  are  𝛽𝑇𝑟𝑎𝑛𝑝𝑜𝑟𝑡 𝑚𝑜𝑑𝑒 (𝑖),  𝛽𝐴𝑔𝑒 group (𝑖),  𝛽𝑖𝑛𝑐𝑜𝑚𝑒 𝑐𝑙𝑎𝑠𝑠 (𝑖), 

 𝛽𝐽𝑜𝑏 (𝑖),  and 𝛽𝑐𝑎𝑟 𝑜𝑤𝑛𝑒𝑟𝑠ℎ𝑖𝑝(𝑖) parameters in alternative (j), and they are the case specific 

variables to be estimated from the collected data, 𝛽0 (𝑖) is the alternative-specific intercepts. 

𝜀 +  𝜂 represents an indeterministic error, while in the developed model only εijc  is examined, 

which is an IID extreme value type 1 distribution. It is worth mentioning that the regular used 

transport mode stands for the transport mode used by the respondents to reach their main trip 

purpose.  

The ML model is applied [137, 138]. It is worth noting that the Stata 16 software is applied 

to analyze the data and to develop the model [139]. In the ML, the participants select a transport 

mode from the choice sets. The data with repeated cases from the same units are referred to as 

panel data. The panel data ML model uses random coefficients to model the correlation of the 

choices across the alternatives. It is worth mentioning that the different distributional 

assumptions of random parameters are used, and solely the superior model with the best fit is 

selected. Some criteria used to select the superior model have better Akaike information 

criterion (AIC) and Bayesian information criterion (BIC) values (i.e., penalized-likelihood 

criteria) [140]. From the results, the data do not produce good results when the trip time and 

trip cost are used as random coefficients.  

 

5.3 The analysis and the results of the first group 

The results of the analysis are divided into two parts: descriptive statistics, and model 

estimation. The first part (i.e., descriptive statistics) gives information about the compositions 

of the sample, the second part (i.e., model estimation) presents the mode choice estimates. The 
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samples’ composition is not representative for the population. The respondents were 

approached by email and were selected based on educational level.  

5.3.1 Descriptive statistics 

The number of respondents is 552; however, 276 answers are used after filtering the data. 

Table 4-5 provides the proportions of the sample concerning the sociodemographic variables 

of the 276 chosen participants. The sociodemographic data include income, employment, 

family size, age, gender, car ownership, and educational level.  

Table 5-4. The descriptive statistics of the sociodemographic variables 

Variable % Variable % Variable % 

Age  Educational level  Employment  
15-24 22.5 High school 1.8 Student 41.6 

25-54 71.7 Undergraduate studies 83.3 Full-time worker 34.8 
55-64 3.6 Graduate studies 13.8 Part-time worker 12.0 
+65 2.2 Other 1.1 Housewife 2.5 
Gender  Income  Unemployed 2.9 
Female 37.7 Low-income class 49.1 Retired 2.9 
Male 62.3 Middle-income class 40.2 Others 3.3 
  High-income class 8.7   
Car ownership  No answer 2.0   

Yes 25.7     
No 74.3     

Table 5-5 shows the participants’ trip characteristics including the main trip purpose, the 

primary transport mode, and the trip time.  

Table 5-5. The participants’ trip purpose, transport mode, and trip time statistics 

Transport mode % Trip purpose % Trip time % 

Public transport 54.3 Working 44.2 <10 minutes 14.5 

Car-as-a-driver 20.7 Shopping 3.3 >10 and <20 minutes 31.2 

Walking 9.8 Education 42.8 >20 and <40 minutes 34.5 

Car-as-a-passenger 5.4 Leisure 5.4 >40 and <60 minutes 12.6 

Bicycle 5.1 Home 4.3 >60 minutes 7.2 

Taxi 3.6     

Others 1.1     

5.3.2 Model estimation 

The sample size used to develop the model is 195 (i.e., 3510 observations). Some groups 

are removed from the model due to their insignificant results, such as the age group of 15-24. 

The results are summarized in Table 5-6, which shows the goodness of the fit criteria. Almost 

all factors in the model are statistically significant at a confidence interval of 95%, as shown in 

the last column. The results show that the availability of multitasking on board adds 0.155 

points to the probability of a traveler choosing a transport mode. The marginal utilities of travel 

time and travel cost are estimated: β tt is -0.018, and β tc is -0.002. The negative sign indicates 

the disutility of traveling; thus, travelers pay money when they travel rather than earn [134]. 

Generally, the travelers’ VOT equals 540HUF/hour (-0.018/-0.002*60). Regarding the 

sociodemographic, economic, and trip variables, exclusively the reasonably significant 

variables are kept in the model.  

In case of SAVs, for the age group variable, the relative log odds of being in AVs increase 

by 0.272 if moving from age group 25-54 to age group 55-64. Thus, the age group 55-64 is 

more willing to use SAVs than AVs compared to the age group 25-54. As for the income 
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classes, the relative log odds of being in AVs increase by 0.121 if moving from the high-income 

class to the middle-income class and by 0.270 if moving from the high-income class to the low-

income class. Thus, travelers with high income are less willing to use SAVs than AVs 

compared to other income classes. Furthermore, people from the middle class are less likely to 

use SAVs than AVs compared to low-income people.  

In case of cars, regarding the age groups, the relative log odds of being in cars increase by 

0.501 if moving from age group 25-54 to age group 55-64. As a result, travelers from the age 

group of 55-64 are more willing to use cars than AVs compared to people from the age group 

of 25-54. Considering the income classes, the relative log odds of being in cars increase by 

0.171 if moving from the high-income class to the middle-income class and by 0.350 if moving 

from the high-income class to the low-income class. Thus, people with high income are less 

willing to use cars than AVs compared to other income classes. Additionally, travelers from 

the middle class are less likely to use cars than AVs compared to low-income people.  

The alternative specific constant (ASC) (β0) presents the relative log odds of choosing one 

alternative regardless of the observed factor, where the relative risk ratio to use AVs over SAVs 

is -0.3, and the relative risk ratio to use cars over AVs is -0.46. Thus, SAVs seem to be more 

used than AVs, while AVs seem to be more chosen than cars. 

5.3.3 Margins 

Figure 5-4 shows that the probability of using SAVs is higher than the AVs’ and the cars’, 

while the probability of being in cars is lower than in case of AVs. The multitasking options 

on board of SAVs are higher than on board of other modes due to the availability of companions 

(i.e., friends, family members, and strangers) who can increase the number of onboard 

activities, such as talking with others, and other indirect factors, such as comfort. The results 

demonstrate that the expected number of travelers using SAVs is higher compared to AVs, 

which leads to the conclusion of accepting ridesharing in traveling.  

Table 5-6. The panel data mixed MNL estimates 

Alternative Coefficient Value  Std. Error  z  P>z 

 Time  -0.018  0.008  -1.94 0.050* 

Cost  -0.002  0.001  -3.92 0.000*** 
MLT=1  +0.155  0.070 +2.22 0.027** 
MLT=0 base    

AV β0  -0.300  0.121  -2.47 0.014** 
 Age=25-54 base    

Age=55-64 0.272 0.09 1.63 0.100* 
Income=high class  base    
Income=middle class  0.121 0.170 1.39 0.073* 

Income=low class 0.270 0.167 1.79 0.164 
Car βo  -0.460  0.134  -3.42 0.001*** 
 Age=25-54 base    

Age=55-64 0.501 0.206 1.82 0.069* 
Income=high class  base    
Income=middle class  0.171 0.182 1.94 0.053* 
Income=low class 0.351 0.181 1.59 0.111 

SAV base - - - - 

The number of observations=3510 

Chi2(2) = 35.39 

Log simulated-likelihood = -1264.32 

Prob. > chi2 = 0.000 

AIC= 2550.641  

BIC=2606.353 
*** p<0.01, ** p<0.05, * p<0.1.  
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Figure 5-4. The predictive margins of the transport modes concerning the time and the cost of the 

travel 

The results demonstrate that multitasking availability has various impacts on the travelers 

according to their transport modes. For example, in case of SAVs, the impact is the highest 

since travelers can conduct a relatively high number of activities compared to on board of cars 

or AVs, as demonstrated in Figure 5-5. The figure shows an increase in the probability of 

choosing a transport mode when onboard multitasking is available, for example, the probability 

of being in SAVs when multitasking is unavailable is 27%, while it increases to 32% when 

multitasking is available. The slope is the steepest in case of SAVs since it has the most options 

for multitasking. The usage possibility of SAVs is the highest, while cars’ is the lowest 

concerning the onboard multitasking variable.  

 

Figure 5-5. The expected increase of being in a transport mode with multitasking availability (CI 

stands for confidence level) 

5.3.4 Conditional marginal effect  

Figure 5-6 presents the average marginal effects of multitasking availability in case of a 

transport mode. The figure shows that SAVs have the largest marginal effects (4.7%) compared 

to the others, while cars are the least affected (4.1%) by multitasking availability. These 

changes can be explained by the travelers’ preferences and the possible onboard activities. The 

differences are not especially high but explain the impact of multitasking on the mode choice. 
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Figure 5-6. The average marginal effects of onboard multitasking  

Figure 5-7 presents the impact of the income variable on choosing a transport mode. It is 

shown that for low-income people, SAVs are the predominant mode, while for high-income 

travelers, cars have the largest margin. For travelers with middle income, SAVs have the 

highest margin, low-income people are less likely to use cars compared to AVs and SAVs. 

 

Figure 5-7. The predictive margins across the income classes 

Figure 5-8 demonstrates that the highest margin for age group 25-54 is for AVs, while it 

is for SAVs in case of the age group of 55-64. The lowest margins are for cars in both groups 

of ages. Thus, the willingness of people to use AVs and SAVs is higher than to travel by cars.  

 

Figure 5-8. The impact of the age groups on the mode choice 

The ASC variations are presented in Figure 5-9. It is shown that the impact of changes on 

SAVs is the highest, and on cars is the lowest. 
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Figure 5-9. The average marginal effects of the trip time on the ASC of the alternatives (the values are 

multiplied by 10^-2) 

The ASC variations are presented in Figure 5-10. It is shown that the impact of changes 

on SAVs is the highest, and on cars is the lowest. 

 

Figure 5-10. The average marginal effects of the trip cost on the ASC of the alternatives (values are 

multiplied by 10^-3) 

Figure 5-9 and Figure 5-10 show the variations on the predicted alternative when the 

variables are changed in the other alternatives. For example, the marginal effects on the 

alternative car when the travel time of each alternative (i.e., cars, SAVs, and AVs) changes are 

-0.362, 0.193, 0.169 (*10^-2), respectively.  

 

5.4 The analysis and the results of the second group 

5.4.1 Descriptive statistics 

The sample data includes 525 participants, who record their sociodemographic and travel 

characteristics, as shown in Table 5-7. The composition of the sample data is seen in the 

following table.  

Table 5-7. Descriptive statistics on the sociodemographic variables 

Category % Category % Category % 

Educational level   Income   Employment  

High school 11.24 Low 38.10 Worker 50.67 
Undergraduate studies 53.90 Medium 25.52 Student  37.34 
Graduate studies 30.86 High 14.67 Unemployed  4.38 
Others 4.00 No answer 21.71 Homemaker 4.00 
Gender  Age  Self-employed  1.52 
Female 48.57  15-24 37.90 Retired  1.71 
Male 51.43  25-54 56.19 Others  0.38 
Car ownership  55-64 4.76   

Yes  34.67  +65  1.15   
No 65.33      
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The participants record their travel characteristics such as transport mode, trip purpose, 

and travel time, as shown in Table 5-8.  

Table 5-8. The participants’ trip purpose, transport mode, and trip time statistics  

Main daily transport mode  % Main daily trip purpose % Trip time  % 

Car-as-a-driver  17.90 Working  50.10 <10 minutes 16.63 
Car-as-a-passenger 23.81 Shopping  2.86 >10 minutes and <20 minutes 25.81 
Taxi 4.38 Education  37.51 >20 minutes and <30 minutes 20.27 

Public transport 41.71 Home  6.29 >30 minutes and <40 minutes 13.01 
Bicycle 3.24 Leisure or others  3.24 >40 minutes and <50 minutes 8.22 
Walking 8.01   >50 minutes and <60 minutes 6.50 
Others  0.95   >60 minutes 9.56 

5.4.2 Model development 

The effects of some sociodemographic, economic, and trip variables on the potential mode 

choice are demonstrated. The results of the SP survey, which includes the preferences of 525 

people in Budapest toward three transport modes (i.e., IR-AVs, SAVs, and public transport), 

are analyzed by Stata software 16.1. The MXL model is applied, and the transport mode choice 

model including the travel time, travel cost, multitasking, transport mode, age, job, and car 

ownership variables (i.e., some insignificant parameters are kept for comparison) is developed.  

5.4.3 Model fitting information  

The panel data-mixed logit model is developed to simulate the travelers’ behavior when 

choosing transport modes by concerning the travel time, travel cost, and six onboard activities, 

as shown in Table 5-9. The model with the lowest BIC is selected. The statistics of the model 

are reported at the bottom of the table, where the model is statistically significant with 9450 

observations, the log simulated likelihood is -3382.556, and the BIC is 6837.609. The 

insignificant parameters are kept in the model for comparison. It is worth mentioning that 

travelers choose transport modes based on the DCE. Doing secondary activities is not studied 

here because travelers can conduct more than one activity at the same time, such as using social 

media and eating. 

5.4.4 Model estimation 

It is shown in the results that both the travel time and the travel cost have a negative sign, 

which demonstrates that the travelers’ decisions are affected negatively by increasing the time 

and cost during the travel; on the other hand, multitasking has varied effects (i.e., positive and 

negative) on the transport mode choice. A one-unit increase in the time variable is associated 

with a 0.029 decrease in choosing a transport mode, while a one-unit increase in the cost 

variable is associated with a 0.002 decrease in choosing a transport mode. It has to be noted 

that the model is developed based on the trip cost of the HUF unit and the trip time of the 

minute unit. From the marginal effects, the travelers’ willingness to pay for saving travel time 

is estimated by using Equation (5.8). Based on the statistical results of the developed model, 

the travelers’ VOT is 870 HUF per hour (i.e., 2.64 Euro per hour).  

In the developed model, doing nothing/others is used as a reference category. Furthermore, 

all variables are significant at a confidence level of 95% except for the writing activity, which 

shows a significant result at a confidence level of 85%. The reading activity on board shows a 

positive value, which leads to the probability of selecting a transport mode with a reading 

possibility to be 1.31 larger than the probability of doing nothing (i.e., the relative risk ratio). 
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The writing activity on board shows a negative sign, which means that the probability of 

selecting a mode with the possibility of onboard writing is affected negatively compared to the 

reference category. Thus, writing in vehicles is generally not preferred during travel; its 

probability is lower by 0.89 than the probability of the doing nothing activity. The talking 

activity on board has a higher probability than the probability of doing nothing (i.e., the relative 

risk ratio is 1.31), and the activity is significant. The using social media and gaming activities 

demonstrate a 1.36 higher probability than the probability of doing nothing. Eating/drinking 

shows a low positive value, which means that the probability of using a transport mode with 

eating/drinking possibility is 1.08 higher than the probability of doing nothing.  

Moreover, other variables, such as transport mode, trip purpose, age, job, and car 

ownership, are examined in the model to assess their effects on the travelers’ utility. The 

significance of these variables is varied, as shown in Table 5-9.  

For the regular transport mode variable, in case of SAVs, the car-as-a-passenger, public 

transport, and walking modes show significant results at a confidence level of 90%. The 

findings present that the relative log odds of being in SAVs increase by 0.509 if switching from 

the car-as-a-driver to the car-as-a-passenger, the relative log odds of being in SAVs increase 

by 0.436 if switching from the car-as-a-driver to walking, and the relative log odds of being in 

SAVs increase by 0.278 if switching from the car-as-a-driver to public transport. It is 

demonstrated that SAVs are preferred by car-as-a-passenger, walking, and public transport 

users over the car-as-a-driver based on the observed variable transport mode. While other 

insignificant variables are explained for comparison, such as the relative log odds of being in 

SAVs increase by 0.207 if switching from the car-as-a-driver to taxi, the relative log odds of 

being in SAVs increase by 0.091 if switching from the car-as-a-driver to bicycle, and the 

relative log odds of being in SAVs increase by 0.009 if switching from the car-as-a-driver to 

others. The insignificant results of those transport modes are potentially associated with the 

low proportions. The least probability to use SAVs is for drivers (i.e., car-as-a-driver) because 

all other transport modes show positive values.  

In case of public transport, public transport and “others” modes show significant results at 

a confidence level of 90%. The findings present that the relative log odds of being in public 

transport decrease by 0.324 if switching from the car-as-a-driver to public transport, and the 

relative log odds of being in public transport decrease by 1.393 if switching from the car-as-a-

driver to others. It is demonstrated that IR-AVs are preferred by the car-as-a-driver over public 

transport and “others” based on the observed transport modes. While other insignificant 

variables are explained for comparison, such as the relative log odds of being in public transport 

decrease by 0.036 if switching from the car-as-a-driver to the car-as-a-passenger, the relative 

log odds of being in public transport increase by 0.319 if switching from the car-as-a-driver to 

taxi, the relative log odds of being in public transport decrease by 0.293 if switching from the 

car-as-a-driver to bicycle, the relative log odds of being in public transport decrease by 0.152 

if switching from the car-as-a-driver to walking. The lowest probability to use public transport 

is for drivers (i.e., car-as-a-driver) because all other transport modes show negative values 

except for the insignificant result of taxi.  

For the age groups variable, in case of SAVs, solely the age group of 25-54 presents a 

significant result at a confidence level of 95%. The relative log odds of being in SAVs decrease 
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by 0.502 if moving from the age group of 15-24 to the age group of 25-54. Other groups show 

insignificant results, such as the relative log odds of being in SAVs decrease by 0.382 if moving 

from the age group of 15-24 to the age group of 55-64, and the relative log odds of being in 

SAVs increase by 0.466 if moving from age group 15-24 to age group 65+. In case of public 

transport, solely the 65+ group is significant, where the relative log odds of being in public 

transport increase by 2.241 if moving from the age group of 15-24 to the age group of 55-64. 

The age group of 25-54 and 55-64 show insignificant results, and the findings demonstrate that 

the relative log odds of being in public transport decrease by 0.281 and 0.20 if moving from 

the age group of 15-24 to the age group of 25-54 and 55-64, respectively. As a result, the least 

probability to switch to SAVs is for age group 25-54.  

The job type contributes to the travel behavior, where choosing a transport mode is affected 

by the observed variable. In case of SAVs, the retired group and students show significant 

results, while other job types present insignificant results. The significant results are explained, 

such as the relative log odds of being in SAVs decrease by 0.333 if moving from the full-time 

worker group to students, and the relative log odds of being in SAVs decrease by 0.813 if 

moving from the full-time worker group to the retired group. Thus, full-time workers are more 

likely to use SAVs than students and retired people.  

In case of SAVs, the relative log odds of being in public transport decrease by 0.404 if 

moving from the full-time worker group to part-time workers, the relative log odds of being in 

public transport decrease by 0.264 if moving from the full-time workers to students, the relative 

log odds of being in public transport decrease by 0.727 if moving from the full-time worker 

group to homemakers. Furthermore, the relative log odds of being in public transport decrease 

by 0.424 if moving from the full-time workers to unemployed, the relative log odds of being 

in public transport increase by 0.723 if moving from the full-time worker group to the self-

employed, the relative log odds of being in public transport decrease by 2.492 if moving from 

the full-time workers to the retired group, and the relative log odds of being in public transport 

decrease by 1.274 if moving from the full-time worker group to the “others”. All job types 

demonstrate significant results except for “others”.  

Additionally, car ownership affects the travelers’ decisions when they choose a transport 

mode. The findings demonstrate that travelers owning private cars are more willing to choose 

SAVs. The relative log odds of being in SAVs increase by 0.258 if moving from car owners to 

those who do not own a car. While the relative log odds of being in public transport increase 

by 0.243 if moving from car ownership to those who do not own a car. Thus, having a car 

increases the probability of avoiding public transport. The alternative specific constant (β0) 

presents the relative log odds of choosing one alternative without considering the observed 

variables, where the relative risk ratio to use SAVs over IR-AVs is 0.87, and the relative risk 

ratio to use public transport over IR-AVs is 1.24. Thus, travelers are more willing to use public 

transport than IR-AVs, while they are more likely to use IR-AVs than SAVs. 
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Table 5-9. Panel data mixed MNL regression model estimates 

Alternative Attribute Coefficient 
value (β) 

 Std. 
Error 

 z  P>z Exp(β) 

 Trip time Time  -0.029  0.005  -5.270  0.000* 0.97 
Trip cost Cost   -0.002 0.0003  -6.670  0.000* 1.00 
Multitasking 
 
 
 
 
 

 

Reading  0.268  0.077  3.490  0.000* 1.31 
Writing  -0.111  0.082  -1.211  0.117 0.89 
Talking  0.270  0.077  3.500  0.000* 1.31 
Using social media 
and gaming 

 0.311  0.077  4.050  0.000* 1.36 

Eating/drinking  0.077  0.080  1.875  0.031** 1.08 

Doing nothing/others base     

SAVs The regular 
transport mode 

Car-as-a-driver  base     
Car-as-a-passenger   0.509  0.155  .280  0.001* 1.66 

Taxi  0.207  0.282  0.730  0.463 1.23 
Public transport  0.278  0.173  1.610  0.10*** 1.32 
Bicycle  0.091  0.010  0.930  0.352 1.10 
Walking  0.436  0.217  2.010  0.044** 1.55 

Others  0.009  0.396  1.20  0.235 1.01 
Age 15-24 base     

25-54  -0.502  0.195  -2.570  0.010** 0.61 
55-64  -0.382  0.419  -1.385  0.166 0.68 
+65  0.466  0.630  0.740  0.460 1.59 

Job Full-time worker base     
Part-time worker  -0.006  0.181  -0.630  0.529 0.99 
Student  -0.333  0.134  -2.470  0.013** 0.72 
Homemaker  -0.356  0.226  -1.580  0.115 0.70 

Unemployed  -0.128  0.219  -0.850  0.395 0.88 
Self-employed  0.021  0.425  0.650  0.514 1.02 
Retired  -0.813  0.395  -2.060  0.039** 0.44 
Others  0.725  0.649  1.420  0.156 2.06 

Car ownership Yes  base     
No  0.258  0.201  1.280  0.200 1.29 

Public 
transport 

The regular 
transport mode 

Car-as-a-driver base     
Car-as-a-passenger  -0.036  0.149  -0.620  0.532 0.96 
Taxi  0.319  0.256  1.240  0.213 1.38 
Public transport  -0.324  0.168  -1.930  0.053*** 0.72 
Bicycle  -0.293  0.290  -1.010  0.313 0.75 
Walking  -0.152  0.215  -0.971  0.331 0.86 
Others  -1.393  0.522  -2.670  0.008* 0.25 

Age 15-24 base     

25-54  -0.281  0.210  -1.340  0.181 0.76 
55-64  -0.205  0.386  -0.872  0.383 0.81 
+65  2.241  0.874  2.570  0.010** 9.40 

Job Full-time worker base     
Part-time worker  -0.404  0.195  -2.070  0.039** 0.67 
Student  -0.264  0.136  -1.940  0.052*** 0.77 
Homemaker  -0.727  0.245  -2.970  0.003* 0.48 
Unemployed  -0.424  0.135  -1.800  0.072*** 0.65 

Self-employed  0.723  0.262  2.000  0.046** 2.06 
Retired  -2.492  0.359  -4.460  0.000* 0.08 
Others  -1.274  0.325  -1.340  0.180 0.28 

Car ownership Yes  base     
No   0.243  0.144  1.501  0.133 1.28 

SAVs  β0  -0.145  0.202  -0.720  0.471 0.87 

Public 

transport 

 β0  0.217  0.199  1.090  0.277 1.24 

IR-AVs  base      

The number of observations=9450   
Chi2(2) = 330.29  
Log simulated-likelihood = -3310.88  
Prob > chi2 = 0.000  
AIC= 6705.771   

BIC= 6960.088  
* p<0.01, ** p<0.05, *** p<0.1 



77 

 

5.4.5 Margins 

The predictive margins of the model show that the expected probability to choose IR-AVs 

is 38.2%, to choose SAVs is 30.7%, and to choose public transport is 31.1% at a confidence 

level of 95%, as shown in Figure 5-11.  

  

Figure 5-11. The predictive margins with 95% confidence interval 

The probability of choosing specific alternative changes if one of the observed variables 

is changed, such as modifying the travel cost of a specific alternative to know the effects on 

the probability of choosing any of the other alternatives, is estimated based on Table 5-9.. In 

the following sentences, travel time, travel cost, and multitasking are discussed. Figure 5-12 

shows that the change of trip time by 10% in IR-AVs lead to a change in the margins of IR-

AVs, SAVs, and public transport. Furthermore, a reduction in the trip cost by 10% leads to a 

change in the margins of IR-AVs, SAVs, and public transport, as shown in Figure 5-12. As a 

result of the companions, it is found that the margins increase when the trip cost is decreased, 

while a decrease in the margins occurs when the trip time is increased for the IR-AV alternative.  

 

Figure 5-12. The predictive margins with 95% confidence level at 10% increment in the trip time of 

IR-AVs and 10% decline in the trip cost of IR-AVs 

Furthermore, the changes in the margins across multitasking possibility are demonstrated. 

Figure 5-13 shows the changes in margins when the onboard activities are altered. The 

probability of an individual choosing a transport mode is varied across the availability of main 

onboard activities. IR-AVs demonstrate the highest margins, while the lowest margin is found 

in case of SAVs.  
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Figure 5-13. The predictive margins when the main multitasking options are possible on board 

The power of the developed model (i.e., MXL model) is its ability to demonstrate the 

changes in the margins across the choice sets (i.e., time period), for example, the margins of 

the alternatives at a trip time across the choice sets (i.e., six choice sets are given for each 

individual in the SP survey) are varied, as shown in Figure 5-14.  

 

Figure 5-14. The predictive margins across the time period with 95% confidence level 

5.4.6 Conditional marginal effects 

The conditional average marginal effect of the travel time, travel cost, and multitasking is 

derived from Table 5-9. Figure 5-15 demonstrates that the marginal effect of the travel cost is 

different than that of the travel time. The graphs are used to understand the impact of modifying 

the travel time and the travel cost of each alternative on the probability of choosing a specific 

alternative. The graphs show the marginal utility of the trip time and trip cost, for example, the 

effects of changing the trip time of IR-AVs on IR-AVs are -6.6e-3, on SAVs are 5.9e-3, and 

on public transport are 6e-3, while the effects of changing the trip cost of IR-AVs on IR-AVs 

are -5.6e-4, on SAVs are 5e-4, and on public transport are 5.1e-4. 

  

Figure 5-15. The conditional marginal effects of the trip time and trip cost  

The marginal effects of onboard activities on an alternative concerning IR-AVs, SAVs, 

and public transport are shown in Figure 5-16. When the reading activity is possible, the 
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marginal effects on choosing IR-AVs, SAVs, and public transport compared to doing nothing 

increase by 0.0611, 0.0550, and 0.0553, respectively. The marginal effects on choosing IR-

AVs, SAVs, and public transport compared to doing nothing when the writing activity is 

possible are -0.0219, -0.0252, and -0.0221, respectively. When the talking activity is possible, 

the marginal effects on choosing IR-AVs, SAVs, and public transport compared to doing 

nothing increase by 0.0613, 0.0554, and 0.0551, respectively. When the using social media and 

gaming activity is possible, the marginal effects on choosing IR-AVs, SAVs, and public 

transport are the highest. The probability of an individual to choose AVs when the using social 

media and gaming activity is possible compared to doing nothing increases by 0.0707, 0.0638, 

and 0.0642, respectively. The marginal effects on choosing IR-AVs, SAVs, and public 

transport compared to doing nothing is the lowest when the eating/drinking activity is possible.  

 

Figure 5-16. The marginal effects of multitasking on the predicted probability of IR-AVs, SAVs, and 

public transport 

The results present that the impact of multitasking on IR-AVs is different than on SAVs 

and on public transport, while SAVs and public transport show solely a slight difference. To 

summarize, the probability of an individual to choose an alternative is decreased when writing 

on board is available. This means that writing is not preferred by the travelers (i.e., a negative 

sign) when compared to other activities due to several reasons: the short time of the trip, the 

travelers’ unwillingness to be involved in writing during traveling to their main trip purpose to 

avoid stress and to avoid missing the final station in case of public transport, as well as not 

having the permission or access to their work in case their main trip is to go to work. Other 

onboard activities demonstrate a positive utility, which enhances the perceived travel time. The 

talking and using social media and gaming activities do not show significant differences across 

SAVs and public transport because they share almost the same environment on board excluding 

the potential onboard congestion. The onboard eating/drinking activity shows significant 

differences across the three modes, where the probability of choosing SAVs and public 

transport is lower than that of choosing IR-AVs when the eating/drinking activity is possible.  

The result of the analysis demonstrates that the possibility of onboard multitasking inside 

urban areas, where the travel time is short, does not show a large difference among the three 

alternatives. Furthermore, it is noted that the travelers are passengers in case of the three 

alternatives with different environments, such as the companions on board of SAVs and public 

transport is possible, while in case of IR-AVs, it is not available.  
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5.5 Discussion 

Individual behavior is assessed based on their main trip purposes in urban areas, where a 

trip is relatively short. Transport choice models are developed by using the MXL model.  

The first group model contains five factors: time, cost, multitasking availability, age, and 

income. Multitasking adds positive utility to the travelers rather than disutility. Travelers 

choose a transport mode based on their preferences, such as minimum time, minimum cost, 

and the possibility to multitask on board. The variability of time, cost, and multitasking is 

studied, and the results show that an increase in travel time and travel cost decreases the 

possibility of choosing a specific transport mode. The most affected transport mode is car, 

which has the highest decrease once compared to SAVs and IR-AVs when the factors are 

changed. The results demonstrate that multitasking availability has a different impact based on 

the transport modes. In case of SAVs, the impact of multitasking is the highest compared to 

cars and IR-AVs since travelers can conduct a relatively high number of activities on board of 

SAVs. While the impact of multitasking is higher in IR-AVs than in case of cars.  

The second group model highlight that each onboard activity shows a different utility on 

choosing a transport mode as follows: the writing activity demonstrates a negative utility on 

the transport mode choice compared to doing nothing. This concludes that travelers avoid 

writing on board during traveling to their main activities. The reasons are one or more of the 

followings: the lack of required tools on board, not sufficient privacy on board, insufficient trip 

time (i.e., short trip), permission for access to work files are not given, writing needs stationary 

activity, and travelers seem to be used to using social media rather than writing for a specific 

purpose, such as work email, making a shopping list, or planning leisure activities. Besides, it 

is demonstrated that to be involved in writing has the least negativity in case of IR-AVs, and 

the highest is in case of SAVs, as shown in Figure 5-13. The results of the model demonstrate 

that other onboard activities show positive utility on the potential transport mode choice 

compared to doing nothing. The highest positive impact is found when travelers are involved 

in using social media and gaming. This finding is partially consistent with one of the findings 

of Lee et al. [119], who demonstrate that using ICT tools is the most anticipated activity on 

board of AVs. In their research, the authors do not differentiate between IR-AVs and SAVs.  

Current study presents the margins of use based on the developed model as a whole and 

based on the transport mode variables. The highest margin is found in case of IR-AVs, and the 

lowest is found in case of SAVs. Furthermore, a little difference is found between the margins 

of SAVs and public transport. The impact of the trip time and trip cost on the probability of 

choosing a transport mode is obtained. The result demonstrates that an increment in trip time 

by 10% or a reduction in the trip cost by 10% in case of IR-AVs keeps the highest probability 

for using IR-AVs, as shown in Figure 5-12. Thus, the probability of choosing IR-AVs is 

predominant even if there are slight changes in the variables. Additionally, the probability of 

choosing IR-AVs is affected by the availability of the main onboard activities, as shown in 

Figure 5-13. It is found that IR-AV is the predominant transport mode across all onboard 

activities. The highest margin is obtained when the using social media and gaming activity is 

available, and the lowest is obtained when writing is available. Furthermore, the results 

highlight that the least margin is found in SAVs with a slight difference from public transport 

across all multitasking options.  
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Therefore, IR-AV is the predominant transport mode, where travelers can find their 

preferences mostly fulfilled. Besides, SAVs and public transport show close values with a 

preference of SAVs. 

The model demonstrates the margins of choosing each alternative, for instance, IR-AV has 

the highest probability, and public transport has the lowest. Other traveler attributes show 

varied impacts on using a transport mode, for example, based on the developed model, the 

probability of using SAVs for people who are drivers is the lowest, and people with the lowest 

potential to use public transport are drivers, as well.  

 

  



82 

 

Chapter 6 
6 Stakeholders’ Viewpoint Analysis on the AVs 

Industry by Using Multicriteria Analysis  

6.1 Introduction 

AVs could reshape people’s travel behavior because the new mode has different 

characteristics than the CTMs [141]. The availability of AVs as part of the transport system 

influences the infrastructure, the capacity of the roads, the safety and accessibility, people’s 

mobility, car ownerships, and travel patterns, the modal share, environment, economy, health, 

and land-use patterns [6, 142]. The impacts of AVs on people’s lives can be studied through 

representative stakeholders who either affect or are affected by the availability of AVs. The 

stakeholders who influence the availability of AVs on the market are diverse. Zimbron-Alva 

[143] states that in the AV era, the stakeholders are the users, manufacturers, tools suppliers, 

regulators, and legislators. However, the influence of stakeholders and AVs on each other, 

which could be either negative or positive, has not been determined yet.  

The impact of AVs and stakeholders on each other can be assessed by studying the 

advantages and disadvantages of introducing AVs into the market [144]. Several challenges 

regarding the availability of AVs on the market are expected since the new technology might 

bring some accompanying disadvantages, such as the lack of privacy, hacking, job losses, and 

an increase in traffic congestion if AV ownership becomes dominant [145]. On the other hand, 

there are various advantages of AVs including a reduction in emissions because the majority 

of AV prototypes are electric vehicles (EVs), reduction in crashes, deaths, and injuries, the 

ability of people with special needs to use AVs, as well as saving urban areas since AVs do not 

park, and a decrease in traffic congestion if the shared model prevails [145]. Other challenges 

might derive from people’s adoption of AVs, such as liability, security, insurance infrastructure 

management, and supportive policies [142, 145]. The benefits of AVs are different for each 

stakeholder depending on their motives and goals. For instance, insurers expect fewer 

accidents, and people without driving license are interested to use AVs for the sake of private 

traveling [143, 146]. In this paper, the adoption of AVs by various stakeholders is assessed by 

considering their objectives and goals. 

The size of AV penetration and adoption is affected by the decision-makers, who can 

manage and predict the modal shift as well as the society participating in the adoption of AVs 

[147]. The importance of incorporating relevant stakeholders in the evaluation process can be 

justified by each stakeholder’s different priorities, where the decision-makers should be aware 

of the stakeholders’ interests to facilitate the creation of strategies and guidelines [144]. To 

predict the impacts of AV introduction into the market on the different stakeholders, the multi-

actors multi-criteria analysis (MAMCA) method, which is developed by Macharis et al. [31] 

and includes different stakeholders in the analysis process, is used.  
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This chapter adds a novel contribution to the literature by focusing on the analysis of the 

stakeholders’ viewpoints in the AV era. Besides, this is the first study of its kind that evaluates 

various stakeholders’ viewpoints on PSAVs. This chapter aims to find the relevant stakeholders 

of the AV era and to analyze the stakeholders’ viewpoints on PSAV by using MAMCA. 

 

6.2 Methodology 

The stakeholders are examined at national, regional, local, and individual levels, where the 

possible stakeholders related to the introduction of AVs are collected. Each stakeholder has 

motives and goals that affect the decision-making. A multicriteria analysis (MCA) can be 

conducted because most decision problems can be solved by this method. During the process, 

stakeholders must evaluate their benefits, losses, opportunities, and the risk of any decision 

they are willing to make [148]. In the context of multiple stakeholders’ evaluations, the 

MAMCA method is widely used to evaluate each stakeholder’s role by considering several 

criteria [31]. In applying MAMCA for the AV framework, seven steps are implemented [31], 

as follows: 

• Problem definition. 

• Stakeholder analysis.  

• Criteria identification. 

o Identifying the objectives (i.e., iterative process). 

o Weighting the objectives to show the importance of each objective to a 

stakeholder. 

o Identifying the criteria of each objective (i.e., iterative process). 

o Weighting the criteria to show the importance of each criterion to a stakeholder. 

• Indicator construction for each criterion (e.g., quantitative or score indicators). 

• Evaluation matrix development. 

• Analysis and ranking. 

• Implementation. 

 

Figure 6-1 illustrates the MAMCA methodology, as developed by Macharis et al. [31]. 

The goal of this study is derived from the problem definition (i.e., adopting AV as a transport 

mode). The stakeholder analysis includes collecting the relevant stakeholders in the AV era 

and weighing the stakeholders to reflect their importance in the decision-making process. In 

the criteria identification, listing each stakeholder’s objectives and weighting them as well as 

listing each stakeholder’s criteria and weighting them are presented. Based on the results of the 

evaluation matrix, the ranking of the scenarios and the analyses of the stakeholders’ viewpoints 

are possible. Finally, the implementation is conducted based on the criteria and the objectives 

rather than based on the scenarios, where policymakers can stipulate regulations and laws based 

on the ranking results. 



84 

 

 

Figure 6-1. The steps of MAMCA 

In the analysis and ranking step, a proper MCA method has to be used. The type of the 

method (e.g., AHP, Fuzzy-AHP, or PAHP) depends on the nature of the problem and the type 

of the data. In case of certainty, the AHP method developed by Saaty [149] is suitable to be 

applied for the decision-making theory, where a scale from 1 to 9 is applied to prioritize goals, 

criteria, and sub-criteria. However, due to the large number of pairwise comparison matrices 

(PCMs), the PAHP method is chosen. When using PAHP, the involved stakeholders’ efforts in 

the evaluation process are reduced [37]. The benefits of PAHP include that the distortion of 

comparing different numbers of relevant objects is avoided and the reversal problems are 

avoided (i.e., the occurred changes of the order in the prioritizations due to adding or removing 

one or more objects from the set of considered objects), too [37]. 

6.2.1 The definition of the problem 

The adoption of AV as a transport mode in the future is going to impact people’s life [145]. 

The acceptability of AVs is defined by the stakeholders, where their opinions may be varied 

based on whether the new mode brings benefits or loss to them.  

In current study, the focus is on the passenger transport rather than on the goods transport, 

where an AV is defined as a fuel-powered vehicle available on the market, besides traditional 

transport modes, operated by a manufacturer serving as a car-sharing option without an actual 

driver. Furthermore, this is also referred to as PSAV. PSAV is selected due to its higher 

acceptability by people based on the literature, which presents that people do not prefer sharing 

their rides [150].  

6.2.2 Stakeholder analysis 

Several scholars reveal the impact of AVs on various actors’ travel behavior by using 

different methods, such as SP surveys, agent-based modeling, economic models, or empirical 

experiments [25, 46, 151].  
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The stakeholders are identified by their relevance to the topic and their ability to explore 

the viewpoints on AV acceptance. The stakeholders are divided into four groups: users, 

legislators, operators, and manufacturers, as shown in Figure 6-2.  

 

Figure 6-2. Stakeholders in the PSAV era 

The users 

The literature shows that the potential users of AVs are diverse depending on several 

factors, such as the travelers’ preferences, the trip characteristics, and the individual features 

[133, 152]. People’s (i.e., the users of AVs) acceptability is connected to the service 

characteristics, such as speed, capacity, comfort, convenience, acceptable waiting time, 

privacy, safety, security, cost, onboard features, and the ease of use by disabled people and 

people without driving license [146]. Not the group of car users alone but all travelers are going 

to be influenced by the introduction of AVs [8]. Thus, people could be interested to use AVs 

for several reasons: minimizing the travel time [153, 154], removing the driving tension [46, 

151], increasing safety [142], available multitasking options on board [115], or having a 

reliable [155], more comfortable [90, 156], and cheaper transport mode [6, 157]. People’s 

acceptability of AVs is impacted by technophobia [158], and the level of acceptance is varied 

based on gender [159], disabled and elderly people [41, 147], commuters [18, 160], and high 

income [25, 152]. 

The benefits of using AVs are for all travelers; thus, the users of PSAV include almost all 

groups of people where the users’ objectives and criteria to adopt PSAV are presented, as 

shown in Table 6-1. 

The legislators 

The group of legislators includes the policymakers, who are entitled to improve people’s 

overall mobility [145, 158] as well as to collect the revenues [161]. The legislators formulate 

and issue laws and regulations that organize the transport sector and the connection with other 

relevant sectors, such as the environment, economy, labor, health, police, and industrial bodies. 

Laws and regulations must be followed by all stakeholders to ensure the achievement of certain 

objectives through different actions, such as building a road or adopting a new technology 

[162]. The top-level legislator is the government and its representative bodies, like ministries, 

while the low-level representatives are the ministries’ branches, such as regional authorities, 
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municipalities, and local authorities. Legislators are concerned in decreasing the expenditures 

on infrastructure maintenance, construction, consuming lands [163, 164], saving lives, – thus 

minimizing the demand on the health sector [164] [147] [165], traffic police [164], and insurers 

– protecting the environment Liu et al. [166], the mobility across borders, increasing people’s 

satisfaction in traveling [159], protecting people’s privacy, raising the level of security, and 

increasing the gross domestic product (GDP) [167, 168]. It is worth mentioning that the 

adoption of PSAV should be in coordination with the international laws to facilitate traveling 

across state borders without problems (i.e., consistent policies are needed) [141]. The liabilities 

for accidents should be discussed and defined between the parties, where potential technical 

problems and human responsibilities must be determined [142] [169]. The increase of people’s 

mobility and accessibility aims to raise their productivity [170]. The growth of the GDP is 

influenced by various sectors and is not connected exclusively to PSAV, as said by Clements 

and Kockelman [164].  

Examining the adoption of PSAV is the main goal; thus, certain objectives and criteria are 

presented to be evaluated by legislator bodies, as shown in Table 6-1. PSAV impacts different 

aspects of life, where the legislators’ role is crucial in defining the consequences of PSAV 

introduction on the stakeholders. 

The operators 

The group of operators includes organizations that operate and support the transport sector 

based on the laws and policies [171]. Such operators are private and public transport 

companies, associations, and infrastructure management agencies. The associations (e.g., taxi, 

public transport, private transport, freight transport, and car-sharing associations) collaborate 

in defining the mobility strategies because they represent the workers of the transport sector. 

The associations have an essential part in implementing a strategic mobility plan (i.e., short 

and long plans) set by the legislators. Public transport operators are the organizers of the public 

transport sector (i.e., tram, train, bus, and metro), who deal with the management of the fleet, 

the demand, and the usage methods. The operators of private transport deal with setting the 

necessary rules for certain services, such as taxi and car-sharing. The infrastructure 

management agencies manage and supervise the infrastructure that operators use, such as 

roads, rails, and amenities. 

The operators regulate a transport sector assuring compliance with the legislation enacted 

by the legislators. The introduction of AVs adds a new operator to the market, where each 

operator tries to maximize its profits with low expenditures. Therefore, regulatory rules, 

technical standards, and strategic management tools are needed to operate the transport system 

efficiently [171] [172]. In current research, a set of objectives is developed to investigate the 

operators’ perception of PSAV, as shown in Table 6-1. 

Each operator tries to have more demand. Since PSAV increases people’s mobility and 

accessibility, the potential groups of people who can travel (e.g., those without a driving 

license) are expanded [173] [41]. Moreover, the connection between different transport modes 

(i.e., connectivity) is enhanced with the presence of PSAV, such as using PSAV for the last 

mile of the travel [43]. The number of trips might increase as the access to transportation 

becomes easier, and PSAV provides higher accessibility than other motorized modes (i.e., 

regular cars and public transport). The operators of PSAV should maximize their supply to 
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fulfill the generated demand on the PSAV era. Moreover, PSAV increases the efficiency of 

road networks [165] and decreases the number of accidents, which leads to a reduction in the 

money paid for maintenance and insurance, as well [169] [142].  

The manufacturers 

Car manufacturers, technology suppliers, insurers, and fuel suppliers represent the 

manufacturers. In addition, manufacturers seek for alternatives to increase the travelers’ trust 

in using the new technology by raising the level of safety and security as well as by ensuring 

high privacy [142] [143]. The manufacturers aim to increase their revenues by selling/operating 

a fleet of AVs. However, the user benefits should be a concern of the manufacturers. In the AV 

industry, continuous development and innovation are required to maximize revenues and to 

stay on the market [12, 141]. Having the travelers’ trust to use PSAV depends on the provision 

of sufficient supply (i.e., the fleet of vehicles) [172, 174], and reliable vehicles [155]. The 

liability for accidents is connected to different parties, such as operators, users, and 

manufacturers, depending on the type of the accident/failure [141, 165, 175]. Davey [169] 

shows that the liability should be put on insurers rather than on manufacturers, while the 

insurers could be connected to manufacturers or operators. Determining the impact of AVs on 

the energy suppliers is uncertain because it is connected to the travel time perception in AVs. 

The energy demand increases if AVs are powered by fuel rather than electricity. Several 

scholars demonstrate potential reduction in the fuel consumption in the AVs era, such as Lee 

and Kockelman [176], Chen et al. [177], and Mersky and Samaras [178].  

Table 6-1 presents the manufacturers’ main objectives and criteria with a focus on the car 

manufacturers and technology suppliers as the main players on the market. The insurers’ 

objective is connected to the reduction in accidents and having other types of insurance policy, 

such as theft and malfunction insurance. While the fuel suppliers’ objectives are connected to 

the increase in the demand for traveling (i.e., VMT and the number of trips).  

6.2.3 The identifications of the stakeholders’ objectives and criteria 

Table 6-1 presents each stakeholder’s objectives and the criteria when they adopt PSAV 

as a transport mode.  

In the MAMCA framework, the stakeholders are weighted because their importance is not 

equal. For example, the government focuses on the country's welfare, while manufacturers 

focus on the profits. It is worth mentioning that the four stakeholders are weighted based on 

their influence in the decision-making or based on their power of impact on the whole system 

through a panel of experts, where each stakeholder is assigned a rank.  
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Table 6-1. The stakeholders’ objectives and criteria for PSAV adoption  

Stakeholder Objective Criterion 

Users  Optimizing the travel time Reduced in-vehicle travel time [23, 133] 

Increased onboard multitasking activities [18, 115] 

No parking time [153, 154] 

Acceptable waiting time [23, 43, 133] 

Minimizing the travel cost  Reduced fuel consumption [141] [176]  

Reduced vehicle maintenance [6, 12, 157] 

Reduced insurance [179]  

Increasing the perceived comfort of 
traveling 

Information and guidance [156, 180]  

Available ICT tools on board [90] 

Reliable travel time [155] 

Respecting the users’ rights  Data privacy [142, 165] 

Cybersecurity [142, 165] 

Increasing travel safety  Reduction in vehicle accidents caused by the malfunction of 
PSAV [181]  Reduction in accidents with PSAV caused by regular cars [182] 

Ease of use  No driving license [8] 

Accessibility [41, 173] 

Legislators Decreasing the expenditures on 
infrastructure maintenance  

Reduction in the damages caused by traffic accidents [146, 164] 

Increased efficiency of the existing road network [165] 

Minimizing the money spent on the 
health sector  

Increased vehicle and passenger safety [159] 

Mobility for elderly people [147]  

Passive health monitoring [164] 

Protecting the environment  Reduced emissions [141, 166] 

Reduced noise [141] 

Efficient land use [163, 183] 

Efficient use of fuel [141] [177] 

Assuring interoperability across 
borders  

Harmonization of laws [141, 171] 

Technical standard [141, 171] 

Defining responsibilities among the 
actors [184] 

The accountability and liability for malfunction [142] 

The accountability and liability for accidents caused by other 
vehicles [169] Policies to prevent technology monopoly [171] 

Increasing social welfare New career opportunities [164] [167, 168] 

Fairness and transparency [185] 

Ensuring users’ data privacy and 

system security  

Data privacy [142] 

Data ownership  

Cybersecurity [142] 

Increasing the GDP [164] [170] New career opportunities [186] [167, 168] 

Increased accessibility [41, 173] 

Increased mobility [41, 173] 

Land use development [163, 183] 

Operators Increasing the revenues Optimized supply [133, 172] 

Efficient use of the existing infrastructure [165] 

Decreased number of accidents [142, 169] 

Multimodal integration  Connectivity with other modes [43]  

Increased accessibility [41, 173] 

Increased mobility [41, 173] 

Increasing the efficiency of the 
transport system  

Clear regulatory rules [171] 

Demand management [172] 

Manufacturers  Providing user benefits  Optimized travel time 

Minimized travel cost  

Increased perceived comfort in traveling 

Ease of use 

Increasing the travelers’ trust [47]  Increase in safety [142, 174] 

Data privacy [142, 174] 

Cybersecurity [142, 174] 

Maximizing the revenues Innovation and development [12, 141] 

Increased reliability of the vehicles [155] 

Sufficient supply [49, 172] 

Increased usage of PSAV [24, 150] 
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6.2.4 Analytic hierarchy process 

The AHP is applied, where decision-makers judge on criteria/objectives by using various 

types of scales. Priorities are developed based on the importance of the criteria to achieve the 

goal [149].  

Allocating the weights to the criteria and finding the indicator/s for each criterion 

Indicators are given to each objective, criterion, sub-criterion, and stakeholder in the form 

of metrics or categorical values (i.e., scale). The indicator is used to determine the relative 

importance of a specific criterion to a specific stakeholder. The PCM, which is an effective 

method to compare elements, is applied in this study to weigh each objective and criterion 

[148]. The linguistic weights are converted into numeric values [185]. In the classical AHP, 

the pairwise comparison is conducted by using a 1-9 scale. The PAHP is conducted because 

the participants’ decisions are based on large matrices (larger than 5x5) [187, 188].  

Developing the evaluation matrix 

The evaluation matrix is developed from the generated PCMs, where each criterion is 

evaluated by a stakeholder. In the evaluation matrix, stakeholders, objectives, and criteria are 

presented, in which each takes a value between 0 and 1 (i.e., normalized weight matrix). 

Equation (6.1) defines the pairwise comparison. 

 

𝑎𝑖𝑗 =
𝑤𝑖

𝑤𝑗
, 𝑤ℎ𝑒𝑟𝑒 𝑖, 𝑗 = 1,2, 3 … 𝑛 (6.1) 

 

Where n is the number of the compared criteria, wi stands for the weights for criterion (i), 

and aij stands for the ratio of the weight of criteria (i) and (j). A normalized matrix is carried 

out by applying Equation (6.2), in which each column (i) and row (j) in the matrix is divided 

by the largest value in column (i). 

 

𝑎𝑖𝑗 =
𝑎𝑖𝑗

𝑀𝑎𝑥 𝑎𝑖𝑗
, ∀ 𝑖, 𝑗 (6.2) 

 

A consistency check is conducted to ensure a perfect decision. The consistency check is 

performed after calculating the eigenvalue and the maximum eigenvalue. In case the PCMs are 

consistent, the principal eigenvalue (𝜆 max) of the PCM is calculated to find the priority matrix. 

Solving the following matrix equation to find 𝜆 max is essential to rank each element in the ratio 

matrix. The consistency ratio (CR) is calculated based on Saaty [185], who states that the CR 

is connected to the order of the random matrix (i.e., random index (RI)). Saaty [185] states that 

the CR must be less than 0.1 to indicate consistent judgments. 

The participants’ weights are aggregated by using the geometric mean, as stated by Aczél 

and Saaty [189], as shown in Equation (6.3). 

 

𝑓(𝑥1, 𝑥2, … , 𝑥𝑛) = ∏ 𝑋
𝑘

1
𝑛

𝑛

𝑘=1
 (6.3) 
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Where 𝑥1, 𝑥2, … , 𝑥𝑛 stand for entries (e.g., the AHP scale values), and n is the number of 

the participants (k=1, 2, 3, …, n). 

Overall analysis and ranking 

Once a consistent matrix is obtained, the final weight vectors are calculated by using 

Equation (6.4), after getting the geometric mean of the respondents’ answers (see Equation 

(6.3)). 

 

𝑤𝐴𝑖
=

𝑤𝑗

𝑤
+

𝑤𝑖𝑗

∑ 𝑤𝑖𝑘
𝑛
𝑘=1

= (
𝑤𝑗

𝑤
 

1

∑ 𝑤𝑖𝑘
𝑛
𝑘=1

) 𝑤𝑖𝑘  (6.4) 

 

w𝐴𝑖
is the final score of the current level elements. The weight from the previous level w= 

∑ 𝑤𝑗
𝑚
𝑖=1 , j= 1, 2, …, m, and 𝑤𝑗 > 0 ∀ j. The eigenvector of the current level is given by 𝑤𝑖𝑗  >0 

∀ I (I= 1, 2, …, n).  

6.2.5 Parsimonious AHP  

The classical AHP is applied for the criteria PCMs, as well as for the PCM of objectives 

of manufacturers and operators. On the other hand, PAHP is applied for the PCMs of the users 

and legislators’ objectives. Abastante et al. [190] use a new PAHP to reduce the decision-

makers’ efforts when they apply classical AHP. The PAHP method is summarized by Corrente 

et al. [191] in the following steps: 

• For the objective level in the AHP tree, ask decision-makers to rate the objectives from 

1 to 100. 

• Order the rated objectives from the lowest to the highest.  

• Select reference objectives for the actor (tip: lowest, middle, and highest). 

• Ask decision-makers to apply classical AHP to the reference set of objectives/criteria. 

• Obtain normalized evaluation for every actor’s objective.  

• Perform checks, such as the consistency of the reference objectives’ pairwise 

comparison for every actor.  

• The rated objectives that are not considered reference objectives are evaluated by 

applying interpolation. 

The analysis steps followed in applying PAHP are explained. These steps are used for 

those PCMs that are larger than 5X5. 
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• The objective/criterion (bj) is given a rate rj(b) with respect to the goal (i.e., adopting 

PSAV as a transport mode). Where j stands for an objective or a criterion. 

• Tj is a set of reference objectives (γj1, γj2, …, γjtj).  

• Normalization (α(γjs)) is conducted for the PCM of the reference objectives (Tj), where 

j=1, 2, ..., n and s=1, 2, ..., Tj. Α stands for the normalization of the reference objectives, 

which is different than AHP (see N in Equations (6.1) and (6.2)).  

• α(γjs) is compared with the corresponding rating (rj(γjs)) to check for monotonicity, 

where rj(γj1) > rj(γj2) iff α(γj1) ≥ α(γj2). 

• It is required to modify the rating or the PCM in case the monotonicity is not satisfied. 

• Interpolation is done to find the normalized values of the objectives that are out of 

reference set (Tj). For each rj(b) ∈ (γjs, γjs+1).  

• Equation (6.5) is applied to find α(rj(b)) as follows: 

 

𝛼(𝑟𝑗(𝑏)) = 𝛼(𝛾𝑗𝑠) +
𝛼(𝛾𝑗𝑠+1) − 𝛼(𝛾𝑗𝑠)

𝛾𝑗𝑠+1 − 𝛾𝑗𝑠
 (𝑟𝑗(𝑏) − 𝛾𝑗𝑠) (6.5) 

 

6.3 Results and discussion 

6.3.1 The priority raking of the actors 

Experts in transport systems and technology are asked to evaluate the importance of the 

stakeholders, as shown in Table 6-2. The result of the evaluation is used to rank the level of 

power for each stakeholder in the final decision.  

Table 6-2. The number of participants per stakeholder 

Stakeholder Total number of received responses Number of responses after filtering 

Users 37 30 
Legislators  7 6 
Operators  8 8 
Manufacturers  7 6 

59 representatives participated in rating the stakeholders’ importance. The time of sending 

the PCMs and receiving the answers lasted around one and a half months (i.e., from May 30, 

2021, till July 14, 2021). The type of respondents is governmental institutions, researchers, 

vehicles manufacturers, operators, and users. It is found that solely 50 participants filled the 

PCM correctly, while the remaining participants (i.e., 59-50=9) show inconsistent results; thus, 

they are excluded from the study. For the 50 participants, the average CR is 0.006 (<0.1), which 

is an acceptable result. Table 6-3 presents the actors (i.e., stakeholders), the average weights, 

and the rankings based on the analysis of the participants’ responses. It is shown that the users 

(40%) have the highest weight in deciding on adopting AVs, while the manufacturers (13%) 

and operators (16%) have the lowest weights. Table 6-3 is used to determine the importance of 

each actor’s criteria and objectives. 

Table 6-3. The priority rankings of the actors 

Stakeholder Weight  Ranking 

Users 0.40 1 

Legislators 0.31 2 

Operators 0.16 3 

Manufacturers 0.13 4 
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6.3.2 The analysis of the actors 

Each stakeholder is analyzed separately, where AHP and PAHP are applied. 

The users 

Referring to Table 6-1, the classical AHP is applied, where the participants fill the criteria 

PCMs in, and at the same time, a rate of 1 out of 100 is given for each objective based on its 

importance in adopting PSAV as a future transport mode. 30 responses out of 37 are taken into 

account, where seven responses are removed due to inconsistency issues (CR>0.1). The 

average weight is calculated based on Equation (6.4). Table A. 15 shows that all PCMs are 

consistent (i.e., CR<0.1). The rankings from the highest weight to the lowest weight are 

recorded. The results presented in Table A. 15 are not final, they are used for calculating the 

weights of the objectives and for estimating the final weight of each objective and criterion.  

The criteria evaluation is conducted by using the classical AHP, while the objectives need 

one more step. PAHP is applied to the objectives, where three reference objectives are selected 

based on the assigned ratings. The three reference objectives are given to the experts for 

evaluation in the form of a PCM. The size of the comparison matrix is 3X3, where the classical 

AHP is applied. Table 6-4 shows the results of the analysis. The CR is less than 0.1, which 

means that the results are tolerable inconsistent, and the monotonicity is satisfied, too. Table 

6-4 is used to find the weights of the other objectives, where the three objectives mentioned in 

Table 6-4 are considered as references. Interpolation is conducted to find the weights, as in 

Equation (6.5). The normalization of the PAHP weights is done by dividing the weight of each 

objective by the summation of the weights, as shown in  

Table 6-5. The normalized weight is used for the final evaluation of the objective, as shown 

in the final normalized score subsection.  

Table 6-4. The weights, rankings, and CRs of the reference objectives 

Objective Weight Ranking CR 

Ease of use 0.2464 3 

0.008 Respecting the users’ rights  0.3179 2 

Increasing travel safety 0.4358 1 

 

Table 6-5. The final PAHP weights and rankings of the users’ viewpoints 

Objective  Rate (%) Weight Normalized Weight Ranking 

Optimizing the travel time 82.67 0.4138 0.2017 2 

Minimizing the travel cost  74.17 0.3327 0.1622 3 
Increasing the perceived comfort of traveling 72.07 0.3052 0.1487 5 
Respecting the users’ rights  77.63 0.3179 0.1549 4 
Increasing travel safety  85.00 0.4358 0.2124 1 
Ease of use  69.47 0.2464 0.1201 6 

The legislators 

Seven people from legislation bodies are asked to complete the PCMs, where six responses 

out of seven are used in this research, as mentioned in Table 6-2. One answer is removed due 

to inconsistency issues (CR >0.1). Based on the legislators’ rating, the average rate of each 

objective is presented in Table A. 16. The output of Table A. 16 is not final either. The results 

are to be used for calculating the weights of the objectives and for estimating the final weight 

of each objective and criterion. 



93 

 

Table 6-6 presents the results of the analysis of the legislator's viewpoints on three selected 

objectives (i.e., reference objectives) as a step of the PAHP process. Both the CR and the 

rankings are presented. The CR is less than 0.1, which means that the results are tolerable 

inconsistent, and the monotonicity is satisfied, as well. 

Table 6-6. The weights, rankings, and CRs of the reference objectives based on the legislators’ 

viewpoints 

Objective Weight Ranking CR 

Increasing social welfare 0.4840 1 

0.029 Ensuring users’ data privacy and system security  0.3731 2 

Increasing the GDP 0.1428 3 

Table 6-7 is used to find the weights of the other objectives, where the three objectives 

mentioned in Table 6-6 are considered as references. Interpolation is conducted to find the 

weights of the other objectives by using Equation (6.5). The resulted weights are normalized 

to be used in the final evaluation.  

Table 6-7. The final PAHP weights and rankings of the legislators’ viewpoints 

Objective Rate (%) Weight Normalization Ranking 

Decreasing the expenditures on infrastructure maintenance  71.43 0.3859 0.1497 4 
Minimizing the money spent on the health sector  71.71 0.3880 0.1505 3 
Protecting the environment  77.14 0.4286 0.1662 2 
Assuring interoperability across borders  67.14 0.1428 0.0554 8 
Defining responsibilities among the actors  67.86 0.1688 0.0804 6 
Increasing social welfare 84.57 0.4840 0.1877 1 
Ensuring users’ data privacy and system security  69.71 0.3731 0.1447 5 

Increasing the GDP  67.43 0.1428 0.0655 7 

The operators 

The classical AHP is applied for the objectives and criteria. The result shows that the 

operators’ responses are tolerable inconsistent, as shown in Table A. 17. The operators assign 

the highest weight to the objective “increasing the revenues” and the lowest weight to the 

objective “increasing the efficiency of the transport system”. The outputs are not final; the 

weights are to be multiplied by the weight of the actor in the decision (see Table 6-3). 

The manufacturers  

The classical AHP analysis is conducted similarly to the case of the operators, as shown 

in Table A. 18. The manufacturers weight the objective “increasing the travelers’ trust” the 

highest and the objective of “providing user benefits” the lowest. The outputs are not final; the 

weights are to be multiplied by the weight of the actor in the decision (see Table 6-3). 

6.3.3 Final normalized scores/rankings 

The final weights of the objectives are calculated by multiplying the normalized objective 

weights from  

Table 6-5 and Table 6-7 for the users and legislators, respectively, by the weights of the 

actors mentioned in Table 6-3. On the other hand, for the operators and manufacturers, the 

calculated weights from the classical AHP are used (see Table A. 17 and Table A. 18). Besides, 

the final weights of the criteria are calculated by multiplying each criterion’s weight by the 

final weight of the objective, as shown in Table 6-8, Table 6-9, Table 6-10, and Table 6-11. 

Table 6-8 presents the final rankings for the objectives and the criteria based on the users’ 

perspectives. The objective of “increasing travel safety” is ranked as the most important 

objective based on the users’ viewpoints, while the objective of “ease of use” is ranked as the 
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least important. Other objectives are ranked according to their weights. The criterion of 

“reduced in-vehicle travel time” is ranked as the most important factor based on the users’ 

objective “optimizing the travel time”, while the criterion of “reduced insurance” is ranked as 

the least important based on the users’ objective “minimizing the travel cost”. 

Table 6-8. The final normalized weights of the users’ objectives and criteria 

Objective  
Final 
Weight 

Level 1 
Ranking 

Criterion 
Final 
Weight 

Ranking 
Level 2 
Ranking 

Optimizing the travel time 0.0807 2 

Reduced in-vehicle travel time  0.0333 1 4 
Increased onboard multitasking 
activities  

0.0134 3 14 

No parking time  0.0126 4 15 
Acceptable waiting time  0.0214 2 9 

Minimizing the travel cost  0.0649 3 
Reduced fuel consumption  0.0385 1 2 
Reduced vehicle maintenance  0.0139 2 13 
Reduced insurance  0.0125 3 16 

Increasing the perceived 
comfort of traveling 

0.0595 5 
Information and guidance  0.0147 2 10 
Available ICT tools on board 0.0142 3 12 
Reliable travel time  0.0306 1 7 

Respecting the users’ rights  0.0620 4 
Data privacy  0.0303 2 8 
Cybersecurity  0.0317 1 6 

Increasing travel safety  0.0850 1 

Reduction in vehicle accidents 
caused by the malfunction of 
PSAV  

0.0494 1 1 

Reduction in accidents with PSAV 
caused by regular cars  

0.0356 2 3 

Ease of use  0.0480 6 
No driving license  0.0144 2 11 
Accessibility  0.0337 1 5 

Table 6-9 presents the final rankings of the objectives and the criteria based on the 

legislators’ viewpoints. The objective of “increasing social welfare” is ranked as the most 

important objective based on the legislators’ viewpoints, while the objectives of “assuring 

interoperability across borders” and “increasing the GDP “are ranked as the least important. 

The criterion of “new career opportunities” is ranked as the most important factor based on the 

legislators’ viewpoints, while the criterion of “land use development” is ranked as the least 

important. The 23 criteria are ranked in sequence based on their weights.  
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Table 6-9. The final normalized weights of the legislators’ objectives and criteria 

Objective  
Final 
Weight 

Level 1 
Ranking  

Criterion 
Final 
Weight 

Ranking 
Level 2 
Ranking  

Decreasing the expenditures 
on infrastructure 
maintenance  

0.0464 3 

Reduction in the damages caused 
by traffic accidents  

0.0246 1 4 

Increased efficiency of the existing 
road network  

0.0216 2 7 

Minimizing the money 
spent on the health sector  

0.0467 3 

Increased vehicle and passenger 
safety  

0.0247 1 5 

Mobility for elderly people  0.0217 2 11 
Passive health monitoring  0.0245 3 16 

Protecting the environment  0.0515 2 

Reduced emissions  0.0129 2 6 
Reduced noise  0.0093 4 10 
Efficient land use  0.0232 1 14 
Efficient use of fuel  0.0128 3 20 

Assuring interoperability 
across borders  

0.0172 6 
Harmonization of laws  0.0105 1 12 

Technical standard  0.0051 2 18 

Defining responsibilities 
among the actors  

0.0249 5 

The accountability and liability for 
malfunction  

0.0114 1 13 

The accountability and liability for 
accidents caused by other vehicles 

0.0057 2 15 

Policies to prevent technology 
monopoly  

0.0101 3 19 

Increasing social welfare 
0.0582 
 

1 
New career opportunities 0.0097 1 1 
Fairness and transparency  0.0051 2 8 

Ensuring users’ data privacy 

and system security  
0.0449 4 

Data privacy 0.0374 2 3 
Data ownership 0.0208 3 9 
Cybersecurity  0.0311 1 2 

Increasing the GDP  0.0203 6 

New career opportunities  0.0174 1 17 
Increased accessibility 0.0347 2 21 
Increased mobility  0.0070 3 22 

Land use development 0.0057 4 23 

Table 6-10 presents the final rankings for the objectives and the criteria based on the 

operators’ viewpoints. The objective of “increasing the revenues” is ranked as the most 

important objective based on the operators’ viewpoints, while the objective of “increasing the 

efficiency of the transport system” is ranked as the least important. The criterion of “optimized 

supply” is ranked as the most important criterion based on the operators’ viewpoints, while the 

criterion of “increased mobility” is ranked as the least important. The eight criteria are ranked 

in sequence based on their weights.  

Table 6-10. The final weights of the operators’ objectives and criteria 

Objective 
Final 

Weight 

Level 1 

Ranking 
Criterion 

Final 

Weight 
Ranking 

Level 2 

Ranking 

Increasing the revenues 0.0692 1 

Optimized supply  0.0306 1 1 

Efficient use of the existing 

infrastructure  
0.0160 3 7 

Decreased number of accidents  0.0226 2 3 

Multimodal integration  0.0522 2 

Connectivity with other modes  0.0235 1 2 

Increased accessibility  0.0173 2 6 

Increased mobility  0.0114 3 8 

Increasing the efficiency of 

the transport system  
0.0386 3 

Clear regulatory rules  0.0195 1 4 

Demand management  0.0191 2 5 

Table 6-11 presents the final rankings for the objectives and the criteria based on the 

manufacturers’ viewpoints. The objective of “increasing the travelers’ trust” is ranked as the 

most important objective based on the operators’ viewpoints, while the objective of “providing 

user benefits” is ranked as the least important. The criterion of “increase in safety” is ranked 

as the most important criterion based on the manufacturers’ viewpoints, while the criterion of 
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“ease of use” is ranked as the least important. The eleven criteria are ranked in sequence based 

on their weights.  

Table 6-11. The final weights of the manufacturers’ objectives and criteria 

Objective 
Final 
Weight 

Level 1 
Ranking 

Criterion 
Final 
Weight 

Ranking 
Level 2 
Ranking 

Providing user benefits  0.0249 3 

Optimized travel time 0.0043 3 2 
Minimized travel cost  0.0108 1 5 

Increased perceived comfort in 
traveling 

0.0074 2 7 

Ease of use 0.0024 4 11 

Increasing the travelers’ 
trust  

0.0673 1 

Increase in safety  0.0459 1 1 
Data privacy  0.0106 3 6 

Cybersecurity  0.0109 2 4 

Maximizing the revenues 0.0377 2 

Innovation and development  0.0068 2 8 

Increased reliability of the vehicles  0.0211 1 3 

Sufficient supply  0.0065 3 9 
Increased usage of PSAV 0.0034 4 10 

6.3.4 The overall rankings of the objectives and criteria 

The rankings of the objectives regarding the adoption of PSAV as a transport mode in the 

future based on all stakeholders’ viewpoints are given in Figure 6-3. “Assuring interoperability 

across borders” gets the least ranking, which means that people are not much interested in 

crossing the borders while using PSAV. On the other hand, “increasing travel safety” has the 

highest ranking, which means that all stakeholders consider safety to a great extent due to the 

absence of human drivers or potential cyber-attacks. Besides, “assuring interoperability across 

borders”, “increasing the GDP”, “providing user benefits”, and “defining responsibilities 

among the actors” receive the least rankings. Thus, policymakers might not focus on these 

objectives. On the other hand, “optimizing the travel time” and “increasing travel safety” 

occupy the highest rankings. Policymakers should focus on these two objectives in their 

decisions. Other ranking results demonstrate the ranking of each objective based on each 

actor’s weighting of the relevant objectives and the influence of each actor in adopting PSAV 

as a transport mode (i.e., the weight given by each actor compared to others, as shown in Table 

6-3). Figure 6-3 shall be taken by policymakers where the importance of the objective is 

presented.  
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Figure 6-3. The rankings of the objectives based on all stakeholders’ viewpoints 

The rankings of the criteria regarding the adoption of PSAV as a transport mode in the 

future based on the users, legislators, operators, and manufacturers’ viewpoints are listed in 

Figure 6-4. The “ease of use” is given the least ranking, which means that it is not thought to 

be difficult to use PSAV, or travelers might get used to it easily when it arrives to the market. 

On the other hand, the “reduction in vehicle accidents caused by the malfunction of PSAV” 

receives the highest ranking, which means that automated driving is still thought to be 

unreliable. It is shown in Figure 6-4 that the criteria of the “increasing travel safety” objective, 

which has the highest ranking among the objectives, receive varied rankings. For example, the 

criterion “reduction in vehicle accidents caused by the malfunction of PSAV” receives the 

highest ranking, while the criterion “reduction in accidents with PSAV caused by regular cars” 

has the fifth most important ranking rather than the first. On the other hand, the “increase in 

safety” criterion, which belongs to the “increasing the travelers’ trust” objective, receives the 

second-highest ranking. It must be noted that the objective “increasing the travelers’ trust” 

receives the fourth-highest importance in the rankings of the objectives. Thus, the importance 

of the third level analysis is directly connected to the second level, where some presented 

criteria from each objective demonstrate varied rankings.  
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Figure 6-4. The rankings of the criteria based on the stakeholders’ viewpoints 
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6.4 Discussion 

The findings of current study carry on some policy implications, which affect the future 

direction of the transport sector. The outputs of this research can be used to stipulate policies 

that consider the weights of the objectives or criteria connected to the decision-making process. 

Current research discusses the main actors’ benefits, where each actor presents what is 

important and what is required from PSAV. PSAV can be accepted as a transport mode if all 

actors’ needs are reasonably satisfied. The policies, which can be set based on the result of this 

research, might facilitate the acceptance of PSAV as a transport mode by considering the four 

actors’ needs. This chapter demonstrates the importance of the users over other actors, where 

the operators and the manufacturers have the lowest weights. Nevertheless, some of the users’ 

objectives and criteria are not superior. The objectives and the criteria for all actors are ranked 

based on the actors’ viewpoints. The rankings in Figure 6-3 and Figure 6-4 can be translated 

into policies to ensure that the objectives and criteria receiving high rankings are considered. 

The “increasing travel safety” and “optimizing the travel time” are the highest-ranking 

objectives among all. In line with that, the “increase in safety” (i.e., fewer accidents, and 

cybersecurity), “reduced fuel consumption”, “data privacy”, “accessibility”, “reduced in-

vehicle travel time”, “reliable travel time”, and “optimized supply” criteria receive the highest 

concerns from the stakeholders. Furthermore, it is demonstrated that similar criteria have 

different rankings due to each actor’s impact in the evaluation process; for instance, “data 

privacy” is evaluated higher by the users than by the legislators.  

The limitation of this study is summarized in the stakeholders’ ability to evaluate the 

importance of their objectives and criteria based on assumptions and partially theoretical 

background since AVs are not available on the market. Current chapter discusses one potential 

type of AVs, while other possible types are not covered in this work. In the future, it is 

recommended to study other use cases, such as SAVs.  

Solely a few studies cover the implications and consequences of adopting AVs. It is well 

known that different stakeholders can share similar benefits once PSAV is introduced into the 

market. In this study, various stakeholders’ viewpoints are evaluated based on one type of AVs. 

The goal of this research is to encourage the adoption of PSAV as a transport mode in the 

future. Each actor’s objectives and criteria are collected based on the literature. The MAMCA 

method is applied where AHP and PAHP are used for the analysis. The actors, objectives, and 

criteria are ranked and prioritized. The results demonstrate that users have the highest weight 

among the actors. Each actor’s objectives and criteria are ranked separately. The outputs show 

different rankings for common criteria, such as “cybersecurity”. Highly ranked objectives and 

criteria are to be considered for further development, which defines the use of PSAV in the 

future. The paper presents a ranking for every objective and criterion, which helps 

policymakers to create their plans and strategies.  

It is important to implement this research in the future, where the four stakeholders can set 

to negotiate the realization of the findings. The findings reflect the stakeholders’ impacts on 

adopting PSAV, where after negotiations, some modifications might be accompanied. The 

benefit of this study is to find a common strategy for negotiations among stakeholders to reach 

agreements on the output of this study. In case the negotiation is not an option, the developed 

method of Amenta et al. [192] and Duleba and Blahota [193] can be applied. 
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Chapter 7 
7 Discussion, Applications, Future Research 

In this chapter, some implications of integrating AVs into the transportation system are 

investigated through different techniques and scientific methods. Current research has five 

connected thesis points. Thesis 1 includes several simulations of AVs alone as well as with the 

CTMs. Thesis 2 introduces some simulations of AVs with the P&R system. Thesis 3 

investigates the onboard activities in case of CTMs and whether people might multitask more 

on board of SAVs. Moreover, the impact of onboard activities and those tools that travelers 

carry during traveling to their main destinations on the perceived trip time are evaluated. Thesis 

4 develops various mode choice models, where the DCEs include different presentations of 

multitasking as an attribute. Finally, Thesis 5 highlights the importance of the advantages and 

disadvantages of AVs revealed by relevant stakeholders to examine their viewpoints on the 

adoption of PSAV. Thus, to cover some gaps in the literature, current research includes the 

integration of AVs into several travelers’ activity chain plans, the investigations of onboard 

activities and the tools by carried travelers, the impact of the onboard activities on the trip time, 

the development of transport choice models, where AVs and SAVs are provided as transport 

modes, and the adoption of PSAV by stakeholders based on their viewpoints. Generally, the 

findings of this study are to be used in policymaking that tries to manage and control the use 

of AVs and SAVs in the future.  

The following section discusses the main findings of each thesis point. 

 

7.1 Discussion of the Findings  

7.1.1 Discussion of the findings of Thesis 1 

The findings of Thesis 1 are consistent with previous studies of the literature, for example, 

AVs increase the VMT, replace more than one conventional vehicle, and decrease the trip time. 

The magnitudes of the VMT and the reduction in the trip time are different than in previous 

studies due to the varied factors, such as the locations of the activities, the road, and public 

transport network. Compared to previous studies, the findings of this research reveal some new 

results, such as the alteration of modal share, when the VOT of travelers changes from 100% 

up to 50% of the VOT of conventional cars. The study finds negligible changes in the modal 

share when the VOT of travelers is less than 50% of the VOT of conventional cars. It can be 

derived from the obtained results that using AVs reduces the travel time. The amount of 

reduction depends on the fleet size of AVs (i.e., smaller AVs fleet size means longer trip time 

and larger waiting time), the travelers’ (i.e., group of users) characteristics, and their plans (i.e., 

the locations of activities, the transport mode, and the activity time).  

The indirect consequences of using AVs can be realized from this study. AVs decrease the 

travelers’ travel time based on their locations and destinations as well as the traffic condition, 

which is affected by the time of traveling during the day. The decreased number of vehicles on 

the street and the reduction in using the parking spaces influence the price of properties in urban 



101 

 

areas and convert many parking spaces to serve other purposes, such as public spaces. Budapest 

is classified as a historic city, where a lot of buildings do not have parking garages, and 

widening the streets is not a solution to satisfy the increasing demand. Moreover, taxes and 

fees should be applied to parking and driving to discourage people from using cars in the city 

center. AVs provide a solution for the problems of parking areas and narrow roads as well as 

might motivate people to reshape the existing urban land use.  

Different groups of users are selected based on the benefits that they can obtain when AVs 

are on the market. Each group is divided into one or more scenarios based on the definition of 

the group and the collected data. The impacts of AVs on the travel time of the different groups 

as well as on the modal share of each group are not the same. This highlights the importance 

of these groups in developing various transport choice models. Moreover, separate policies, 

services and products can be applied for each group based on the relevant developed models. 

7.1.2 Discussion of the findings of Thesis 2 

Using P&R facilities depends on the travelers’ preferences. It is demonstrated that using 

P&R systems increases the overall travel time compared to traveling exclusively by a 

conventional car (i.e., the existing condition), but efficiently managing the parking in the city 

center can be done by using the P&R system. The results demonstrate that using AVs as a 

transport mode impacts the existing modal share concerning the VOT of AVs and conventional 

cars. AVs can attract travelers and make them avoid using the P&R system, which reduces the 

number of conventional cars and the area needed for P&R facilities. All of these are controlled 

through the parking pricing strategies set by the decision-makers. Moreover, simulations for 

multiple scenarios based on different new locations of the P&R facilities are helpful in 

impacting the traveler’s choice.  

7.1.3 Discussion of the findings of Thesis 3 

To mitigate the negative impact of the travel time, travelers are predisposed to multitask 

on board while traveling. Onboard multitasking minimizes the disutility of travel time by 

converting a part of the travel time into a productive time. People’s preferences determine how 

the travel time is utilized. In this thesis, the travelers’ behavior on board of CTMs and SAVs is 

examined. The factors that affect onboard activities are found. Furthermore, the factors 

influencing the usage of the travelers’ carried tools and those that negatively affect the travel 

time and the acceptability of SAVs are identified, too. Besides, it is demonstrated that SAVs 

are preferable over CTMs based on the multitasking availability. The most important factor 

that makes a negative impact on the travel is waiting time, which may influence the use of 

SAVs in the future, too. Therefore, decision-makers can influence people’s movements by 

focusing on reducing the waiting time, alleviating the congestion, and increasing the comfort 

level. Besides, to attract people, these factors should be considered in case of AVs, too. 

Moreover, people’s acceptability of SAVs is examined based on different dimensions, such as 

the type of the companion, the internal design of SAVs, the provided services, and the potential 

to multitask on board. The results of the analysis show that the seat availability and the extra 

tools inside SAVs encourage people to accept SAVs as a transport mode more than other 

factors, such as the privacy, the travel time, the minimization of the travel time, and onboard 

multitasking availability. 
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Productive travel time contributes to the reduction in the disutility of travel time. This 

thesis discusses the influence of the travelers’ onboard activities and the tools carried by 

travelers on the perceived trip time. An investigation on the different possible onboard 

activities and the tools carried by travelers is accomplished. Therefore, the new way of 

introducing onboard activities with the tools carried by travelers is examined across the groups. 

The results reveal the impact of the tools carried by travelers and onboard activities on the 

perceived trip time in urban areas across various groups of travelers. The perceived trip time is 

enhanced when travelers use the carried tools during their traveling to the main trip purposes 

in urban areas. The tools that travelers carry determine the onboard activities. Travelers prefer 

a specific transport mode over others when they want to conduct a specific activity. A 

consensus is revealed about the importance of onboard activities and carried tools in the 

perception of trip time. Thus, travelers seek to increase their utilities by involving themselves 

in productive activities on board. Providing an appropriate environment on board, where 

travelers can increase their utility by involving themselves in multitasking, is required to avoid 

unpleasant journeys. The ease of use of the tools that travelers carry as well as their availability 

impacts the perceived trip time, for example, a classical cellphone is not like a smartphone, 

which can be used to conduct various activities.  

7.1.4 Discussion of the findings of Thesis 4 

Travelers set preferences for their daily plans to minimize the disutility of travel time and 

maximize the utility of activities. Multitasking on board minimizes the disutility of travel time 

by converting part of the travel time into productive time. Traveler preferences toward cars, 

AVs, and SAVs are examined, where a transport choice model is developed. During the travel, 

travelers conduct active and passive activities based on their preferences. Onboard activities 

affect the travel time positively because travelers can get benefits from involving themselves 

in productive activities, such as working. The impact of multitasking on transport mode choice 

is positive, while it is negative in case of the travel time and travel cost. Travel time, travel 

cost, multitasking, income, and age variables demonstrate various impacts on the transport 

mode choice. For example, the availability of multitasking increases the probability of 

choosing a specific transport mode. In conclusion, travelers with high income are more willing 

to use AVs over SAVs and more likely to use cars than SAVs. Besides, people from the older 

age group prefer using SAVs more than other age groups. Generally, based on the developed 

model, travelers demonstrate their willingness to choose AVs over cars and SAVs over AVs to 

maximize their utilities. 

Moreover, transport choice models that combine AVs, SAVs, and public transport are 

developed. The impact of travel time, travel cost, and multitasking options on the probability 

of choosing a transport mode is explained. The influence varies across the alternatives, which 

shows that people differentiate between IR-AVs, SAVs, and public transport when they want 

to be involved in onboard activities during traveling to the sites of their main activities in urban 

areas. Each onboard activity shows different effects on each alternative as well as on the trip 

time and trip cost. Besides, IR-AVs seem to be predominant in urban areas, which leads to an 

increase in congestion since the individual mode is preferred over SAVs and public transport 

by the travelers. The developed model studies the added (dis)utility of six onboard activities 

(i.e., reading, writing, talking, using social media and gaming, eating/drinking, and doing 
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nothing) in transport mode choice. The onboard activities demonstrate various effects on the 

travel behavior across the alternatives. The study highlights the preferences of a group of 

people in transport mode choice. Moreover, the changes in the impacts of the trip time and trip 

cost on the travel behavior are analyzed. The results show that people are more likely to choose 

IR-AVs over other modes, while choosing SAVs has the lowest probability. The effect of the 

travel time on the onboard activities is higher than that of the travel cost, which indicates that 

having longer travel time gives travelers more time to engage in multitasking. Reading and 

using social media affect the choice of a transport mode positively to a greater extent than other 

activities. The variations on the impacts of onboard activities are demonstrated, such as 

reading, using social media, and gaming make an impact on the potential transport mode choice 

more positively than other activities, while writing affects the transport mode choice 

negatively. 

7.1.5 Discussion of the findings of Thesis 5 

Solely a few studies cover the implications and consequences of adopting AVs. It is well 

known that different stakeholders can share similar benefits once PSAV is introduced into the 

market. In this thesis, various stakeholders’ viewpoints are evaluated based on one type of AVs. 

The goal is to encourage the adoption of PSAV as a transport mode in the future. The actors, 

objectives, and criteria are ranked and prioritized. The results demonstrate that users have the 

highest weight among the actors. The outputs show different rankings for common criteria, 

such as “cybersecurity”. Highly ranked objectives and criteria are to be considered for further 

development, which defines the use of PSAV in the future. Current research presents a ranking 

for every objective and criterion, which helps policymakers in creating their plans and 

strategies. It is important to implement this research in the future, where the four stakeholders 

can negotiate the ranking of their own importance in the decision as well as the realization of 

the findings. The results reflect the stakeholders’ impacts on adopting PSAV, where after 

discussions, some modifications might be accompanied. The benefit of this study is to find a 

common strategy for negotiations among the stakeholders to reach agreements on the output 

of this study. In case the negotiation is not an option due to the large number or lack of 

motivation of the participants, either equal weight of the decision-makers might be proposed, 

or some group weight optimization methods might be applied. 

 

7.2 The application of the scientific findings  

The potential applications and the relevance for long term policy making and practical 

applications of each thesis are presented one by one as shown in the following subsections. 

7.2.1 The applications of the findings of Thesis 1 

The output is beneficial to policymakers in developing strategies for new mobility services 

in urban areas, as the findings provide insights about the implication of the AVs on other 

transport modes. As a result of the simulations, it was confirmed that a smaller number of 

vehicles are to be loaded to the network; however, it may result in more VMT. This has an 

impact on the infrastructure and on the depreciation of AVs because the fleet of vehicles drives 

more than required (i.e., empty driven).  
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The future modal share in AVs age is determined based on people’s evaluation on the cost 

of the time spent in AVs compared to CTMs. The car seems to be the most affected transport 

mode. Walking and biking, which are the two non-motorized modes, are affected slightly. In 

the long term, the penetration of AVs should be controlled to avoid severe impact on public 

transport ridership.  

City planners can get input data to their transport models about the reduction of cars and 

the changes in modal share, which affects the number parking spaces and changes the location 

of activities 

7.2.2 The applications of the findings of Thesis 2 

Managing the parking in the city center can be done by using P&R systems. Integrating 

the P&R system and AVs in the daily activity plan is beneficial for policymakers, who can 

adapt regulations to manage the transport system in the presence of AVs. For example, the 

outputs of this thesis are useful for decision-makers to find the most suitable incentives, such 

as pricing zones (i.e., buffer), road tolls, discounts on using public transport, and parking 

pricing strategy, to encourage travelers to use P&R facilities or to compensate for the extra 

driven time. 

7.2.3 The applications of the findings of Thesis 3 

An investigation on the different possible onboard activities and the tools carried by 

travelers is important for transport planners and operators, where using the tools carried by 

travelers and multitasking on board impact the perceived trip time. Decision-makers can 

influence people’s movements by focusing on reducing the waiting time, alleviating the 

congestion, and increasing the comfort level. Moreover, the acceptability of SAVs by the 

travelers can be enhanced based on various dimensions, such as the type of the companion, the 

internal design of SAVs, the provided services, and the potential to multitask on board. 

7.2.4 The applications of the findings of Thesis 4 

This work is beneficial for transport operators to understand what makes travelers to 

switch to a transport mode or to select a transport mode over others, such as decreasing the 

waiting time or increasing the comfort level. Transport planners can consider multitasking in 

their demand prediction in the AV era. The developed transport choice models are useful in 

foreseeing the probability of using IR-AVs, SAVs, PT, and cars. The bases of selection are the 

trip time, the trip cost, and the multitasking availability attributes. Identifying the onboard 

activity with the highest utility value is useful for stakeholders (e.g., transport operators, 

manufacturers, and legislators) to enhance the perceived travel time. The results demonstrate 

difficulties in accepting ridesharing, which may lead to an increase in congestion since travelers 

prefer the individual mode (IR-AVs) over SAVs and public transport. By utilizing the 

outcomes, policymakers can predict the preferences of travelers in the age of AVs. 

7.2.5 The applications of the findings of Thesis 5 

The adoption of PSAV is negotiable between different actors. The importance of the 

actors’ viewpoints is prioritized based on a scientific evaluation. Policymakers can take the 

rankings and adopt regulations in the AV era. Moreover, the findings of this thesis let actors 

focus on specific criteria or objectives in developing AV industry. 
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7.3 Limitations 

In Thesis 1, the study does not focus on the impact of AVs on the traffic conditions, and it 

concerns the travel time alone. Moreover, the impact of the full automation technology on the 

capacity of roads and the interaction with the surrounding environments are out of the scope of 

this study. Furthermore, the parameters for the travelers’ utility are defined by using the 

literature. The increase in the demand for using AVs is not considered from the viewpoint of 

specific user groups, like disabled people, who conduct solely some activities due to their 

limited ability to move alone. Besides, the study uses a sample size that covers Budapest and 

does not include those travelers who come to the city from other cities and towns. The results 

of this study are produced based on the current transportation system - especially the schedule 

of public transport network and lines - as well as the road network and any alterations in this 

would change the results of this study. Moreover, the limitations of the MATSim are its current 

ability to simulate only daily activities (i.e., 24 hours activities) where travelers/agents’ daily 

activities must start and ends at home. Additionally, the MATSim utility function is based on 

time and cost parameters. 

In case of Thesis 2, the study uses the existing P&R facilities of Budapest, whereas 

constructing new facilities would change the result, which leads to the importance of 

conducting a simulation study to evaluate and optimize the locations of the proposed P&R 

facilities. Besides, the locations of the travelers’ activities and the characteristics of the trips 

and travelers affect the result of the conducted simulations in terms of the AV fleet size, travel 

time, P&R strategy (i.e., the management and operational process), and travel distance. 

Moreover, the assumption is made that all travelers are affected by the parking pricing (i.e., the 

increment in travel cost due to the increase in the parking fees), while some travelers might not 

be affected by the parking pricing because they have private parking opportunity.  

Regarding Thesis 3, differences between the characteristics of the sample and the 

population of Budapest are slightly noted. Despite this limitation, the impact of it is not strong 

because the difference between the sample composition and the population is not so big. The 

result of the study is applied for the people of Budapest, where the answers are based on the 

CTMs available in Budapest. Moreover, some of the insignificant results are caused by the 

small sample size; for example, the number of taxi users is rather small. In Budapest, public 

transport riders are not allowed to eat or drink on board, which makes a difference compared 

to similar studies. The focus of this thesis is on studying CTMs and SAVs rather than AVs. 

Besides, the research includes solely short trips and main trips as well as it does not exclusively 

consider the locals of Budapest but international people (e.g., students), too. It is worth 

mentioning that this thesis does not consider the causal relationship of tools on board and 

conducting activities. For example, talking activity can be conducted via a phone call or talking 

with other travelers (i.e., passenger/driver).  

In case of Thesis 4, the sample of the research considers exclusively skilled people, where 

they are selected by using social media, such as LinkedIn, Facebook. The compositions of this 

sample do not represent the population of Hungary because the examined topic is difficult and 

people without adequate knowledge might provide biased results. Moreover, the respondents 

cover solely Hungary, where the variations across borders are not presented.  
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In Thesis 5 the results are sensitive to the weighting of the stakeholders. This phase might 

be criticized by any of the representative groups and might be a subject of a discussion among 

all participants. Moreover, it discusses one paradigm of AVs (i.e., PSAV) as well as it takes 

the main stakeholders rather than secondary stakeholders as a separate actor in adopting PSAV.  

 

7.4 Scope for future works  

In case of Thesis 1, the integration of AVs into travelers’ activity plans based on updated 

data, where other micro-mobility modes are included, is recommended. Besides, future 

iterations of this study might include other models that have crucial impacts on travel behavior 

in the long term including additional aspects, for example, pedestrian facilities, traffic signals, 

and land use models. To explore the full range of AVs acceptance, further research should 

include more countries and more automated modes such as shared automated vehicles and 

automated transit non-motorized modes including micro mobility modes. Parking is not 

included in this research due to the absence of suitable data providing the minimum 

requirement of input data to MATSim, but it is recommended to be examined in further studies. 

The fleet size of AVs is affected by the number of people who request AVs before a certain 

time, for example, travelers can order an AV for 8:00 AM of the following day, and AVs have 

to consider this (i.e., pre-bookings), which means that AVs should be available with priority to 

those who booked earlier. Future research should study the impact of travelers in case of 

availability of previously booked travelers (i.e., waiting time is zero). 

In Thesis 2, considering AVs in the wider area that connects the city with the surrounding 

areas, such as neighboring cities, towns, and villages, where travelers come to the city from 

other places can decide to use P&R facilities or AVs, should be further examined. Besides, 

different levels of penetration, as well as different values of those travelers’ VOT who use AVs, 

are to be applied in future research. A wider sample may include different types of users, such 

as shoppers, workers, high-income people, or business trip cases. Additionally, different fleet 

sizes of AVs should be analyzed concerning various seats, and the possibility to share the ride 

is recommended to be studied. It is advised to update the results of this study based on the 

changes in the transport system and in the locations of future P&R facilities. Simulating the 

P&R system and AVs with different policies and rules to have comprehensive visions on the 

consequences, such as pricing strategies, zone pricing, location, and the capacity of each P&R 

facility, might be beneficial.  

In case of Thesis 3, conducting similar studies is suggested where different types of 

travelers are included, such as long-distance travelers and tourists. The aim is to find the 

differences in behavior and preferences of travelers on board across groups. Moreover, a 

comparison between different types of AVs, such as PSAV, AV, and SAV, based on the use 

of ICT tools and the possibility of multitasking, might be a topic of future research. Current 

study focuses on studying the CTMs and SAVs rather than AVs. It is encouraged to expand 

this work by using a larger sample size, including different countries, but using the same 

methodology. Making comparative studies between the different transport modes by using 

discrete choice modelling while considering the availability of multitasking options and the 

carried tools as attributes, is recommended.  
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In case of Thesis 4, it is advised to analyze the impact of each activity type on the transport 

modes and to include participants from different countries with a representative sample. 

Studying other transport modes with AVs in the future and analyzing the obtained utilities of 

onboard activities with longer distance trips outside urban areas might be interesting research 

topics. The onboard activities presented in DCEs can be improved by proposing a combination 

of two or more activities. Moreover, studying the impact of ICT tool availability on board 

provided by the travelers or by the operators (i.e., vehicle) on the transport choice model is 

potential future research. 

In Thesis 5, the adoption of one potential use of AVs is discussed, while other possible 

uses are not covered in this work. It is recommended to study other uses of AVs, such as SAVs. 

Moreover, the results of the findings of current research can be discussed with the relevant 

stakeholders, and a revised version might be done based on the modified rating. Additionally, 

sub-stakeholders can be studied where their objectives and criteria can be ranked and 

prioritized, such sub-stakeholders are real-estate, retail shops, and energy suppliers. The 

analysis of sub stakeholders is recommended to be studied to identify the affected group of 

people and their weights on the national scale. Besides, different methods in the analysis can 

be used, such as the fuzzy AHP method.  
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Chapter 8 
8 Dissertation summary  

The following theses are formulated to estimate the implications of introducing AVs into 

the market on people’s travel behavior, the trip time, and the CTMs. Besides, the travelers’ in-

vehicle travel behavior during traveling to their main activities in urban areas is covered. 

Furthermore, the adoption of AVs as a transport mode from the viewpoints of relevant actors 

is examined, as well. 

 

Thesis 1: The Impact of Autonomous Vehicle (AV) Introduction on the Transport System 

and Travel Behavior 

A multi-agent model is developed, where AVs are integrated in the travelers’ daily activity 

plan framework. The implications of AVs on the travel behavior of different groups of 

travelers, the current modal share, and the travel time are estimated. The impact of various 

willingness to pay for the travel by AVs on the travel behavior is studied. The results 

demonstrate that AVs reduce travel time, attracts mostly cars drivers, but affect transport mode 

choice to a certain extent. The differences between the impact of AVs on certain groups of 

people, for instance, the travel time reduction and the additional driven VMT are demonstrated. 

The degree of AV’s impact depends on the characteristics of user’s group, such as their travel 

distance. Moreover, concerning two penetrations of AVs, the results demonstrate that 

increasing the AV’s fleet beyond 10% does not affect the modal share significantly. Finally, 

the impact of full penetration of AVs on different groups of people is evaluated. The results 

show that one AV is capable to replace more than one conventional car.  

 

Previous studies show the impact of AVs on travelers’ mobility by concerning certain case 

studies. However, none of the previous research works study people’s willingness to change to 

AVs in Hungary. Moreover, some studies focus on those aspects that trigger travelers to switch 

to AVs, such as the acceptability of the new mode, the willingness to pay, and group differences 

considering the usage of AVs. Current study uses those aspects in simulations, such as the 

decrease in VOT. Moreover, it is found that researchers primarily have simulation studies 

focusing on the impacts of AVs on people regardless of certain groups. Previous papers 

mention some potential users of AVs based on the results of SP surveys; however, scarcely can 

be found studies that simulate certain groups of people based on the results of the SP surveys. 

The hypotheses of current research include the following:  

• AVs affect the existing modal share to some extent, 

• The impact of AVs on certain groups of travelers is varied, 

• One AV replaces more than one conventional transport car, 

• AVs reduce the travel time and increase the VMT. 

The daily activity plans are simulated and optimized through scenarios by using the 

MATSim software. The simulations include the analysis of the existing condition through a 

representative household sample size, the travelers’ daily activity plans when all CTMs are 

replaced by AVs, and the daily activity plans of households when AVs are integrated in the 
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daily activity plans by using different VOTs of AVs. The scenarios study travelers’ current 

mobility and the impact of AVs on travelers’ mobility and on CTMs. 

The first part of the results covers the impact of AVs on the modal share, the VMT, and 

the travel time, where the perception of people and their VOT on board of an AV are studied, 

as shown in Figure 8-1.  

 

Figure 8-1. The proposed traveler behavior simulation scenarios 

The second part examines the introduction of AVs into the market through two cases: first, 

with a penetration of 10% of the demand, and second, with the 20% penetration of the demand, 

as shown in Figure 8-2. 

Scenarios

Scenario (1)

Long commuters with 

high-income

Scenario (4)

Part-time workers

Scenario (3)

Elderly people 

who are retired

Scenario (1)

All travelers

 

Figure 8-2. The proposed traveler behavior simulation scenarios 

The third part examines the impact of AVs on certain types of people who are more likely 

to use AVs, as shown in Figure 8-3 

 

Figure 8-3. The proposed traveler behavior simulation scenarios 

In the first part a base model is developed. The required fleet size of AVs needed to fulfill 

the demand of different groups of travelers is determined, and the new modal shares of the 

transport modes when AVs appear on the market are predicted, as shown in Figure 8-4.  

 

Figure 8-4. The modal shares with the presence of AVs 
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In the first part, AVs have different degrees of influence on certain groups as demonstrated 

in the occurred changes in the modal share and the trip time shown in Figure 8-5.  

 

Figure 8-5. The fleet utilization differences across the two AV penetrations and the average served 

request by an individual AV 

In the second part, it is presented that an increase in the fleet size of AVs beyond 10% of 

the demand does not significantly raise the modal share of AVs, as shown in Figure 8-6. 

 

Figure 8-6. The results of the mode-share shift when the AV penetration increases from 10% to 20% 

In the third part, the results show the comparison between the results of AVs and CTMs, 

based on the seven scenarios. In Table 5-1 it is shown that the time saving for using AVs ranges 

from 13% to 42% in group a, 33% in group b, and 15% to 33% in group c.  

Table 8-1. Trip time comparison between conventional modes and AVs 

Group Scenario 
No. 

AV CTM Time-saving 
per trip 
(minute)* 

AVs 
fleet size 

95th percentile passenger 
waiting time (minute) 

Average trip 
duration (minute) 

Average travel 
time (minute) 

a (1) 120 10.6 14.5 43.3 18.2 

(2) 70 10.2 20.4 37.3 6.7 

(3) 300 9.0 15.4 28.2 3.8 

b (4) 425 10.9 13.2 36.2 12.0 

c (5.1) 650 9.5 14.1 31.2 7.6 

(5.2) 850 10.5 9.1 23.2 3.6 

(6) 150 10.4 14.1 34.1 9.6 

(7) 475 9.8 12.1 27.1 5.2 

 

My scientific publication related to Thesis 1 are [13], [133], [134], and [194]. 
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Thesis 2: The Impact of Integrating Autonomous Vehicle (AVs) and the Park and Ride 

(P&R) System in the Travelers’ Daily Activity Plans  

An agent-based model, where the P&R system and AVs are integrated into the travelers’ daily 

activity framework, is developed. The impacts of this integration on the travel time and modal 

share are estimated. The results demonstrate that using P&R system increases the travel time 

while integrating AVs with P&R system decrease the travel time to some extent. The evaluation 

of the change in the car users’ modal share is estimated with different settings, where a fixed 

fleet of AVs is provided, and rules do not enforce car users to park their cars in the P&R 

facilities. The findings demonstrate a considerable shift from public transport to AVs (35%) 

and from cars to AVs (29%). It is concluded that transport management laws that are applied 

in an urban area control the transport modal share, such as parking pricing. 

 

The impacts of both AVs and the P&R system on travelers’ mobility need more research 

and efforts by scholars. The P&R system and AVs are integrated and simulated with public 

transport to evaluate the impact of the P&R system integration on the overall mobility. Current 

study is the first of its kind which integrates the existing P&R facilities in the car travelers’ 

daily activity plans in Hungary. In current research the following two cases are studied. 

Case 1: Private car users are enforced to use P&R facilities as a way of decreasing traffic 

in the city center. A simulation of AVs being part of a multimodal system, when the P&R 

system is integrated in the daily activity plans, is carried out to determine the required AV fleet 

size needed to fulfill a certain demand and to study the impacts of AVs on the trip time and 

distance. The conducted simulations are shown in Figure 8-7. 

Case 2: No rules are set to enforce car users to park their cars in the AVs era. The change 

in the car users’ modal share, when a fixed fleet of AVs is provided, is estimated. Besides, 

decision-makers establish a pricing scheme and let travelers decide on using the P&R system 

or not. The conducted simulations are shown in Figure 8-8.  

In case 1, four scenarios are simulated: 1) the existing condition, where travelers use their 

personal cars (i.e., base scenario 1), 2) AVs on the market as a replacement for personal cars, 

3) integrating P&R facilities with the public transport scenario (i.e., base scenario with AVs), 

and (4) integrating P&R facilities and public transport with AVs, as shown in Figure 8-7, where 

10 P&R facilities are used in the simulation. 

 

Figure 8-7. The simulation scenarios of working and shopping travelers 

In case 2, three scenarios are simulated: 1) Scenario 1 simulates the existing situation, 

where travelers record their actual daily activities, 2) Scenario 2 includes the integration of the 

P&R system in the car users’ daily activity plans, and 3) Scenario 3 includes a tradeoff between 

using the P&R system and switching to AV (i.e., using P&R is not mandatory) when a parking 

fee are applied. Figure 8-8 illustrates the three scenarios. Based on the sample size, which is 

extracted from the original data, where 13 P&R facilities are used. 
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Figure 8-8. The three scenarios of the simulations 

In case 1, the results for Scenario 4 show that the average trip time is 21.6 minutes 

including the average waiting time which is smaller than the average travel time of scenario 3. 

Figure 8-9 presents the number of vehicles (i.e., AV) that are on their way to pick up or drop 

off travelers, and also the number of empty and occupied vehicles. It is shown in Scenario 3 

that the number of AVs that are used to replace the conventional cars of travelers are much less 

than the number of conventional cars.  

 

Figure 8-9: Time profile of 750 AVs, when the conventional cars are replaced by AVs in scenario (4) 

In case 2, the modal share of Scenario 1 is 50% public transport and 50% car. The inclusion 

of an AV into the system leads to a change in the modal share based on the travelers’ utility 

(i.e., maximizing their score concerning the time and the cost). The new modal share is 21% 

car, 15% public transport, and 64% AV, while the average trip time is 26.75 minutes. In 

summary, the simulations are conducted based on the existing P&R facilities in Budapest, 

Hungary. In both cases, the results demonstrate that the P&R system increases the overall travel 

time compared with using a private car, while using AVs as a replacement for conventional 

cars reduces the travel time. The findings of case (2) demonstrate that the use of AVs as a 

transport mode impacts the existing modal share. 

 

My scientific publications related to Thesis 2 are [52], [195], and [196].  
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Thesis 3: Multitasking and Travelers’ Carried Tools on Board of Conventional Transport 

Modes (CTMs) and Shared Autonomous Vehicles (SAVs) and their Impacts on the Trip 

Time in Urban Areas  

The most common onboard activity types and carried tools that travelers can conduct and use 

on board during their travel in urban areas are collected. Different options of onboard activities 

are presented based on the trip purpose and the use of Information and Communication 

Technology (ICT). The findings show that onboard activities and travelers’ carried tools 

enhance the perception of the travel time. Moreover, transport modes are ranked based on the 

positive impact of the onboard activities, for example, public transport is the most convenient 

transport mode for reading and writing activities while car as a passenger is the most convenient 

transport mode for talking. The participation on onboard activities is varied across the group 

of travelers, for instance, women multitask more than men. It is also found that travelers are 

more willing to be engaged in onboard activities when using SAVs compared to CTMs. The 

effects of several factors on the acceptability of SAVs, and the possibility of conducting 

onboard activities are assessed, such factors are the availability of extra tools (e.g., internet, 

smart technology) on board of SAVs. The findings reveal that onboard multitasking and using 

the tools carried by travelers are affected by the transport mode, trip purpose, trip time, gender, 

age, education, and job variables. 

 

Current research presents a new way of introducing onboard activities and studies not 

solely ICT tools, but other tools carried by travelers (i.e., not ICT tool), as well, such as work 

document, drink, food, and book. Moreover, the framework of this thesis includes the 

presentation of multitasking based on the need of ICT tools, and the traveler preferences when 

they travel to their main destinations in urban areas. Thus, current research examines urban 

areas, where the travel time is relatively short. Almost all studies focus on ICT tools, and in 

most cases, there is no unified use for onboard multitasking. In addition, some scholars analyze 

specific transport modes and traveler groups while neglecting others. It is found that there is a 

lack of exhaustive conclusion on the impacts of multitasking and ICT tools due to the absence 

of consensus about the definition of multitasking as well as the continuous advancement in 

ICT. Scarcely can be found studies that examine the connection between conducting onboard 

activities and the travelers’ carried tools as well as whether the SAVs provide a better 

environment for multitasking than CTMs. 

This research covers the most common onboard activity types that travelers conduct on 

board and the tools travelers carry and use on board. Besides, current study is not limited to a 

specific mode of transport but considers all main transport modes. This research uses travel 

data collected in Budapest, which enables a novel empirical application of the developed 

methods. This is a unique added value because there is a lack of similar studies in the Central 

European region. 

10 onboard activities and 12 tools carried by travelers are introduced and studied in this 

work. The impacts of multitasking and tools carried by travelers on board on the perceived trip 

time are examined. The study discusses the relationship between travelers’ carried tools and 

onboard activities, where the traveler and trip characteristics are considered. A comparison 

between SAVs and CTMs based on the suitability of multitasking according to the travelers’ 

preferences is conducted.  
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Figure 8-10 shows the structure of methodology, where the connections between onboard 

activities and the tools carried by travelers are examined as well as a comparison between SAVs 

and CTMs are studied based on people’s preferences to multitask. 

 

Figure 8-10. The methodology used to find the factors affecting multitasking on board and the 
connections between multitasking, travelers’ carried tools, and the group of travelers on board of 

CTMs and SAVs 

Figure 8-11 depicts the methodological approach followed while examining the impact of 

multitasking and the carried tools on the trip time. 

 

Figure 8-11. The methodological approach of finding the impact of multitasking and the tools carried 

by travelers on the trip time on board of CTMs 
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In the analysis, several statistical methods are used, as shown in Figure 8-10 and Figure 

8-11. The results of the examination are the following:  

• The objects carried by travelers influence the types of activities conducted on 

board. 

• The types of conducted activities are associated with the travelers’ groups, such 

as transport mode and gender. 

• Differences between the activities on board of SAVs and CTMs, and the factors 

affecting onboard activities are found.  

• The waiting time has the largest negative impact on the travel time, the seat 

availability affects the conduction of onboard activities, and the internal design 

of SAVs influences the use of SAVs as a transport mode. 

• People are interested in conducting more activities on board of SAVs than on 

board of CTMs.  

• Travelers generally seek a better environment on board to multitask, and they 

expect that they can multitask on board of SAVs when it appears on the market. 

• Almost all onboard activities and tools carried by travelers impact the trip time 

positively (i.e., the perception is enhanced).  

• For each transport mode, the most frequent onboard activities that impact the trip 

time positively are obtained, and the connection between each onboard activity 

and each tool carried by travelers is found (i.e., moderate to strong association).  

• The participation in an onboard activity is ranked across certain groups, such as 

the tendency of women to be engaged in onboard activities is higher than for 

men.  

• Regarding the positive impact on the trip time, a statistical difference is 

demonstrated between groups, where the use of the tools carried by travelers is 

varied across the transport mode, trip purpose, trip time, gender, age, education, 

and job variables.  

 

My scientific publications related to Thesis 3 are [110], [197], and [198]. 

 

 

Thesis 4: Modeling Multitasking on Board of Individual Ride Autonomous Vehicles (IR-

AVs), Shared Autonomous Vehicles (SAVs), Cars, and Public Transport to Identify the 

Potential Changes in Travel Behavior 

A transport mode choice model, which includes several variables influencing the choice of 

cars, AVs, and SAVs considering the multitasking availability, is developed. Different 

presentations of multitasking are demonstrated in the Discrete Choice Experiments (DCEs). 

Additionally, the utility of different onboard activities on the travel behavior of people is 

estimated. Two mode choice models are developed, where one model combines IR-AVs, SAV, 

and car, and the second combines IR-AVs, SAV, and public transport. The results of the first 

model show that travelers are willing to choose IR-AVs over cars, and SAVs over IR-AVs to 

maximize their utilities, while the second model shows that travelers prefer using IR-AV over 

SAV and public transport, while the probability of choosing SAV is the lowest. Moreover, 

reading and using social media on board activities have the highest positive impact on the travel 

behavior when choosing IR-AVs, SAV, and public transport.  
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This research examines the main trip purposes in urban areas with relatively short journeys 

while analyzing the transport mode choice. More importantly, current study adds a contribution 

to the literature as it takes multitasking availability as an attribute in addition to the trip time 

and trip cost in choosing a transport mode. Previous papers primarily focus on examining 

multitasking on board of CTMs and solely a limited number of research works can be found 

on AVs and SAVs. Besides, previous studies include merely digital tools and their impacts on 

the travel time on board of CTMs, while other portable tools triggering travelers to conduct 

different activities are not shown. Moreover, in previous papers, the trip purpose and the 

geographic area are not well defined and covered in detail. 

A DCE is designed to estimate the marginal utility of using different modes of transport. 

A stated preference (SP) survey is designed and distributed in Hungary, and discrete choice 

modeling is applied to the collected data. The mode choice is modeled by using the ML model, 

where differentiation between the parameters across the transport modes is presented. This 

thesis point is divided into three parts, as shown in the following paragraphs. 

The first part presents the travelers’ preferences toward three modes of transport (i.e., cars, 

IR-AVs, and SAVs) considering the multitasking availability. A transport mode choice model, 

which includes several variables influencing the choice of the three examined transport modes, 

is developed. Figure 8-12 shows the structure of the methodological approach followed in 

current study, where the survey asks the participants to choose car, IR-AV, or SAV alternative 

to reach their main destinations. 

 

Figure 8-12. The structure of the survey and the outputs  

 

The second part concentrates on estimating the utility of different onboard activities when 

travelers use specific transport modes: IR-AVs, SAVs, and public transport. The selection of 

those modes is based on their shared characteristics, such as no driver, and all people are 

converted to passengers.  

A detailed multitasking analysis is presented based on the potential need for ICT tools, 

where active and passive activities are presented. The impact of the availability of the main 

onboard activities on the selection of transport modes is analyzed. An experimental design and 

an SP survey are carried out, and the result of the SP survey is analyzed, where the ML model 

that includes various explanatory variables is applied. Figure 8-13 illustrates the 

methodological approach of current paper.  
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Figure 8-13. The methodological approach  

An example of a choice combination is shown in Table 8-2. It is worth mentioning that the 

availability of one activity on board a transport mode means that there is a high probability that 

the travelers conduct primarily that activity during their travel.  

Table 8-2. One choice combination 

 

   
 Attribute  IR-AV SAV Public transport 

Total trip cost (HUF) 175 325 175 

Total trip time (minute) 20 30 20 

Multitasking 
availability  

Talking Reading Writing 

It is demonstrated in both cases that multitasking availability affects the choice of a 

transport mode positively, as shown in the first part. While in the second part, it is revealed that 

reading and using social media affect the choice of a transport mode positively to a greater 

extent than other activities, while writing alone demonstrates negative utility. 

In the first part, travelers are willing to choose IR-AVs over cars, and SAVs over IR-AVs 

to maximize their utilities. Figure 8-14 shows the increase in the probability of choosing a 

transport mode when multitasking is available, for example, the probability of choosing SAVs 

when multitasking is unavailable is 27%, while it is increased to 32% when multitasking is 

available. The slope is the steepest in case of SAVs since it has the most options for 

multitasking. The usage possibility of SAVs is the highest, while cars’ is the lowest concerning 

the onboard multitasking variable.  

In the second part, travelers are willing to use IR-AVs over SAVs and public transport, 

while the probability of choosing SAVs is the lowest. The change in the margins across 

multitasking possibility is demonstrated. Figure 8-14 shows the changes in margins when 

onboard activities are altered. The probability of an individual choosing a transport mode is 

varied across the availability of the main onboard activities. IR-AVs demonstrate the highest 

margins, while the lowest margin is found in case of SAVs.  



118 

 

 

Figure 8-14. The predictive margins when the main multitasking options are possible on board 

 

My scientific publications related to Thesis 4 are [199], [200], [197], [201], [202], [203], 

and [204].  

 

Thesis 5: Stakeholders’ Viewpoint Analysis on the Autonomous Vehicles (AVs) Industry 

by Using Multicriteria Analysis 

The stakeholders’ viewpoints on the adoption of a specific type of AV use, which is the 

Privately Shared Autonomous Vehicle (PSAV), is analyzed. The main objectives and criteria 

of each of type of stakeholders, such as users, legislators, operators, and manufacturers are 

collected and evaluated. The analysis is done by using the Multi-Actor Multi Criteria Analysis 

(MAMCA) method, where additionally the classical Analytical Hierarchy Process (AHP) and 

the Parsimonious AHP (PAHP) methods are applied. The findings include two priority ranking 

tables showing the weights of the objectives and the criteria. The results demonstrate the 

importance of the given ranking of each stakeholder at the beginning of the evaluation on the 

final ranking. The results show that safety concerns receive the highest weight and assuring 

interoperability across border have the lowest concerns from stakeholders. Moreover, it is 

demonstrated that similar criteria receive different rankings by different stakeholders, such as 

data privacy and cybersecurity. Policymakers can use the results to evaluate the importance of 

the criteria when AVs are being introduced into the market.  

 

The acceptability of AVs is controlled by the stakeholders, where people's opinions are 

varied whether this new mode of transport brings benefit to them or not. Thus, each stakeholder 

finds advantages or disadvantages about the introduction of AVs into the market. The literature 

shows different uses of AVs. In this research, a focus is given to passenger transport rather than 

goods transport, where the AVs are operated by manufacturers knowing that AVs drive to the 

passengers’ locations. It is later referred to as PSAV. PSAVs are fuel-powered vehicles that 

are available on the market along with the traditional transportation modes. 

This research adds a contribution to the literature, where scarcely can be found studies that 

focus on the stakeholders’ viewpoints in the AV era. Besides, current work is the first study of 

its kind that evaluates the viewpoints of different stakeholders toward PSAV. The influences 

of AVs and the stakeholders are needed to be evaluated to facilitate the task of policymakers 

in making decisions by predicting the consequences. The policymakers can use the feedback 
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from each stakeholder and have a clear vision of the potential advantages and disadvantages of 

certain decisions on each stakeholder.  

Four stakeholders are presented including all main parties that affect and are affected by 

the introduction of PSAV. The four stakeholders are the followings: users, legislators, 

operators, and manufacturers. AHP and PAHP are used in evaluating each actor’s objectives 

and criteria.  

Figure 8-15 illustrates the MAMCA methodology, as developed by Macharis et al. [31]. 

The problem’s definition is to adopt PSAV as a transport mode. The stakeholder analysis 

includes collecting the relevant stakeholders in the AV era and weighing the stakeholders to 

reflect their importance in the decision-making process. In the criteria identification, listing 

each stakeholder’s objectives, weighting them, and listing each stakeholder’s criteria and 

weighting them are presented. Finally, policymakers can stipulate regulations and laws based 

on the ranking results. 

 

Figure 8-15. The steps of MAMCA 

The main findings are the followings: 

• The objectives and criteria are ranked and presented in sequence. For example, 

the safety concerns receive the highest ranking, while the ease of use and the 

interoperability across the borders are estimated with the lowest ranking. The 

ranking of each objective based on each actor’s weighting of the relevant 

objectives and each actor’s influence in adopting PSAV as a transport mode (i.e., 

the weight given by each actor compared to others) is shown in Figure 8-16. 

• The results demonstrate the importance of the given weight to each stakeholder 

in prioritizing the objectives/criteria. The increase in safety (i.e., reduction in 

accidents and cybersecurity), fuel consumption, data privacy, accessibility, 

minimizing the in-vehicle travel time, the reliability of the travel time, and 

optimizing the supply criteria receive the highest concerns from the stakeholders.  
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• Furthermore, it is demonstrated that similar criteria have different rankings due 

to each actor’s impact in the evaluation process, for instance, data privacy is 

evaluated higher by the users than by the legislators, as shown in Figure 8-17. 

 

Figure 8-16. The rankings of the objectives based on all stakeholders’ viewpoints 

 

Figure 8-17: The rankings of similar criteria by different stakeholders 

 

My scientific publications related to Thesis 5 are [205], and [206]. 
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Appendices 
Appendix A 

MATSim co-evolutionary algorithm. 

Individuals are represented in MATSim by their plans, with each person representing a 

species. The co-evolutionary algorithm optimizes in terms of agents' plans, that is, over the 

entire daily schedule of activities and travel. It does more than the usual traffic flow 

equilibrium, which does not take activities into account. After a while, an equilibrium is 

established, subject to limitations, where the agents can no longer unilaterally enhance their 

plans [207]. There is a difference between using an evolutionary algorithm and using a co-

evolutionary algorithm. Because optimization is conducted with a global (or population) 

scoring function, an evolutionary method would lead to a system optimum. Instead, because 

optimization is done in terms of individual scoring functions and within an agent's set of plans, 

the co-evolutionary process leads to a (stochastic) user equilibrium [207]. 

Figure A. 1 shows the steps of MATSim loop with an illustration of the GA work. GA is 

an optimization algorithm that is developed from the natural selection. The initial demand is 

produced by iterative use of genetic operators on agents present in the population. The daily 

plans of traveler’s representation, selection, crossover, mutation, and scoring (i.e., fitting) 

function computation are the key elements of GA [67]. An initial demand of agents is initialized 

randomly. The scoring of each daily activity plan of travelers is computed. For example, two 

agent’s daily activity plans are chosen from the initial demand based on the scoring function. 

The single-point crossover operator with crossover probability is applied on each agent’s plans 

to produce an offspring. A uniform mutation operator is applied on the obtained offspring with 

mutation probability to generate new agent’s daily activity plans. The new generated daily 

activity plan is placed in the initial demand. 
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Figure A. 1: MATSim steps [207]. 

MATSim 0.10.1 was used in this study. MobSim represents dynamic traffic modeling, which 

uses queue-based simulation (travel speed, flow capacity of a link, and car-following model). 

The MATSim default transport mode is the car, while other modes (walking, biking, and using 

public transport) are recognized based on their operational characteristics. This recognition was 

performed in a teleportation module. The teleportation process was based on parameters in the 

configuration file, which enables the Qsim (i.e., MATSim’s default mobility simulator that is 

used to define the schedule of parameters in executing the plans) to simulate all modes other 

than the car, based on travel time, distance, and speed factors. Qsim is the engine that loads the 

plans into the road network, based on a first-in-first-out (FIFO) strategy and identifies the 

capacity factors to represent the population. Here, Qsim was used as a mobility simulator to 

define which plan is to be implemented after both the re-planning process and the scoring steps 

are performed. A routing algorithm called Dijkstra’s algorithm was used to assign the best route 

to each individual; the chosen best route was then scored in the scoring step based on the chosen 

transport mode (i.e., tariff). 

The utility function of activity depends on the duration of the activity, the arrival of a traveler 

with respect to the opening time of an activity (late, leave early, waiting, short duration), where 

Vickrey’s bottleneck congestion model penalties are applied for the activity utility. Some 

changes/innovations were made in each traveler’s daily plan to find the maximum scoring, such 

as the changing of the departure time, the changing of the transport mode, and the changing of 

the route, as described in the re-planning step, which is a genetic algorithm (GA) process.  

As explained at the beginning of this section, in the re-planning step, which is a learning 

mechanism in MATSim, the agents/travelers can improve their plans in each iteration until the 

maximum score and steady-state conditions are reached. The evaluation of the selected plans 

is executed based on preset strategies, for example, the possibility of changing the leg mode, 
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re-using the previous bad plan, or identifying the maximum plans per traveler and the 

percentage of the selected plans to go through innovations (i.e., re-route, change leg mode, time 

allocation). The multinomial logit (ML) model is used for plan selection after generating 

alternatives (in the re-planning step) (mutation step). The alternatives are generated by making 

changes to the daily activity plans, such as changing the departure time, transport mode, and 

route. The same model (i.e., ML) is applied for calculating the probability of the travelers using 

a specific mode based on the distribution of the utility function. The loop is executed several 

times, starting with evaluating the current daily activity plans, then making several changes to 

the departure time, transport mode, route, and the location of activity each iteration, until the 

maximum score is obtained for the system. 

In case of AVs, the MATSim loop was applied but with specific characteristics. The dynamic 

vehicle routing problem (DVRP) algorithm, which is incorporated in the MATSim, matches 

the travelers who have the same schedule in order to optimize the used fleet size of AV, for 

example, by identifying the first traveler to pick up. The DVRP optimizer is updated with the 

occurred changes in the daily activity plans, the fleet of the AV, or the traffic situation. In case 

of changes, it informs the MATSim of the new route or schedule, and the plan can go through 

the MATSim loop again. The AVs’ initial locations on the road network are randomly 

distributed by the distribution algorithm incorporated in MATSim. The applied AVs are 4-

seated, fully automated vehicles, and the type of use was individual ride. The simulation of 

AVs in MATSim requires a selection of the random fleet size of AVs to simulate and optimize 

the daily activity of the travelers; this fleet size of AVs depends directly on the acceptable 

waiting time of the travelers and the locations of the travelers. 

The iterative process is repeated until the average population score stabilizes. The typical score 

development curve, as shown in Figure A. 2. 

 

Figure A. 2: Score progress 
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Discrete Choice Modeling 

Discrete choice modeling is a technique that is applied to extract the preferences of people 

in various aspects of life. Discrete choice modeling is consistent with the random utility theory 

(i.e., probability framework) There are common conjoint analysis methods that might be used 

to analyze DCE data [123]. The concept of the conjoint analysis is to define the choice by using 

attributes and levels to understand how people choose an alternative. The understanding of the 

problem’s properties determines which statistical model is appropriate for the data. Hereafter, 

the background of the random utility theory and the common discrete choice models are 

presented. 

The theory of utility maximization summarizes the mathematical framework of the travel 

demand [128]. Logit models can be grouped into three: the Multinomial Logit (MNL) model, 

where the coefficients vary across the alternatives; the Conditional Logit (CL) model, where 

the coefficients do not vary across the alternatives (equal); and the Mixed Logit (ML) model, 

where the coefficients can be either varied or not. Mathematically, the utility function of 

choosing a transport mode considering the travel time and travel cost can be expressed by 

equations (1 and 2), and the applied models are assumed to be alternative specific constants 

(ASCs). 

𝑈𝑚𝑜𝑑𝑒 (𝑗) = 𝛽𝑜 (𝑗) + 𝛽𝑡𝑡 (𝑗) ∗  𝑇𝑇 + 𝛽𝑡𝑐 (𝑗) ∗ 𝑇𝐶 + ε (1) 

where U mode (j) is the obtained utility from using transport mode (j), ε represents in-

deterministic error, TT stands for the travel time, and TC for the travel cost. The β0, βTC, and 

βTT are parameters to be estimated by using the collected data. The error term ε is assumed to 

be the independent and identically distributed random variables (IID-Gumbel distribution), 

which represents the randomness of utility. From equation (1), the value of travel time can be 

calculated by using equation (2). 

V𝑂𝑇𝑗 =
𝛽𝑡𝑡(𝑗)

𝛽𝑡𝑐 (𝑗)
 

(2) 

where VOT j is the value of travel time using alternative (j), 𝛽𝑡𝑡  is the marginal utility of 

travel time in the alternative (j), and 𝛽𝑡𝑡  is the marginal utility of travel costs in the alternative 

(j). The determination of VOT depends primarily on the applied statistical model, such as the 

MNL, the CL, or the ML model. 

Multinomial Logit (MNL) model 

Travelers make choices to maximize their utility generated from a set of available utilities. 

MNL model assesses the utility based on the characteristics of a traveler rather than the selected 

alternative [127]. In the MNL model, the probability that a traveler (i) selects one alternative 

(j) from the (m) alternatives in the choice set (C) is expressed in equation (3). 

P(cij/C) = (
exp(V(j))

∑ exp(V(j))m
j=1

) = (
exp(Xiβj)

∑ exp(Xiβj)
m
j=1

) 
(3) 

where Xi is a vector of the alternative attributes, and β is a vector of the unknown 

parameters. U(j) is the utility of alternative (j), which is a linear function composed of 

attributes. The probability that a traveler (i) selects one of the (m) alternatives (j) from the 

choice set (C) is the exponential of the utility of the alternative (j) divided by the sum of all the 
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exponentiated utilities of alternatives in that choice set (C). The model specification of MNL 

mode is expressed in equation (4). 

𝑈𝑖 = 𝑉(𝛽𝑋𝑖) + 𝜀𝑖 (4) 

where V is a deterministic part, which can be defined from the attributes and the levels of 

the selected alternative (j), ε (i) is a random error term, Xi is a vector of the attribute levels of 

alternative (j), and β is a vector of the estimated coefficients. 

Conditional Logit (CL) model 

The MNL uses the individual as the core of the analysis, where the individual's 

characteristics are used as explanatory variables. In the CL, the core of the analysis is the 

alternatives of each individual, where the choices are related to the characteristics of the 

alternatives [127]. In the CL model, the probability of selecting one choice rather than others 

is based on the characteristics of the attribute’s levels that define the given alternative [123]. It 

is worth mentioning that the CL model error part (εi) is assumed to follow an independently 

and identically distributed (IID), type 1 extreme-value distribution The difference between CL 

and MNL is that MNL is applied to describe the models that relate the choice to the 

characteristics of the respondents rather than the levels of the alternative attributes, as CL does. 

In the modeling formulation, let Zi stand for the characteristics of the alternative (j) for an 

individual (i). The probability of an individual (i) to select alternative (j) is given in equation 

(5) [127]. 

P(cij\C) = (
exp(U(j))

∑ exp(U(j))m
j=1

) = (
exp(𝑍ijα)

∑ exp(𝑍ijα)m
j=1

) 
(5) 

Mixed Logit (ML) model 

The ML is an extended model of MNL that removes some constraints of MNL, such as 

the independence of the irrelevant alternatives (IIA) and normal distribution of random errors 

[28]. The ML is a logit model that allows parameters to vary from one alternative to another to 

take the heterogeneity of the population. Equation (1) can be rewritten as shown in equation 

(6) to account for two types of errors to measure the taste of heterogeneity among travelers. 

𝑈𝑚𝑜𝑑𝑒 (𝑗) = 𝛽𝑜 (𝑗) + 𝛽𝑡𝑡 (𝑗) ∗  𝑇𝑇 + 𝛽𝑡𝑐 (𝑗) ∗ 𝑇𝐶 + (ε + η) (6) 

where ε is a random error, like in MNL, which is independent and IID, while η is an error 

that can take any distribution form, such as normal, log, uniform, or triangle. It is worth noting 

that the error η does not require an IID condition as in MNL. The ML is different from other 

models because it allows random coefficients. These random coefficients ignore the 

multinomial models' IIA. If a traveler chooses the car instead of the bicycle, other alternatives 

are irrelevant. If one of the other alternatives is removed, the traveler would choose the car 

again. In reality, people do not act like that because they violate the IIA’s assumption. The ML 

violates IIA, and the random coefficients make the alternatives correlated. In this study, panel-

data-ML model is used, where repeated observation for the same respondent (i) is considered. 

In this case, the random parameters of respondent (i) are the same for all his/her the choice 

situations. This model considers the unobserved factors that influence the respondent’s choice 

over time. Moreover, it captures the correlation between individual choices, using error 
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components, which is included in the alternative’s specific constant. The probability of 

respondent (i) selects an alternative (j) for a given value of βi, as written in equation (7). 

𝑃𝑖𝑗/𝛽𝑖 = (
exp(𝛽𝑖𝑋𝑖𝑗)

∑ exp(𝛽𝑖𝑋𝑖𝑗)m
j=1

) , j = 1, 2, … , m, and i = 1,2, . .. (7) 

Unconditional probability is made due to the impossible numerical calculations of the 

likelihood. This is done using the density function of β. The unconditional probability is given 

in equation (8). 

𝑃𝑖𝑗 = ∫
exp(𝛽𝑖𝑋𝑖𝑗)

∑ exp(𝛽𝑖𝑋𝑖𝑗)
j=m

j=1

 𝑓(𝛽, θ)dβ 
(8) 

where the density of βi is f (β, θ), and θ stands for the vector of the parameters of the 

distribution of β. In panel-data ML model, the probability the observed choice is given in 

equation (9). 

𝑃𝑖𝑐 = ∏
∑ 𝑦𝑖𝑐𝑗 exp(𝛽𝑖𝑋𝑖𝑐𝑗)𝑗

∑ exp(𝛽𝑖𝑋𝑖𝑐𝑗)𝑗𝑗

 
(9) 

where yicj stands for a dummy equal to 1 if a respondent (i) chooses alternative (j) for the 

choice situation (c). 

In this research, the socio-economic and personal variables are used in the choice model 

to see the variation in parameter estimates (i.e., the marginal utility of time and cost) concerning 

income, age, gender, trip purposes, car ownerships, and driving license holders’ groups. A 

model that is the best fit for the data and provides high accuracy is selected based on the 

likelihood ratio index. This index is called pseudo‐R2, and it is calculated based on 

McFadden’s (1973) study [208]. The pseudo‐R2 is expressed in equation (10), as the following 

[209, 210]: 

𝑅(𝑀𝑐𝐹𝑎𝑑𝑑𝑒𝑛) = 1 − log (𝐿(𝑐))/log (𝐿(𝑛𝑢𝑙𝑙)) (10) 

where R (McFadden) is a synonym of pseudo-R2, L (c) is the maximum likelihood value 

of the fitted model, and L (null) means the value when the model has only an intercept and no 

explanatory variables. Besides, the developed models are tested for prediction potential. The 

Akaike's information criterion (AIC) and the Bayesian information criterion (BIC) are two 

popular measures for comparing maximum likelihood models [139]. AIC and BIC are 

expressed in equations (11) and (12), as the followings [139]: 

𝐴𝐼𝐶 = −2 ∗ ln(likelihood) + 2 ∗ k (11) 

𝐵𝐼𝐶 = −2 ∗ ln(likelihood) + ln (N) ∗ k (12) 

where k is the number of parameters estimated (the model degrees of freedom, and it is 

calculated as the rank of the variance-covariance matrix of the parameters), N is the number of 

observations. The model with a smaller value of either BIC or AIC is the best fit model. The 

BIC is applied to compare the models based on the study of Raftery (1995), where the BIC 

difference 0-2 is week, 2-6 is positive, 6-10 is strong, and >10 is very strong [211]. 
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Appendix B 

Appendix B presents some detailed results of chapter two. 

Scenario 1: the modeling of the existing condition  

The travelers’ actual daily activity plans are simulated regardless of any innovation on the 

components of the plans, as shown in Figure A. 3, while the steady-state condition, where the 

daily activity plans are optimized, is shown in Figure A. 4. It can be derived that the peak 

period, when the travel is realized, is from 7:00 to 9:00 and from 17:00 to 19:00. Technically, 

the simulation is enforced to stop when no significant change is noticed on the score of the 

system, which means that the travelers reach their maximum utility of the generated daily 

activity plans (i.e., at the 30th iteration). This means that at the 30th iteration, no obtained benefit 

can be realized by changing the innovations’ strategies, such as the transport mode, the route, 

and the time of the departure.  

 

Figure A. 3. Leg histogram showing the number of travelers per time (hr) at the initial condition (t0) 

 

Figure A. 4. Leg histogram showing the number of travelers per time (hr) after 30 iterations  
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The intensity of the demand and the geographical distribution of the travelers’ origin and 

destination (i.e., the number and location of orders) define the occupancy of the vehicles per 

time. Figure A. 5 illustrates the results of Simulation 1, where the attributes of 3000 AVs at the 

200th iteration serving 8500 travelers are presented. The fleet size can be derived from the time 

profile, where the sum of the pick-up, the drop-off, the occupied, and the empty time values at 

the peak period (i.e., values in the y-axis mean the fleet size) is the fleet size. The ratio of the 

occupied vehicles to the empty driven vehicles indicates the utilization of the fleet with respect 

to the time at different period intervals. Figure A. 6 illustrates the result of Simulation 2 of 300 

AVs at the 200th iteration serving 2356 travelers. Similarly, Figure A. 7 illustrates the result of 

Simulation 3 of 425 AVs at the 200th iteration serving 3550 travelers. The gray area means that 

the vehicle is on the way; the red line means the departure, and the blue line means the arrival. 

From the figures, the distribution of demand with the time is comprehensible, such as the peak 

period. The white area represents the unused time of the vehicles during the day. It is worth 

mentioning that a reduction of the fleet size from 3000 AVs to 1400 AVs produces a large 

increase in the waiting time since the number of the travelers is larger than the number of AVs 

in the fleet. In Figure A. 6 and Figure A. 7, it is shown that the peak periods of Simulations 2 

and 3 are different, as well as the movement patterns, which reflect the variations in the activity 

locations, the departure times, and the arrival times. The distribution of the second peak period 

(i.e., evening time) over the time is more flattering than the morning period, which reflects that 

people are more flexible when they return home. In essence, these figures are useful in 

following people’s travel over time. The figures are developed after certain iterations, where 

the relocations of the fleet size, the travel time, and the waiting time are optimized. 

 

Figure A. 5. The time profile of the AVs’ fleet size of Simulation 1 
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Figure A. 6. The time profile of the AVs’ fleet size of Simulation 2 

 

Figure A. 7: The time profile of the AVs’ fleet size of Simulation 3 

Figure A. 8 and Figure A. 9 depict the examples of the time profile of AVs serving the 

travelers in Scenario 2, and Scenario 3, the two peak periods, which are around 6:30-9:00 and 

16:00-18:00, are shown. Generally, the peak periods give an indication of the travelers’ 

distribution over time. As this time gets narrow, many AVs are required to serve the demand. 

The largest number of travelers in peak periods determines the fleet size of AVs, in addition to 

what has been explained earlier. 
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Figure A. 8. The time profile of AVs for Scenario 2 

 

Figure A. 9. The time profile of AVs for Scenario 3 
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Appendix C 

Appendix C includes figures and tables from different chapters.  

 

 

 

 

Figure A. 10. The Scree plots of the onboard activities (on the right) and the tools carried by travelers 

(on the lift) 

  

Figure A. 11. The scree plots of Set (1) on the left and Set (2) on the right 
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Table A. 1: Likert scale statistics: the travelers’ preferences, people’s acceptability of SAVs and the 

factors impacting multitasking 

Item Response (%) Mean IQR Median Mode 

5 4 3 2 1 

Set (1)          

Extra tools (e.g., Internet, smart technology, 
touchscreen) inside SAVs determine if I use 
SAVs or not 

19.9 44.9 26.8 6.9 1.5 2.75 1 4 4 

I would leave my current mode and switch to 
SAVs to minimize my travel time 

14.5 45.6 25 12.7 2.2 3.58 1 4 4 

I would leave my current mode and switch to 

SAVs to increase my multitasking options 

11.6 40.9 25.7 19.3 2.5 3.4 1 4 4 

Set (2)          

Seat availability and the location of the seat 

determine my onboard activities 

26.8 45.3 21 5.5 1.4 3.9* 2 4 4 

Available tools inside the vehicle, e.g., 
Internet, determine my onboard activities 

18.5 54.7 19.9 5.1 1.8 3.82 1 4 4 

The privacy of my work (e.g., using laptop 
and making phone calls) enforces me to avoid 
working while traveling  

9.8 31.9 34.4 21 2.9 3.25 1 3 3 

Trip time determines my onboard activities 29.7 54.3 12.4 2.3 1.3 4.08 1 4 4 

Set (3)          

I prefer using SAVs with other travelers like a 
shared taxi 

17.7 30.8 23.2 24.3 4 3.34* 2 3 4 

I prefer using SAVs exclusively with known 
companions 

17 38.8 23.9 18.1 2.2 3.5 1 4 4 

Traveling alone makes the journey more 

pleasant 

10.5 23.2 26.8 34.1 5.4 2.99* 2 3 2 

Traveling with friends or family (i.e., adults) 
makes the journey more pleasant 

30.4 47.8 14.9 4.7 2.2 3.99 1 4 4 

Traveling with my children makes the journey 
unpleasant 

6.9 20.3 29.7 26.4 16.7 2.74* 2 3 3 

Set (4)          

I consider multitasking options when 
choosing my transport mode 

9.4 40.2 30.8 17.1 2.5 3.36* 1 3 4 

Congestion can be considered as productive 
time for conducting activities 

8.3 27.9 26.8 27.5 9.5 2.98 2 3 4 

Multitasking options at night are limited 6.2 45.7 26.1 19.8 2.2 3.34 1 4 4 

*The mean can be used for interpretation  

 

Table A. 2. The Chi-square test and the symmetric measures of the tools carried by travelers and the 

onboard activities * 

Variable 
Readin
g  

Writin
g  

Talkin
g 

Listenin
g 

Using 
social 
media 

Relaxin
g 

Thinkin
g 

Gamin
g 

Eating/ 
drinkin
g 

Doing 
nothin
g 

Classical cellphone          
Pearson Chi-
square  

60* 29.7* 
116.14
* 

51.47* 51.99* 125.16* 49.03* 77.27* 79.36* 38.09* 

Cramer's V  0.151 0.106 0.21 0.14 0.141 0.218 0.137 0.172 0.174 0.12 
Phi 0.338 0.238 0.47 0.313 0.315 0.488 0.306 0.384 0.389 0.269 
Smartphone           
Pearson Chi-
square  

59.14* 42.32* 
116.12
* 

80.88* 
143.78
* 

61.52* 48.82* 97.73* 79.13* 41.83* 

Cramer's V  0.15 0.127 0.21 0.176 0.234 0.153 0.136 0.193 0.174 0.126 
Phi 0.336 0.284 0.47 0.392 0.523 0.342 0.305 0.431 0.388 0.282 
Laptop           
Pearson Chi-
square  

149.01
* 

102.01
* 

98.46* 52.32* 85.36* 82.42* 62.379 109.3* 84.13* 47.23* 

Cramer's V  0.238 0.197 0.194 0.141 0.18 0.177 0.154 0.204 0.179 0.134 
Phi 0.533 0.441 0.433 0.316 0.403 0.396 0.345 0.456 0.400 0.3 
Headsets           

Pearson Chi-
square  

77.82* 53.28* 
131.22
* 

105.5* 122.0* 169.14* 124.05* 84.38* 75.91* 40.89* 
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Variable 
Readin
g  

Writin
g  

Talkin
g 

Listenin
g 

Using 
social 
media 

Relaxin
g 

Thinkin
g 

Gamin
g 

Eating/ 
drinkin
g 

Doing 
nothin
g 

Cramer's V  0.172 0.142 0.224 0.2 0.216 0.254 0.217 0.179 0.17 0.125 

Phi 0.385 0.319 0.50 0.448 0.482 0.568 0.486 0.401 0.38 0.279 
Newspaper           
Pearson Chi-
square  

169.24
* 

137.67
* 

61.65* 45.67* 60.31* 130.73* 54.47* 
102.54
* 

100.0* 
34.08*
* 

Cramer's V  0.254 0.229 0.153 0.132 0.152 0.223 0.144 0.198 0.195 0.114 
Phi 0.568 0.512 0.343 0.295 0.339 0.499 0.322 0.442 0.436 0.255 
Work document          
Pearson Chi-

square  

192.46

* 

234.61

* 
55.07* 41.96* 5736* 156.22* 50.14* 74.2* 59.9* 

36.53*

* 
Cramer's V  0.271 0.299 0.145 0.126 0.148 0.244 0.138 0.168 0.151 0.118 
Phi 0.605 0.668 0.324 0.283 0.331 0.545 0.309 0.376 0.338 0.264 
Internet 
bundle 

          

Pearson Chi-
square  

165.58
* 

78.82* 74.64* 58.64* 
199.58
* 

139.82* 81.35* 98.53* 98.13* 28.44 

Cramer's V  0.251 0.173 0.169 0.149 0.276 0.231 0.176 0.194 0.193 0.104 

Phi 0.562 0.387 0.377 0.334 0.617 0.516 0.394 0.433 0.432 0.233 
Tablet           
Pearson Chi-
square  

87.73* 
103.27
1 

49.11* 49.05* 
137.32
* 

143.02* 49.96* 88.7* 91.39* 30.40 

Cramer's V  0.183 0.198 0.137 0.137 0.229 0.233 0.138 0.184 0.187 0.108 
Phi 0.409 0.444 0.306 0.306 0.511 0.522 0.309 0.411 0.417 0.241 
Battery/charg
er 

          

Pearson Chi-

square  
75.78* 54.4* 54.46* 62.44* 79.78* 153.47* 62.71* 80.05* 

125.02

* 
30.38 

Cramer's V  0.17 0.144 0.144 0.154 0.174 0.242 0.155 0.175 0.218 0.108 
Phi 0.38 0.321 0.322 0.345 0.390 0.541 0.364 0.39 0.488 0.241 
Food           
Pearson Chi-
square  

80.09* 58.34* 97.6* 60.11* 67.93* 95.92* 65.02* 
101.67
* 

510 * 31.63 

Cramer's V  0.175 0.149 0.193 0.151 0.161 0.191 0.157 0.197 0.441 0.11 
Phi 0.391 0.333 0.431 0.338 0.36 0.427 0.352 0.440 0.986 0.245 

Drink           
Pearson Chi-
square  

103.08
* 

44.58* 
100.64
* 

51.94* 67.57* 70.29* 51.07* 89.51* 
412.47
* 

46.85* 

Cramer's V  0.198 0.13 0.196 0.141 0.16 0.164 0.139 0.185 0.396 0.134 
Phi 0.443 0.291 0.438 0.315 0.359 0.366 0.312 0.413 0.886 0.299 
No tools           
Pearson Chi-
square  

75.03* 46.05* 30.31* 48.18* 43.0* 42.90* 87.07* 32.73 41.82* 
158.21
* 

Phi  0.169 0.132 0.107 0.135 0.128 0.128 0.182 0.112 0.126 0.245 
Cramer's V  0.378 0.296 0.24 0.303 0.286 0.286 0.407 0.25 0.282 0.549 

*Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%. N is 525 

 

Table A. 3. Levene's test of equality for the error variances of onboard activities a 

Dependent variable F df1 df2 Sig. 

Reading 1.179 436 88 0.173 

Writing 1.300 436 88 0.066 

Talking 0.674 436 88 0.994 

Listening 1.070 436 88 0.357 

Using social media 0.894 436 88 0.764 

Relaxing 0.981 436 88 0.561 

Thinking 0.914 436 88 0.722 

Gaming  1.144 436 88 0.222 

Eating/drinking 1.198 436 88 0.151 

Doing nothing 1.174 436 88 0.181 

a. Tests the null hypothesis that the error variance of the dependent variable is equal among the groups.  
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Table A. 4. Rotated Component Matrix a 

Item Component b 

1 2 3 4 

Onboard activities  

Eating 0.681       
Gaming 0.618       

Using social media 0.610       

Talking 0.572       
Listening 0.562      

Reading   0.880     
Writing   0.845     
Thinking     0.878   

Relaxing    0.589   
Doing nothing       0.896 

The tools carried by travelers 
Internet bundle 0.768      

Smartphone 0.742      
Headsets 0.675      
Tablet 0.544     

No tools 0.414      
Newspaper   0.798    

Work document   0.779    
Classical cellphone   0.501    

Laptop  0.487    

Drink     0.894  
Food     0.882  

Battery/charger    0.544  
a: Extraction method: Principal component analysis. Rotation method: Varimax with Kaiser normalization, rotation converged in five 

iterations. b: components are factors in the table of total variance explained by selected factors (onboard activities/tools carried by travelers), 

for example, 1 stands for reading in case of the onboard activities and classical mobile phone in case of the carried tools. 

Table A. 5. KMO and Bartlett's Test  

 Onboard activities set The tools carried by travelers set 

Kaiser-Meyer-Olkin  0.672 0.835 

Bartlett's Test of Sphericity 

Approx. Chi-Square 717.922 2055.705 

df 45 66 

Sig. 0.000 0.000 

Table A. 6. Kruskal-Wallis test statistics and the rankings of the transport mode groups 

  Reading Writing Talking Listening Using 

social 

media 

Relaxing Thinking Gaming Eating/ 

drinking 

Doing 

nothing 

Chi-Square 33.429 5.459 32.746 7.286 27.443 17.912 2.427 31.778 20.245 3.292 

df 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 

Asymptotic 

Sig. 

0.000* 0.486 0.000* 0.295 0.000* 0.006* 0.877 0.000* 0.003* 0.771 

Mean Ranking 

Transport 

mode 

Reading Writing Talking Listening Using 

social 

media 

Relaxing Thinking Gaming Eating/ 

drinking 

Doing 

nothing 

Car-as-a-driver 195.44 234.72 277.31 281.05 204.76 209.39 263.88 197.08 276.47 262.59 

Car-as-a-

passenger 

passenger 

259.75 258.45 291.19 279.46 257.54 264.60 251.39 257.71 296.89 270.30 

Taxi 255.20 274.87 250.30 255.07 236.33 293.89 246.24 325.43 285.57 245.00 

Public 

transport 

295.99 275.66 246.55 255.99 295.00 275.24 266.11 283.75 233.54 255.02 

Bicycle 214.00 266.50 244.84 228.25 229.38 297.47 276.94 287.13 296.88 270.38 

Walking 275.00 265.62 251.94 230.98 267.95 281.54 278.07 261.50 248.08 282.20 

Others  275.10 271.90 216.40 232.00 293.00 297.50 305.90 387.20 363.20 335.50 

* Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  
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Table A. 7. Kruskal-Wallis test statistics and the rankings of the trip purpose groups 

  Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

Chi-Square 7.662 8.584 2.864 4.744 45.006 14.386 3.314 26.669 4.862 3.513 

df 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 

Asymptotic 

Sig. 
0.085** 0.072** 0.581 0.315 0.000* 0.006* 0.507 0.000* 0.302 0.476 

Mean Ranking 

Trip purpose Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

Working 275.36 251.48 254.93 251.99 229.79 243.72 266.15 233.50 259.66 260.26 

Shopping 250.08 309.53 239.00 263.67 155.50 232.83 219.20 215.27 247.37 262.53 

Education 282.97 274.18 270.29 275.59 313.23 279.45 260.73 300.04 258.41 269.62 

Home 292.85 296.15 282.58 255.09 276.76 295.21 251.12 298.79 315.02 275.29 

Leisure or 

others 
243.75 203.41 288.47 305.31 264.81 340.41 304.53 264.63 281.94 201.84 

* Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  

Table A. 8. Kruskal-Wallis test statistics and the rankings of the car ownership groups 

  Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

Chi-Square 12.682 7.935 0.536 0.023 22.316 12.984 0.785 35.479 6.468 0.700 

df 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Asymptotic 

Sig. 
0.000* 0.005* 0.464 0.879 0.000* 0.000* 0.376 0.000* 0.011* 0.403 

Mean Ranking 

Car 

ownership 
Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

No 279.61 276.16 259.65 262.32 285.02 279.41 266.93 290.84 251.07 266.90 

Yes 231.69 238.21 269.32 264.29 221.49 232.08 255.59 210.54 285.48 255.65 

* Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  

Table A. 9. Kruskal-Wallis test statistics and the rankings of the job groups 

  Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

Chi-Square 16.403 12.979 4.899 13.091 45.174 14.920 7.275 32.746 9.483 3.753 

df 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 

Asymptotic 

Sig. 
0.012* 0.089** 0.557 0.042* 0.000* 0.021* 0.296 0.000* 0.148 0.710 

Mean Ranking 

Job Reading Writing Talking Listening Using 

social 

media 

Relaxing Thinking Gaming Eating/ 

drinking 

Doing 

nothing Full-time 

worker 244.16 248.09 259.94 257.26 228.76 243.63 269.38 235.60 262.30 255.71 

Part-time 

worker 265.47 250.11 265.74 207.11 263.11 231.36 239.58 222.73 221.08 287.31 

Student 276.13 274.28 274.24 282.55 310.73 287.64 264.92 302.42 273.54 269.95 

Unemployed 323.83 306.79 255.17 224.69 222.07 289.48 261.29 280.67 298.90 281.57 

Self-

employed 
317.80 315.28 209.46 289.09 304.98 284.98 263.46 311.17 266.26 239.96 

Retired 156.38 201.75 233.44 221.31 122.44 297.63 281.56 199.50 237.38 216.88 

Others 259.82 267.50 265.68 271.09 217.50 211.86 163.55 178.27 174.14 255.45 

* Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  
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Table A. 10. Kruskal-Wallis test statistics and the rankings of the educational groups 

  Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

Chi-Square 3.458 7.946 1.855 1.232 2.544 2.084 2.665 10.010 13.646 2.552 

df 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Asymptotic 

Sig. 
0.326 0.047* 0.603 0.745 0.467 0.555 0.446 0.018* 0.003* 0.466 

Mean Ranking 

Education Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

High school 289.21 299.60 279.06 265.24 265.28 285.03 247.93 305.24 318.44 266.64 

Undergraduate 

studies 265.43 267.97 261.18 268.19 270.45 258.46 263.59 267.73 260.27 267.77 

Graduate 

studies 248.91 240.15 256.75 255.57 253.56 260.50 261.92 237.90 241.85 259.39 

Others 265.29 269.45 290.57 244.05 229.02 281.60 305.71 274.24 307.17 216.45 

* Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  

 

Table A. 11. Kruskal-Wallis test statistics and the rankings of the income groups 

  Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

Chi-Square 10.837 21.368 2.222 0.070 13.526 16.742 1.763 24.681 10.762 2.778 

df 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Asymptotic 

Sig. 
0.013* 0.000* 0.528 0.995 0.004* 0.001* 0.623 0.000* 0.013* 0.427 

Mean Ranking 

Income Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

Low 279.61 275.66 269.59 262.84 279.67 269.85 265.14 287.16 262.76 275.31 

Medium 252.16 242.99 266.32 260.83 258.01 280.63 258.74 247.20 254.97 257.06 

High 220.28 212.78 260.58 265.12 210.44 202.27 278.34 197.84 231.61 251.01 

No answer 276.37 307.87 243.09 265.05 275.44 270.84 250.91 285.18 304.41 252.13 

* Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  

Table A. 12. Kruskal-Wallis test statistics and the rankings of the age groups 

  Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

Chi-Square 1.310 5.254 0.580 8.325 31.333 10.981 1.176 31.845 14.695 3.490 

df 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Asymptotic 

Sig. 
0.727 0.154 0.901 0.040* 0.000* 0.012* 0.759 0.000* 0.002* 0.322 

Mean Ranking 

Age Reading Writing Talking Listening 

Using 

social 

media 

Relaxing Thinking Gaming 
Eating/ 

drinking 

Doing 

nothing 

15-24 270.85 279.87 268.00 283.37 302.71 283.09 260.52 302.55 281.71 275.89 

25-54 259.77 255.29 260.81 252.86 245.97 256.26 266.86 246.01 256.84 257.75 

55-64 240.66 231.30 255.34 239.66 162.60 194.86 247.68 185.52 232.16 231.88 

+65 254.83 214.50 236.67 183.17 201.83 212.17 219.33 109.33 73.67 223.08 

* Statistically significant at a confidence level of 95%. ** Statistically significant at a confidence level of 90%.  
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Table A. 13. Levene's test of equality of error variances of the tools carried by travelers a 

Dependent variable  F df1 df2 Sig. 

Classical cellphone 1.094 436 88 0.309 

Smartphone 1.221 436 88 0.127 

Laptop 1.141 436 88 0.226 

Headsets 0.934 436 88 0.675 

Newspaper 1.134 436 88 0.237 

Work document 1.187 436 88 0.163 

Internet bundle 0.863 436 88 0.826 

Tablet 0.806 436 88 0.915 

Battery/charger 0.834 436 88 0.875 

Food 1.279 436 88 0.079 

Drink 0.878 436 88 0.798 

No tools 1.083 436 88 0.330 

a Tests the null hypothesis that the error variance of the dependent variable is equal among the groups 

Table A. 14. Linguistic scale and the corresponding numeric scale 

Linguistic scale  Numeric Value 

Extremely low importance  1/9 
Very low importance  1/7 
Low importance  1/5 
Slightly less important 1/3 

Equally important  1 
Slightly more important 3 
High importance 5 
Very high importance 7 
Extremely high importance  9 

Table A. 15. The average rate of the objectives, the weights of the criteria, the CR, and the ranking 

based on the users’ viewpoints 

Objective  Rating (%) Criterion Weight Ranking CR 

Optimizing the travel time 82.67 

Reduced in-vehicle travel time  0.4123 1 

0.072 
Increased onboard multitasking activities 0.1666 3 

No parking time  0.1561 4 

Acceptable waiting time  0.2649 2 

Minimizing the travel cost  74.17 

Reduced fuel consumption  0.5929 1 

0.043 Reduced vehicle maintenance  0.2138 2 

Reduced insurance  0.1932 3 

Increasing the perceived 
comfort of traveling 

72.07 

Information and guidance  0.2472 2 

0.046 Available ICT tools on board 0.2379 3 

Reliable travel time  0.5149 1 

Respecting the users’ rights  72.63 
Data privacy  0.4885 2 

0 
Cybersecurity  0.5115 1 

Increasing travel safety  85.00 

Reduction in vehicle accidents caused by 

the malfunction of PSAV  
0.5815 1 

0 
Reduction in accidents with PSAV caused 
by regular cars  

0.4185 2 

Ease of use  69.47 

No driving license  0.2992 2 

0 
Accessibility  0.7008 1 
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Table A. 16. The average rate of the objectives, the weights of the criteria, the CR, and the ranking 

based on the legislators’ viewpoints 

Objective  Rate (%) Criterion Weight Ranking CR 

Decreasing the expenditures on 
infrastructure maintenance  

71.43 

Reduction in the damages caused by 
traffic accidents  

0.5319 1 

0 
Increased efficiency of the existing road 
network  

0.4681 2 

Minimizing the money spent on 

the health sector  
71.71 

Increased vehicle and passenger safety  0.5254 1 

0.095 Mobility for elderly people  0.2761 2 

Passive health monitoring  0.1985 3 

Protecting the environment  77.14 

Reduced emissions  0.4504 1 

0.067 
Reduced noise  0.2475 2 

Efficient land use  0.2039 3 

Efficient use of fuel  0.0982 4 

Assuring interoperability across 
borders  

67.14 
Harmonization of laws  0.6667 1 

0 
Technical standard  0.3333 2 

Defining responsibilities among 
the actors  

67.86 

The accountability and liability for 
malfunction  

0.4067 1 

0.027 The accountability and liability for 
accidents caused by other vehicles 

0.3893 2 

Policies to prevent technology monopoly  0.2040 3 

Increasing social welfare 84.57 
New career opportunities 0.6426 1 

0 
Fairness and transparency  0.3574 2 

Ensuring users’ data privacy and 
system security  

69.71 

Data privacy 0.6925 2 

0.051 Data ownership 0.3879 3 

Cybersecurity  0.7743 1 

Increasing the GDP  67.43 

New career opportunities  0.3471 1 

0.059 
Increased accessibility 0.2826 2 

Increased mobility  0.2021 3 

Land use development 0.1682 4 

Table A. 17. The CR, the weight, and the ranking of the objectives and the criteria based on the 

operators’ viewpoints 

Objective Weight Ranking CR Criterion Weight Ranking CR 

Increasing the revenues 0.4326 1 

0.037 

Optimized supply  0.4423 1 

0.031 
Efficient use of the existing 
infrastructure  

0.2310 3 

Decreased number of 
accidents  

0.3267 2 

Multimodal integration  0.3261 2 

Connectivity with other 

modes  
0.4496 1 

0.034 Increased accessibility  0.3323 2 

Increased mobility  0.2180 3 

Increasing the efficiency of 
the transport system  

0.2412 3 
Clear regulatory rules  0.5052 1 

0 
Demand management  0.4948 2 

Table A. 18. The CR, the weight, and the ranking of the objectives and the criteria based on the 

manufacturers’ viewpoints 

Objective Weight Ranking CR Criterion Weight Ranking CR 

Providing user benefits  0.1915 3 

0.037 

Optimized travel time 0.1730 3 

0.073 

Minimized travel cost  0.4331 1 

Increased perceived comfort in 
traveling 

0.2955 2 

Ease of use 0.0984 4 

Increasing the travelers’ 
trust  

0.5181 1 

Increase in safety  0.6809 1 

0.026 Data privacy  0.1580 3 

Cybersecurity  0.1611 2 

Maximizing the 
revenues 

0.2904 2 

Innovation and development  0.1811 2 

0.059 

Increased reliability of the 

vehicles  
0.5588 1 

Sufficient supply  0.1710 3 

Increased usage of PSAV 0.0891 4 
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Appendix D 

Survey No. 1 

Survey No. 2 

 


