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1.  Chapter 1: Introduction 

1.1 Background 
The economic and social progress of a country and the world itself is influenced by different elements, 

including transport. The transport mode covers a series of physical infrastructures (air, sea, land, rail) that 

are natural or created by human beings and offer the possibility of travel. Therefore, the term travel [1] 

refers to movement from the point of origin to the point of destination by transport mode, which includes 

pedestrians, bicycles, private cars, passenger buses, freight, and special trucks. In fact, there is even 

multimodal transport, which refers to a combination of transport modes or types for making the trip [2]. 

The majority of travels in the urban area of a city are carried out by private cars as a transport mode. This 

has led to a number of problems, such as traffic congestion, energy consumption, and vehicle emissions, 

which impede the sustainable development of cities. 

Thousands of private vehicle users located outside the urban area travel daily to the Central Business 

District (CBD) for various travel purposes, the foremost being work and shopping. This contributes to 

further aggravating the problem of undesirable effects that the private vehicle generates in the urban area, 

especially in the CBD. Therefore, encouraging private vehicle users to switch to a more sustainable 

transport mode has been the challenge addressed by transport researchers and planners over time and has 

involved conducting several studies and formulating transport policy initiatives. 

The transport planners of a city, especially when planning an urban area, have developed sustainable 

mobility plans, which are more commonly known as SUMPs and are employed by local governments [3]. 

The transport policies established in the SUMP include strategies to reduce the undesirable effects of 

private vehicle use in the city center. An aim is to encourage a modal shift from private vehicles to a more 

sustainable transport mode, especially for private vehicle users who reside outside the urban area and 

require daily trips to the city center for their daily activities. This transport policy is planning a parking 

system known as the Park and Ride (P&R). A more precise definition of the P&R system is that users of the 

system drive a certain distance in a private vehicle, park their vehicles, and move to a more friendly 

transport mode, such as public transport, in order to reach their destination, which is usually the center of 

the city. Thus, the undesirable effects of private vehicles in the center of the city are reduced. 

Therefore, the P&R system is considered a modal interchange point and even comes to be considered 

a mode of transport that combining the conventional vehicle and public transport in some transport route 

optimization studies [4]. Being considered as an integral part of mobility, it is appropriate to study all the 

characteristics provided by a transport system: demand, traffic, land use, starting trip generation points, 

catchment area, P&R demand, P&R capacity, dynamic accessibility, pollution. In addition, since the first 

part of the trip through the P&R system is made by private transport, it leads to the study of its influence 

of private electric vehicles and autonomous vehicles in modern times.  

The P&R system has been studied as a separate element of mobility [5], in other words, as a secondary 

element of minor importance for the development of transportation and mobility in the city. Since several 

cities around the world already have this system, it is important to investigate the future interaction of the 

P&R system with electric and autonomous private vehicles and recapitulate previous studies for cities 

wishing to implement the P&R system. Thus, this dissertation aims to conduct a comprehensive study of 

the P&R system in urban mobility, applying optimization methods, statistical data, software utilization, 

surveys, and new methods and techniques. In the end, this dissertation serves even as a methodological 

guide for transport planners to determine in which stage of the P&R system implementation process, they 

are, and to develop the planning more realistically. 
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1.2 An innovative and novel approach to the P&R 
The P&R system is a set of facilities distributed throughout the urban environment of a city to establish 

a connection point or modal interchange to transfer private vehicle users to a more sustainable mode of 

transport, such as public transport[6]. In other words, the Park and Ride system is closely linked to 

parameters of private and public transport [7]. Private vehicle users who live in areas outside the urban 

perimeter (origin of the trip) or where there is few or no direct connection to public transport wish to 

commute daily to their destination. This entire trip from origin to destination by private vehicle is 

inconvenient due to the high traffic in the urban area [8]. For this reason, the P&R system allows modal 

shift for private transport users to switch to the public transport system in the urban area, where the 

connection and accessibility of public transport is much better (see Figure 1.1). 

Planning of the P&R system emerged in the 1920s in the United States, and began as parking systems 

independent of the transportation infrastructure. Through the years, P&R systems have been increasingly 

recognized as necessary in different countries and cities worldwide. [9] [10]. P&R has moved from being 

an independent system to become part of the transportation infrastructure, as well as the parking policies 

included in sustainable mobility plans (SUMP) [11]. Planning the P&R system is unique in each city. For 

example, in European cities, the P&R system is undoubtedly difficult to place due to lack of available space, 

and in many cases, they are already in constructed. Therefore, the planning starts with how to improve the 

coverage of the second phase of the trip through public transport. However, it is certainly a relatively new 

system in Latin American cities, where planning starts from determining the place of the future facility. 

Many cities use this system to reduce private vehicle trips to the city center and thus reduce pollution. P&R 

system planning is likely to be combined with integrating electric vehicles and autonomous vehicles in 

smart cities. In other words, the planning of the P&R system has been investigated in a traditional manner 

(Figure 1.1). 

 

 
Figure 1.1 Traditional P&R system planning concept 

There is no strict planning to adopt; instead, it depends on the city type and the transport policies to 

be achieved concerning the P&R system. Most of the studies on the P&R system have investigated a specific 

topic of the planning process, such as the origins of trips, location of the facilities, capacity, and the 

interaction with public and private transport. This thesis aims to describe the studies according to their 

purpose within the P&R system planning in order to provide future researchers and transportation 

planners with a tool to develop studies on the P&R system. Thus, the thesis studies in depth the P&R system 

and its relationship to the different components within planning. That is, the P&R system will be 

investigated according to the new technologies that vehicles present and how to plan a P&R system from 

a starting point or if the city has already implemented it how to improve it. 

Within the literature it is necessary to update the P&R system planning process according to new 

findings. Figure 1.2 illustrates the components of each section to describe the P&R system planning process 

according to a new perspective encompassing the present. In addition, each chapter includes literature on 

the main studies conducted in each planning process.  
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Figure 1.2 The emerging concept of P&R system planning 

 

1.3  Motivation and novelty of the research topic 
Cities worldwide have developed an urban mobility plan that contains the basis for the sustainable 

development of the city in terms of public space and transport. Besides, the mobility plan has been seen as 

a planning instrument that defines the lines of action that should govern urban mobility in the coming 

years. The strategic objective is to continue advancing towards a more sustainable, efficient, safe, healthy, 

and equitable collective mobility model. The plan establishes the goals and actions necessary for users and 

the various transport modes to coexist on public roads: pedestrians and cyclists are prioritized and 

protected, collective public transport is promoted, the use of private vehicles is reduced, commercial and 

tourist mobility is regulated, and the efficiency of the mobility network as a whole is guaranteed. The park-

and-ride system is included as a parking policy within the Sustainable Urban Mobility Plans (SUMPs) in 

order to encourage users who are not covered by the service or the frequency of public transport to opt for 

the use of the car and then change to another mode of transport. The consequence of reducing the number 

of private vehicles captured by the P&R system is that it generates benefits such as reduced pollution and 

congestion.  

The main motivation of the current dissertation is to provide an investigation on the P&R system as it 

is considered as part of the urban mobility of a city, and how this can be a parking policy within SUMPs to 

reduce the undesirable effects of the private vehicle in the CBD. Most researchers considered the P&R 

system as isolated from the transport or mobility infrastructure, a component that has been little studied 

or unattractive within the urban area.  

Although it is believed that some cities around the world already have P&R systems in place, the 

interaction with new private vehicle technologies such as electric vehicles and autonomous vehicles should 

be investigated. In contrast, other cities wish to implement P&R systems, so it is necessary to study what 

criteria to consider for implementation and the determination of trip origination points. The present 

dissertation covers both scenarios; thus, the P&R system can be considered as an integral part of the 

mobility mechanism, and even as a modal interchange point. 

This integral study of a P&R system in the urban environment begins by determining the purpose of 

the trips produced by the P&R system, which is detailed in Chapter 2. It continues with the investigation 

of the set of criteria that experts take into consideration to establish the P&R system, and it explores which 

of them is the most relevant one by using multi-criteria methods (Chapter 3). Studying one of the 

components of the P&R system as the catchment area is essential to know the coverage area of the P&R 

system. This problem is addressed in Chapter 4. Chapter 5 determines the potential demand of the P&R 

system through a mathematical optimization model. Chapter 6 provides the dynamic accessibility of the 

P&R system based on different traffic metrics. Chapter 7 investigates whether the P&R system reduces the 

pollution caused by conventional vehicles and the interaction of electric and autonomous vehicles with the 

P&R system. And finally, Chapter 8 presents the future research directions and highlights new discoveries 

made in this research work. 



Chapter 1: Introduction 

   

4 

 

1.4 Objectives, Research Methodology and Hypotheses 
The classic performance of the P&R system has already been studied; however, in this dissertation a 

new approach to the operation of the P&R system is considered. For this new P&R concept or new 

approach, new hypotheses, objectives, methods and methodologies have to be developed. In addition, each 

hypothesis is related to an objective and a chapter of the dissertation, as mentioned below. 

The first hypothesis is whether the points of origin and activities that generate trips in the P&R system 

are related to land use. Therefore, the objective is determining which activities and points of origin are 

generated by a P&R system; finding by a linear regression model the location of the P&R system and 

analyzing the travel characteristics in different traffic measures. Statistical information from the SUMP was 

used to measure the accessibility of the P&R system and a Python algorithm was developed for different 

traffic measurements. This study belongs to chapter 2 of the dissertation. 

The second hypothesis is that through three multi-criteria methods, it is possible to determine which 

criteria and sub-criteria to implement. In order to validate this, it is necessary to meet the following 

objective: determining a set of criteria and sub-criteria to establish the location of the P&R system along the 

urban environment of a city; by conducting a survey, a decision tree and the application of several multi-

criteria methods to find out which criteria are the most relevant to implement a P&R system. This objective, 

hypothesis and methodology correspond to chapter 3 of the dissertation. 

The third hypothesis is that the catchment area of the P&R system makes it possible to define the 

coverage area of the P&R system in the urban environment of a city. To verify this hypothesis, the following 

objective is proposed: analyzing the potential demand of the P&R system; through the development of a 

mathematical model, the potential demand of the P&R system is established. Software programmes such 

as GIS and Python were used in order to capture the area of coverage of the P&R system. The hypothesis, 

objective and methodology correspond to chapter 4 of this dissertation. 

The fourth hypothesis is a mathematical optimization model that determines the potential demand of 

each facility belonging to the P&R system. The optimization model explores the modal split between 

private vehicles, public transport, and P&R in order to verify this hypothesis the following objective is 

defined: developing a model to study the catchment area of the P&R system; in the catchment area, the 

location and scope of the P&R system in the urban area of the city can be investigated. A mathematical 

optimization approach has been applied based on utility costs. The hypothesis, objective and methodology 

are described in chapter 5. 

The fifth hypothesis is the dynamic accessibility of the P&R system at different traffic metrics helps 

determine the best routes to the P&R, and to test this hypothesis the following objective is defined: building 

a model to explore the dynamic accessibility of the P&R system; through traffic measurements and the 

implementation of geo-referencing systems, dynamic accessibility is established. Therefore, GIS and 

mathematical equations were applied to determine hot and cold spots. A detailed statistical analysis is also 

provided. The hypothesis, objective and methodology are described in chapter 6. 

The sixth hypothesis is calculating the reduction of pollutant emissions when implementing a P&R 

system. This reveals whether P&R is a transportation policy that helps to reduce pollution. The interaction 

of the P&R system with electric vehicles and autonomous vehicles allows the P&R system to be sustainable 

over time according to new technologies. To verify this hypothesis, the following objective is proposed: 

studying the interaction of the P&R system with other private vehicle technology systems, such as electric 

and autonomous vehicles; determining the percentage reduction of pollution by introducing the P&R 

system and combining it with autonomous and electric vehicles. For this purpose, we used a software tool 

that allows us to gain statistical information coming from the SUMP concerning  pollutant emissions. The 

hypothesis, objective and methodology are given in chapter 7. 
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This means that there are 7 chapters (designated 2 to 7) in which the hypothesis, objective and 

methodologies proposed in this dissertation are presented one by one. Each of these chapters contains 

literature on the method, methodologies, results and conclusions. In addition, each chapter has a specific 

thesis, therefore, overall, there are 6 theses in this dissertation. 

By the end, each of the components outlined in Figure 1.2 is addressed.  

 

Publication related to this chapter: [5]. 
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2. Chapter 2: Selecting trip start points for P&R: the land use as 

a parameter 

 

2.1 Short Summary 
Sustainable Urban Mobility Plans (SUMPs) have been developed in cities worldwide, providing the 

most relevant information about mobility policies to be implemented in the short, medium, and long term. 

In addition, SUMPs can be used as a method of data collection and transportation policies that describe 

aspects related to mobility, such as the classification of land use according to the activity of each urban 

area, for example, residential, commercial, recreational, and agricultural. Likewise, there is the geographic 

division of a city into districts, and these districts are divided into zones, which in turn are divided into 

neighborhoods. Thus, the Park and Ride (P&R) system, distributed throughout the city, captures users from 

these neighborhoods, which are the origin points of P&R trips. The objective of this chapter is to determine 

what type of activity produces the origins of P&R trips and to verify through an algorithm the efficiency of 

trip origin selection by calculating and comparing the attributes of the optimal trips made by potential P&R 

users from the origin point to different P&R facilities based on various metrics (distance, no traffic, busy, 

and heavily trafficked). The result shows that the origin points of P&R system trips are residential and 

commercial. In conclusion, the selection of the P&R by potential users with activity concerning work and 

commercial is given according to the shortest travel time that takes from the point origin of trips through 

the P&R system. 

 

2.2 Introduction and literature review 
Cities worldwide have extensive initiatives related to implementing mobility strategies that have a 

series of short, medium, and long-term priorities to be met by local and governmental authorities. Together 

with their objectives and implementation periods, such mobility strategies are included in Sustainable 

Urban Mobility Plans (SUMPs), which are the guiding tool for the implementation of mobility policies by 

transport planners [12] [13]. Mobility plans in Europe follow a manual with minimum aspects and clear 

objectives regarding mobility in the urban area of a city. In Latin America, the mobility plans follow the 

same guidelines with respect to the objectives outlined in the European mobility plans; however, they are 

adapted to the reality of each city. A more specific definition of the SUMP is that it is a planning tool for a 

set of actions aimed at implementing transport modes that guarantee all the mobility needs of citizens 

within a specific geographical context, contributing to the economic dynamism, competitiveness, 

attractiveness, and environmental improvement of the city [14]. The United Nations Human Settlements 

Program (UN-Habitat), the leading global authority on urban issues, offers some thought-provoking policy 

recommendations and ideas on planning and designing sustainable urban mobility solutions that are 

closely related to SUMPs [15]. 

The policies to be implemented in the SUMP include parking policies such as the Park and Ride (P&R) 

system. Thus, the P&R system is defined as a modal interchange point between the private vehicle and 

public transport in which the private vehicle user who generally lives outside the urban area or in the 

peripheral part of the city, and who has service coverage problems or no public transport coverage moves 

predominantly to the Central Business District (CBD) through the P&R [16] [11]. Thus, the P&R system is 

closely linked or, more accurately, correlated with private vehicle trips and influences public transport 

demand [17]. With this approach, P&R users start the trip from the origin in a private vehicle, travel a 

certain distance, park the vehicle, and use public transport to reach their destination [18]. The facilities 
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belonging to the P&R system are located close to public transport stops, which in theory implies the 

existence of a facility located near each public transport station [19] [20]. Counting on a P&R system for 

each public transport station leads to poor planning and waste of operational resources. Focusing on this 

problem, research on establishing the location of P&R facilities was conducted in Cuenca-Ecuador [21]. The 

researchers developed a method based on a linear model for the location of the P&R system along a public 

transport light rail line.  

Transportation policies regarding the placement of a P&R system and the location of facilities can be 

addressed in the SUMP [22]. The SUMP also has another underutilized function, which is to be a valuable 

data collection tool [23]. This is useful because the SUMP is divided into chapters (Urban Mobility, Road 

Safety, Environment and Health, Intelligent Transport Systems (ITS), Clean Vehicles and Alternative Low-

Carbon Fuels, Walking and Cycling) containing relevant data on the dynamics of the city infrastructure, 

people’s distribution, and mobility needs, in more specific areas, such as land use and population density. 

One of the most important factors is the distribution of transport modes that play an essential role in 

developing the city[24][25] [26]. Analyzing the concept in concrete terms of the P&R system, it is clear that 

it is correlated with land use [27]. Therefore, the P&R system must attract certain types of travel purposes 

(work, commercial, study, recreational) connected with land use, thus explaining in an understandable 

form that e.g. for a study travel purpose, the type of transport used by the users (students) is school 

transport [28][29]. A hypothesis is raised about what type of travel purpose is associated with land use in 

the P&R system [30]. Indeed, the first fact is that in order to use the P&R system, the user must be a private 

vehicle commuter [31]. The research carried out has made it possible to determine through surveys 

targeting socio-economic profiles during working days that P&R users travel to reach their destination for 

work purposes. The methods of analysis applied were cross-tabulation, Mann-Whitney U-test and 

principal component analysis. The results revealed that factors such as parking availability, parking 

convenience and security constituted a significant difference between multi-story and surface parking lots. 

[32]. The decision behaviors of P&R have been studied from a psychological point of view. Thus, a model 

has been proposed to analyze P&R decision behavior and provide helpful information to transportation 

policymakers for future P&R promotion and planning [33]. Indeed, weekday P&R utilization surveys have 

been conducted to analyze utilization patterns and measure the level of P&R utilization. The results showed 

that the overall utilization pattern of the facilities was very high, with a utilization rate between 80 and 

95%. The study further revealed that most of the users of the rail P&Rs were long-term users who came for 

work purposes [34]. Following the same line of research based on surveys in the P&Rs, the obtained results 

show that parking demand on weekdays was higher than on weekends. Parking duration showed that 

users were parked for more than 9 hours because they commuted for work purposes [35]. Although the 

interaction between land use and on-street parking in a city has been extensively studied, there is little 

research on land use related to the P&R system [36].  

Land use has been related to transport modes, such as public transport and private vehicles [37]. In 

addition, land use is stipulated in most of the SUMPs, and parking policies are also to be considered, such 

as the P&R system. Since the most relevant information on transport and mobility is contained in the SUMP, 

according to each city, it is convenient to use the SUMP as an instrument for obtaining the data needed to 

develop further research. Concerning each of the components mentioned above, the possibility arises of 

associating land use with the points of origins of the trips produced by the P&R system, using the SUMP 

as an instrument for data collection. 

This chapter proves and demonstrates that the SUMP can be used as a data collection tool. 

Furthermore, such information concerning land use and transportation policies relating to parking can be 

associated with determining the trip purposes of the P&R system. In order to demonstrate and provide the 

usefulness of such origin points, an algorithm is developed to define the trips related to the P&R system 

under different traffic conditions. 
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2.3 Methodology and data collection 
The methodology developed consists of collecting information from the SUMP, such as land use and 

parking policies, including the P&R system. Therefore, the first part of the methodology shows how to 

obtain the trip origin point from the P&R system, followed by a second part describing the algorithm used 

to evaluate the trips generated by the P&R system.  

 

2.3.1 Selection of the start trip points 

The urban area of a city is divided into zones or, in European cities, into districts. Using the Geographic 

Information System (GIS) software, a central point is selected in each neighborhood (defined as a group of 

houses or buildings that are together in an area or that are grouped together as a unit), while neighborhoods 

make up a zones or districts, while these constitute the city. Therefore, each neighborhood is represented 

by one point. This composition of the neighborhoods and their classification is stipulated in the SUMP. 

Each neighborhood also has a land use attribute. Based on the widely researched literature [38], it is 

determined that the potential users of the P&R system are mostly users who travel to their destination for 

work, shopping, school related activities, etc. purposes from their residential area. In other words, the set 

of neighborhoods that make up the city will be filtered based on residential land use. The number of 

potential points of origin of P&R trips will be reduced through the filtering process, thus will be more 

realistic. 

Note that a neighborhood whose land use is residential may be composed of a set of potential users 

who own private vehicles and wish to use the P&R system. For example, neighborhoods can even be 

grouped into clusters represented by the same land use; for example, there are neighborhoods where the 

land use is work and shopping. In this particular case, the selection of trip origins in the P&R system is part 

of trip origins. Points reflecting other land uses (e.g. agriculture) are discarded for our research. A trip route 

is then plotted from these points of origin to the various facilities belonging to the P&R system. To calculate 

the travel route, an algorithm is used based on three traffic measures explained in the next section. 

 

2.3.2 The algorithm and the techniques used for the comparison of P&R mode 

trips 

Trip origins for trips to the P&R system are selected according to the methodology described above. 

An algorithm is thus introduced that is used to calculate various metrics for the optimal trips from each of 

the neighborhood trip origins to the available P&R facilities in the city. The algorithm relies on several 

techniques and subroutines that operate together to perform the calculations. One of these subroutines, 

which plays a very important role in the algorithm, is the routing agent used to compute the trips and their 

attributes. In order to study and compare trips through the P&R system, the algorithm needs to be run an 

average of three times for debugging, each time with different trip exit point inputs. 

Furthermore, to efficiently study trips in P&R mode, we assume that travelers follow optimal or near-

optimal trips, as they are computed by the routing subroutine [39], [40] included in the algorithm. Based 

on this assumption, the following metrics are calculated and compared between the origin of the trips and 

the P&R locations:  

1. direct Haversine distance [41]; 

2. road network distance; 

3. travel time, without traffic; 

4. travel time with low traffic; 
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5. travel time with high traffic. 

 

The algorithm calculates the average distances and travel times between the trip origins of each 

neighborhood belonging to each zone and the P&R facilities. The five parameters mentioned above are 

calculated for each zone and for each day of the week (Table 2.1). 
 

Table 2.1 Steps in the algorithm used 

Algorithm Calculation of the nearest P&R to each zone according to parameters 

Input: City zones’ spatial data, P&R locations data, set of trip-generating points for each zone. 

Output: Nearest P&R facility to each zone for each weekday and each metric. 

External sources: Routing engine with traffic calculation sub-system. 

Steps:  

1: Read the data, create appropriate data structures. 

2: For each trip-generating point in each zone, calculate each metric to each of the P&R 

locations for each day using the appropriate routing engine. 

3: For all the metrics for each zone and day, calculate the average values. 

4: Compare the averages and find for each zone the nearest P&R according to each metric 

for each weekday. 

5: Include the results calculated in matrices and provide them to the user in a human-

readable form. 

 

The second subroutine of the algorithm used is the Google Maps address API service [40]. It was used as an 

external source of information for the algorithm to produce the actual road network measurements for travelers 

potentially using their private vehicles to use the P&R facilities.  

 

2.4 Case study 
This section describes the city on which case studies were carried out both for the testing of the 

methodology outlined in this chapter and the other chapters of the dissertation. This is accompanied by a 

summary of the data obtained from the SUMP of the city and previous studies, which will act as a database.  

Cuenca is a city located in the south of Ecuador that developed a Sustainable Urban Mobility Plan 

(SUMP) study in 2014. This study considered the urban area of the city. It was developed to create a more 

sustainable city for citizens through a set of transport policies and provide solutions to mitigate the 

undesirable effects caused by private vehicles, such as congestion and pollution, especially in the city 

center. According to the SUMP, the city is divided into 15 zones or districts. Zones 5, 6, and 7 are considered 

as the CBD, as shown in Figure 2.1. The 15 zones are subdivided into 982 subzones or neighborhoods.  

The authors determined seven possible P&R locations (designed from A to G) based on a linear 

regression model that calculated the capacity of each facility located near the light rail transit (LRT) stations 

(Figure 2.1).  (see Table 2.11) [1], [17].  It is important to note that the P&R system is not yet in place.  

Below, it is explained how the seven P&Rs (designated A through G) have been calculated and 

planned. 

 

2.4.1 Selection of the zones 

The Mobility Plan of the city of Cuenca defines 21 zones. However, not all zones could be considered 

for the implementation of a P&R system. For that reason, a process of selection of zones for the 

establishment of the P&R system is developed. 
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1. The objective of the P&R system is to be connected to the light rail network (LRT), which means that 

it is in the designated zone. The affirmative (+) and the negative is represented by the symbol (--). 

2. The zone requires the required space to establish the P&R system. Affirmative (+) and negative is 

represented by the symbol (---). 

3. The zone has projects or areas that are considered pedestrian zones and therefore it is impossible 

to establish a P&R system is represented with the symbol (--). If the zone is considered a pedestrian area 

but has the option to develop a Park and Ride system, it is represented with (+). 

The selected zones (✓) were determined for satisfied first and second criteria. However, not all of those 

zones may be incorporated into the analysis selection. An exception to the aforementioned rule is the 

Totorococha zone. While it does not directly satisfy the first criteria described, it is selected as an application 

case for the model, since it is connected to the airport by public transport. Additionally, the third criterion 

was about the rejected pedestrian central zones Table 2.2, depicts the result of the selection: Totoracocha, 

Feria Libre, Canaribamba, Aeropuerto, Control Sur, Banos, and Parque Industrial. 
 

Table 2.2 Results based on criteria 

No ZONE (1) (2) (3) SELECTION 

1 El Ejido + -- --  

2 Yanuncay -- -- --  

3 Centro historico + + --  

4 Miraflores -- -- --  

5 Totoracocha -- + + ✓ 

6 Feria Libre + + + ✓ 

7 Norte Av. Americas + -- --  

8 Ricaurte -- -- --  

9 Canaribamba + + + ✓ 

10 Basilica -- -- --  

11 Aeropuerto + + + ✓ 

12 Monay -- -- --  

13 Control Sur + + + ✓ 

14 Sayausi -- -- --  

15 Pumapungo -- -- --  

16 El Cebollar -- -- --  

17 Banos + + + ✓ 

18 Capulispamba -- -- --  

19 Parque Industrial + + + ✓ 

20 Turi -- -- --  

21 Paccha -- -- --  

 

2.4.2 Data Sources 

Our database is mainly composed out of a compilation of parking data of 21 zones in Cuenca city. 

These data originate from the mobility plan and LRT study conducted by the local Municipality (Table 2.3).  
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Table 2.3 Summarizes the parking data from Cuenca city. 

    

Parking space inventory 

 

No Zone 

Parking 

demand 

(vehicles 

per day) 

Number of 

vehicles 

(vehicles per 

day) 

Capacity of 

parking garage 

(vehicles) 

Capacity of 

Park and ride 

(vehicles) 

Passenger 

demand 

(users per 

day) 

Average 

duration of 

parking 

(hours) 

1 El Ejido 2067 8269 1057 3066 2800 6.3 

2 Yanuncay 1556 6224 391 3541 1600 5.2 

3 Centro historico 1985 7941 213 336 16000 3.1 

4 Miraflores 1303 5212 79 4143 1600 4.4 

5 Totoracocha 1313 5251 9 1428 6000 7.2 

6 Feria Libre 1148 4593 647 782 12000 6.2 

7 Norte Av. Americas 1030 4121 148 647 3200 4.5 

8 Ricaurte 1099 4396 2 1684 2400 6.7 

9 Canaribamba 1014 4057 29 836 2400 5.4 

10 Basilica 841 3362 8 1471 4800 4.3 

11 Aeropuerto 876 3504 53 628 3200 4.3 

12 Monay 813 3251 3 620 280 7.2 

13 Control Sur 657 2626 227 1963 3600 6.3 

14 Sayausi 547 2188 24 2724 240 3.2 

15 Pumapungo 548 2190 178 406 360 2.7 

16 El Cebollar 548 2190 2 57 240 3.4 

17 Banos 538 2151 58 406 1600 1.7 

18 Capulispamba 431 1724 88 2033 292 5.6 

19 Parque Industrial 431 1725 1 338 14400 5.6 

20 Turi 184 734 1 291 160 5.2 

21 Paccha 117 469 0 785 20 8.1 

 

The characteristics of each of the variables in the table are described below: 

• Parking demand refers to the amount of parking needed in a zone.  

• The number of vehicles refers to the number of vehicles registered in each zone. Parking capacity 

is the number of parking spaces. 
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• Capacity of Park and Ride means parking lots for cars and the drivers and passengers who travel 

further by public transport. 

• Passenger demand is defined as the number of passengers travelling by the LRT line. 

• Average duration of parking is the length of average time a private car spends on a parking space. 

 

2.4.3 Mathematical linear equation 

The mathematical equation uses linear regression for obtaining the number of parking lots at LRT 

stations. This mathematical formula was generated in order to have a relationship between the dependent 

and independent variables. Variables were tested for their correlation with the dependent variable. 

 

Y = 𝛽0 + 𝛽1𝑥1 + 𝛽2 𝑥2 + 𝛽3 𝑥3 + 𝛽4𝑥4 + 𝛽5 𝑥5 2.1 

where    

βi= Constants 

Y = Parking demand. 

𝑥1 = Capacity of Park and ride 

𝑥2 = Passenger demand. 

𝑥3 = Average duration of parking 

𝑥4 = First criteria of zone selection 

𝑥5 = Second criteria of zone selection  

 

Table 2.3 shows parking demand which is the number of parking spaces needed in a zone at an 

average duration time. Equation  (2.1) shows an independent variable (Y) that estimates the number of 

parking spaces needed in LRT stations to users of the automobile mode to reach the LRT system. 

The revised criteria have conferred numeric attributes whether criteria is affirmative (+) in the zone 

the numerical attribute conferred is one (1), and criteria is negative in zone (--) the numerical attribute is 

(0).  

2.4.4 Statistical Results 

Table 2.4 contains information about the within-subject factor, parking demand, and its interactions 

with the independent variables. This output gives us a correlation matrix for the six correlations requested 

in Table 2.4. The diagonal consists of correlations of each variable with itself, always resulting in a value of 

1.00, and the values on each side of the diagonal replicate the values on the opposite side of the diagonal, 

except for the second criterion, as it is considered constant.  

Table 2.4 shows the six unique correlation coefficients. There is a positive and significant correlation 

between parking demand and park-and-ride capacity (0.326). This positive correlation coefficient indicates 

that there is a statistically significant (p < 0.001) linear relationship. 

It can also be observed that there is a statistically significant (p < 0.001) negative correlation coefficient 

(-0.149) for the association between parking demand and the first criterion, indicating that there is a linear 

relationship between these two variables. 

There is a negative association (-0.56) between parking demand and passenger demand, although this 

correlation is relatively weak.  
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Table 2.4 Results based on correlations 

 
Parking 

demand 

Capacity of 

Park-and-

Ride 

Passenger 

demand 

Average 

duration of 

parking 

First 

criteria 

Second 

criteria 

Parking 

demand 

Pearson 

correlation 
1 0.326 -0.056 0.102 -0.149 .a 

Sig. (2-tailed)  0.475 0.905 0.828 0.750 . 

Capacity of 

Park-and-

Ride 

Pearson 

correlation 
0.326 1 -0.273 0.291 -0.006 .a 

Sig. (2-tailed) 0.475  0.554 0.526 0.989 . 

Passenger 

demand 

Pearson 

correlation 
-0.056 -0.273 1 -0.041 0.322 .a 

Sig. (2-tailed) 0.905 0.554  0.931 0.482 . 

Average 

duration of 

parking 

Pearson 

correlation 
0.102 0.291 -0.041 1 -0.774* .a 

Sig. (2-tailed) 0.828 0.526 0.931  0.041 . 

First criteria 

Pearson 

correlation 
-0.149 -0.006 0.322 -0.774* 1 .a 

Sig. (2-tailed) 0.750 0.989 0.482 0.041  . 

Second 

criteria 

Pearson 

correlation 
.a .a .a .a .a .a 

Sig. (2-tailed) . . . . .  

*. Correlation is significant at the 0.05 level (2-tailed). 

a. Cannot be computed because at least one of the variables is constant. 

The R-squared value can be between zero (0) and one (1); where values proximity to 0 represent a poor 

fit, while values closer to 1 represent a perfect fit. Table 2.5 shows that there are positive relationships 

between parking demand and independent variables. However, the value of R-squared is relatively low 

when used constant, while do not include constant indicates a significant variation in parking demand. 

 
Table 2.5 Values of R-squared. 

Dependent Independent Model R-squared 

Parking demand 

Number of vehicles 

Linear include constant 

1 

Capacity of parking garage 0.09 

Capacity of Park-and-Ride 0.107 

Passenger demand 0.003 

Average duration of parking 0.01 

First criteria of zone selection 0.022 

Second criteria of zone selection 1 

Number of vehicles 

Linear does not include constant 

1 

Capacity of parking garage 0.373 

Capacity of Park-and-Ride 0.75 

Passenger demand 0.549 

Average duration of parking 0.877 

First criteria of zone selection 0.593 

Second criteria of zone selection 0.559 
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Table 2.6 shows a set of variables which have been defined based on R-squared. 
Table 2.6 Details set of variables 

Zone Y X1 X2 X3 X4 X5 

Totoracocha 1313 1428 6000 7.2 0 1 

Feria Libre 1149 782 12000 6.2 1 1 

Canaribamba 1015 836 2400 5.4 1 1 

Aeropuerto 876 628 3200 4.3 1 1 

Control Sur 657 1963 3600 6.3 1 1 

Banos 538 406 1600 7.2 0 1 

Parque Industrial 432 338 14400 5.6 1 1 

2.4.5 Regression models 

Eller and Stepwise multiple regression models were used in the SPSS program. For each model, one 

equation was used with a constant and one without a constant. In other words, there are four linear 

regression models. 

The statistical results of the Eller Model with a constant are represented in Table 2.7. The linear 

regression equation is 2.2 

Y = 1943.199 + 0.326 𝑥1 + 0.20 𝑥2 − 193.483 𝑥3 − 481.190 𝑥4 2.2 

 
Table 2.7 Eller Model with a constant. Result summary. 

Model R 
R 

Squared 
Adjusted R 

Squared 

Change statistics 

R Squared 
change 

F 
change 

df1 df2 
Sig. F 

change 

1 0.467a 0.218 -1.345 0.218 0.140 4 2 0.952 

 

Eller Model without a constant is shown in Table 2.8. The linear regression equation is  2.3 

Y = 0.326 𝑥1 + 0.20 𝑥2 − 193.483 𝑥3 − 481.190 𝑥4 + 1943.199 𝑥5                        2.3 

Table 2.8 Eller Model without a constant. Result summary. 

Model R R Squaredb Adjusted R Squared 
Change statistics 

R Squared change F change df1 df2 Sig. F change 

2 0.955a 0.913 0.695 0.913 4.190 5 2 0.204 

 

 

For Stepwise Model with a constant with the dependent variable Parking demand, the following 

variables are constants or have missing correlations. Therefore, it does not give a result that can be used to 

define the linear regression equation. 

 

The Stepwise Model without a constant is shown in Table 2.9. The linear regression equation is   2.4 

Y = 855 𝑥5  2.4 
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Table 2.9 Model Stepwise not including constant Summary results. 

Model R 
R 

Squaredb 
Adjusted R 

Squared 

Change statistics 

R Squared 
change 

F 
change 

df1 df2 
Sig. F 

change 

4 0.943a 0.889 0.870 0.889 47.829 1 6 0.000 

 

The evidence from this study implies that in Eller and Stepwise, the first statistic, R, is the multiple 

correlation coefficient between all of the predictor variables and the dependent variable. In these models 

that do not include the constant, the value in Eller is 0,955 and Stepwise is 0,943, which indicates that there 

is a great deal of variance shared by the independent variables and the dependent variables. The models 

that include a constant have been dismissed for the reason that they produce a low R-squared value. 

The next value, R Squared, is simply the squared value of R. This describes the goodness-of-fit or the 

amount of variance explained by a given set of predictor variables. In those models (2) and (4), the value is 

91% and 88.9% respectively.  

The Eller Model, which did not include the constant, can be used to estimate the parking demand and 

its positive relationship with P&R. This model determines a significant number of P&R facilities when the 

Average duration of parking decreases. The principal relation is with passenger demand by LRT. If this 

variable is increased, then the number of Park-and-Ride lots is increased, too. 

The Stepwise Model without a constant determines the number of parking places needed if there is a 

positive second criterion. It means that a number of parking places needed in each station is 855 when the 

P&R facility exists.  

In summary, our findings show that the Eller Model is more effective than the Stepwise Model and, 

overall, it can be better utilized to calculate the number of P+R lots and encourage the use of LRT system 

based on parking facilities. Those results are shown in Table 2.10 

 
Table 2.10 Results of applied models 

Zone ELLER (P+R lots needed) Passenger demand (%) Stepwise (P+R lots needed) Passenger demand (%) 

Totoracocha 2216 37 855 14 

Feria Libre 2917 24 855 7 

Canaribamba 1170 49 855 36 

Aeropuerto 1475 46 855 27 

Control Sur 1603 45 855 24 

Banos 1002 63 855 53 

Parque Industrial 3369 23 855 6 

 

Table 2.11 describes the location of the potential P&R to be established. 

 
Table 2.11. The P&R location coordinates  

ID P&R facilities name Latitude Longitude 

A Control Sur -2.923399 -79.0382343 

B Banos -2.9147923 -79.038227 

C Feria Libre -2.8956061 -79.0268517 

D Canirabamba -2.9066296 -79.0293574 

E Totoracocha -2.897063 -78.9902306 

F Aeropuerto -2.8861158 -78.9929826 

G Parque Industrial -2.881886 -78.9776599 
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Figure 2.1 Park and Ride facilities and LRT system in the city of Cuenca 

2.4.6 Information SUMP 

The sustainable urban mobility plan (SUMP) is widely used as a tool by transport authorities and 

planners for the sustainable development of the urban area. The SUMP is used as a manual to promote the 

transfer to more sustainable transport modes and provide safe, clean, and environmentally friendly 

solutions [42]. Most motorized trips in medium and small-sized cities are made by public transport and 

mainly by private vehicle. Therefore, estimating models that reproduce users’ parking choice behavior in 

cities is required; on-street free parking, on-street paid parking, and Park and Ride [43]. A policy proposed 

in the SUMPs method is using the Park and Ride (P&R) system to solve the negative consequences of 

private vehicles in cities. Using this system, private vehicle users can travel to a central business district 

(CBD) and have a portion of the trip made in a private vehicle before parking the vehicle to transfer to 

public transportation to complete their journeys [44]. The improvements in the quality of life of residents 

induce a series of policies that generate resources to finance a new urban transport service, P&R, and their 

associated vehicles [45].  Thus, the SUMP serves as the information base for the development of the models 

proposed in this dissertation. 

The origin–destination trip matrix from the different zones to the CBD can be obtained using the 

SUMP [46] as a source of data. These trips can be made via various modes of transport, but for the P&R 

study, trips via private vehicle and public transport are used. Urban mobility in Cuenca involves around 

600,000 trips per day to and from the city center. Among them, 69% are motorized trips, and 31% belong 

to pedestrians and cyclists. The private car occupies 32% of the trips registered in Cuenca. 

In addition, 241,040 trips are generated from outside the urban area in private vehicles. Trips made 

from the urban area to the outskirts of the city in private vehicles amount to 222,860 trips per day. Besides, 

103,831 trips within the urban area and 68,341 trips outside the city by public transport were also detected. 

In total, there are 636,072 journeys between the outer and inner areas of the city of Cuenca. There are 42,768 

trips within the city center by private vehicle, which corresponds to 20% of the total number of trips in the 

urban area. A total of 13,005 trips are made for work purposes, representing 11.89% of the total, and 6,850 

trips for shopping purposes, corresponding to 6.2%. The P&R system can be used by a user going to school, 

but the P&R system is mainly used for users traveling for work and shopping purposes. There is a specific 

means of transport for all other activities, such as school transport, used to go to school. The composition 
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of vehicles and bicycles is distributed as follows: 90.08% are private vehicles followed by buses, 2.70% 

freight, 3.70% bicycles, and the rest other modes of transport. Private vehicle users’ willingness to switch 

to other, more sustainable modes of transport is 58%. This parameter is given in a survey carried out in the 

mobility plan of the city of Cuenca in Ecuador, which indicates whether private transport users would be 

willing to switch to a more environmentally friendly mode of transport. 

The vehicle fleet of the city of Cuenca consists of 147,484 vehicles, of which 89.2% are powered by 

petrol and 10.8% by diesel. Among the petrol vehicles, private vehicles account for 67%. In terms of fuel 

consumption, it is 46,607,289 gallons. 

The air pollution produced in the city is divided as follows: 

1. 57% from vehicles, 

2. 16% from industry, 

3. 5% from energy production, 

4. 16% from housing and services, 

5. 6% from waste. 

The city center traffic is composed as follows: transit traffic is 40%, service traffic 30%, and work and 

school traffic 30%. As for the pollution caused by traffic, Table 2.12 shows the different components. 

 
Table 2.12. Components of air contamination produced by vehicle traffic 

Carbon monoxide (CO) 94.5% 

Nitrogen oxide (NOx) 71.2% 

Sulfur dioxide (SO2) 30.2% 

Fine particulate matter (MP2.5) 42.5% 

Fine particulate matter (MP10) 55.6% 

 

There are three peak periods: in the morning from 6 to 8 am, in the afternoon from 12 to 2 pm, and 

from 5 to 6 pm. Public transport costs are 0.30 US cents per trip for buses, 0.35 US cents per trip for the LRT. 

Private vehicle costs vary by vehicle type, and kilometers traveled. The cost of vehicle parking is not 

regulated. Therefore, values vary depending on the location of the facility and the parking time.  

 

2.5 Results 
The first part of the methodology consisted of determining the city’s neighborhoods, being provided 

by the SUMP, and, consequently, the land use (Case study) The following land use categories were applied: 

• residential use; 

• commercial use; 

• recreational use; 

• agricultural use. 

It is assumed that neighborhoods characterized by recreational and agricultural land use do not create 

trips for the P&R mode, because the users of these activities prioritize using other modes of transportation 

over private vehicles. For the exact decision of the coordinates of the trip generating points, GIS software 

was used, based on the divisional limits of the district administrative divisions, as extracted from the 

SUMP. For the first set of points that are trip origins, 982 points in total were considered for the city. After 

applying filtering according to land use, 655 potential trip origin points for the P&R system remained (see 

Figure 2.2). 
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Figure 2.2. The set of trip-generating points after the initial set is filtered according to land-use  

The algorithm deployed calculates the nearest P&R facility from each trip origin based on the actual 

traffic data for each day of the week. The parameters considered for the algorithm are the trip generating 

points, the traffic situation for five days of the week, and the P&R locations. A fundamental part of the 

algorithm is produced by the underlying components that were used, which are based on modern routing 

software [39], [40], and spatial mathematics techniques [47]–[49]. 

In elaborating the travel time data with different traffic levels, a high traffic scenario was considered 

for the trips that occur during peak hours, and as a low traffic scenario was supposed for the trips that 

occur during off-peak hours. A no traffic scenario is also included, in addition to direct distance and road 

distance. 

The results table (see Tables 2.13 – 2.15) shows three scenarios to analyze whether our methodology 

has been successful. 

1. The trip origins of each neighborhood are randomly clustered in each zone without consideration 

of land use (Table 2.13). 

2. The trip origins of each neighborhood are clustered in each zone, considering all neighborhoods ( 

Table 2.14). 

3. Trip origins from each neighborhood are clustered in each zone considering land use and trip 

purpose through the P&R system (Table 2.15). 

The results tables include the nearest P&R facility (designated A–G) [21], to each trip origin point 

belonging to each zone. We present a quintuple of IDs for each cell of each table, with each ID 

corresponding to each day. For example, suppose the cell value is “F-F-F-F-E.” In that case, it means that 

facility F was the nearest to the trips generated from zone 5 from Monday to Thursday. In contrast, for 

Friday, facility E has been calculated as the nearest. When the IDs are the same for all days, the quintuple 

is replaced by an ID letter shared for all days within the same cell. 
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Table 2.13. Nearest P&R facility to each zone when considering random trip-generating points in each of the 15 zones 

 

zones 

Distance Travel time 

Direct Road 

network 

No 

traffic 

Low 

traffic 

High 

traffic 

1 C C C C C 

2 C C C C C 

3 B B B B B 

4 F F F F F 

5 E E E F-F-F-F-E E 

6 E E E E E 

7 E E E E E 

8 E E E E E 

9 C C C C C 

10 E D D D D 

11 G G G G G 

12 F F F F F 

13 E E E E E 

14 E E G G G 

15 G G G G G 

 

Table 2.14. Nearest P&R facility to each zone when considering the 982 neighborhoods 

 

zones 

Distance Travel time 

Direct Road 

network 

No 

traffic 

Low traffic High 

traffic 

1 C C C C C 

2 C C C C C 

3 B B B B B 

4 F F F F F 

5 E E E F-E-E-E-E E 

6 E E E E E 

7 E E E E E 

8 E E E E E 

9 C C D D D 

10 E E E D E-E-D-E-E 

11 G G G G G 

12 F F F F F 

13 E E E E E 

14 E E E G-E-G-G-G E 

15 G G G G G 
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Table 2.15. Nearest P&R facility to each zone when considering 655 trip-generating using land-use parameter 

 

zones 

Distance Travel time 

Direct Road 

network 

No 

traffic 

Low 

traffic 

High 

traffic 

1 C C C C C 

2 C C C C C 

3 B B B B B 

4 F F F F F 

5 E E E F-E-E-E-E E 

6 E E E E E 

7 E E E E E 

8 E E E E E 

9 C C D D D 

10 E E E E E 

11 G G G G G 

12 F F F F F 

13 E E E E E 

14 E E E G E 

15 G G G G G 

 

 

The result of Table 2.15, which applies trip origins through the P&R system, is that low traffic and high 

traffic choose the same facility, except for Zone 14. This is because in this zone, there are two facilities which 

are chosen according to the traffic conditions. Another interesting result is that Zone 5, in low traffic, 

chooses facility F on Mondays and facility E on other days. 

 

2.6 Conclusion 
The diverse mode of transportation systems produces trip origins, and these trip origins are associated 

with land use. Trip origins through the P&R system are for work and shopping trips. The classification of 

neighborhoods by land use allows a number of trip origins to be determined. These trip origins can be 

associated with those who would use their private vehicle for work and shopping purposes. 

The second contribution in this chapter is to use the SUMP as a source of data, since the SUMP aims 

to specify the policies, strategies, programs, projects, and goals related to the mobility of the city and to 

establish the general rules that allow achieving a safe, equitable, intelligent, articulated, environmentally 

friendly, institutionally coordinated, and financially and economically sustainable mobility. Thus, it 

provides a solid database that will be used in the following chapters.  

The algorithm makes it possible to determine and verify which P&R location is the nearest one to the 

zone of origin. 

This chapter proved that the SUMP can be used as a source of data for the implementation of parking 

policies established in the short, medium, and long term, as well as to establish the trip origins of the P&R 

system based on land use, which in this case study was commercial and residential. Through these trip 

origins, it is determined that the purpose of trips through the P&R system is work and shopping. In 
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addition, an algorithm is developed with different parameters to explore the trajectory and, in different 

traffic metrics to identify which the most optimal P&R facility according to the origin zone is. Finally, new 

data on the P&R system have been generated (The origin–destination trip matrix from the different zones 

to the P&R) that provide reliable information for the following chapters. 

 

Thesis I 

I found that land use and trips to the P&R system are linked. I developed a model that includes a 

linear regression for the location of the P&R system and an algorithm that allows linking trip purposes 

in different traffic measures to the P&R system. The conclusion is that the location of the P&R system 

and the points of origin of the trip intentions to the P&R system are for business and work/school 

purposes. 
 

I found that activities such as agriculture and education should be ruled out in a study of the origins 

of travel in the P&R system. In addition, a linear regression was applied to determine the location of the 

Park and Ride system. 

 

Publications related to this chapter: [5][50][51][21]. 
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3. Chapter 3: A multicriteria approach for P&R location problem 

 

3.1 Short summary 

Since the points of origin of the trips produced by the P&R system and their location were provided by 

the analyses conducted in the previous chapter, the next step is to use these findings together with the 

data extracted from the SUMP and develop a set of six main criteria and 19 sub-criteria that are 

particularly important for making decisions on the implementation of a P&R system in a city 

environment. This analysis is based on the Multi-Criteria Decision Method (MCDM) to determine which 

criteria are relevant or the most relevant. This study aims to evaluate the P&R siting problem from 

perspectives adopted by experts. For this purpose, three multi-criteria methods are implemented. The 

fclassicAnalytic Hierarchy Process (AHP) is adopted in a fuzzy environment, the more recent “Best Worst 

Method” (BWM) is used, and finally, a combination of both AHP-BWM is applied. The result is to 

determine which criterion or set of criteria is the most relevant when implementing a P&R system. 

 

3.2 Introduction, literature review 
The main factor to be studied in the P&R system is its location, and the concept is that the facility 

should be close to public transport stations (e.g., light rail transit - LRT line, subway, bus) [52]. Therefore, 

several criteria need to be considered that extend the concept mentioned above. Transportation researchers 

and planners have applied the criterion that the P&R system allows for a reduced number of trips to the 

CBD [53]. In addition, the P&R system is considered to be a connection point between public and private 

transportation [54]. One of the location criteria is the distance between the origin and the P&R location and 

between the facility and the destination. One of the most commonly used criteria is the cost of 

implementing the P&R system [55]. Recent research has included environmental criteria, which has 

established the P&R system as a tool to reduce vehicle emissions by reducing the number of trips [56].  

Transport experts have begun to use multicriteria decision-making (MCDM) applications to solve 

problems and improve citizens’ quality of life through transport projects [57]. These models have provided 

the creation of solutions to various problems in the area of transport, and even the models developed have 

solved a large number of problems concerning transport planning in the city’s urban area [58]. This model 

has started to be studied in detail by researchers around the world by linking the mobility components 

with the MCDM models [59]. 

A relevant multicriteria model is the Analytic Hierarchy Process (AHP) method, which relies on the 

estimation and knowledge of decision-makers who, based on specific criteria, can make appropriate 

decisions regarding the resolution of a complex problem. In fact, it helps decision-makers find the solution 

that best addresses their requirements and judgment of the problem. The AHP method is subjective and is 

considered an assessment of expert knowledge; thus, it is unnecessary to involve a large sample in the 

analysis [60]. However, the AHP method has certain limitations, such as the decision criteria that the 

respondent has, since the answer can be considered at a certain level as an argument related to a personal 

statement. The AHP method is a little imprecise, because the criteria of perception, evaluation, correction, 

and choice are based on the decision-makers’ preference, which has a significant influence on the results. 

In addition, dependencies between AHP variables often lead to some inconsistency in the weighting of 

criteria and create results contrary to reality [61]. In order to solve these limitations, for example the Pareto 

optimization of AHP weight vectors [62] was applied. Thus, pairwise comparison matrices were used in a 
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real case study; the authors achieved a modification of the weight of AHP vectors. This proved that the 

AHP method could be optimized by adding it to analytic network process (ANP) modeling and simulation-

based sensitivity evaluation [63], [64]. The benefit of the model applied in addition to AHP varies according 

to the scenario used for this method and the type of study that it is most appropriate for. Thus, several 

mathematical and optimization methods have been employed [65] in order to be able to analyze and 

improve the AHP results in terms of the precision of the outcome. Statistical considerations of the 

sensitivity analysis and innovation have been integrated into the AHP method using the Monte Carlo 

Simulation [66], [67].  

In addition, the well-known frequency ratio (FR) method was used together with the AHP method, 

with the result being a hybrid spatial multicriteria assessment (SMCE) model, which gave more accurate 

results than the multicriteria models [68]. Both the SMCE and the FR require a set of data in the form of an 

inventory to prepare the model, and this is the major factor for achieving more precise results from the 

corresponding integrated model. However, such a set of inventory data is often not available for many of 

the decision-making problems. Another integration model used the AHP method with the fuzzy Technique 

for Order of Preference by Similarity to Ideal Solution (TOPSIS ) to prioritize the performance of their 

methodology [69]. Fuzzy theory is included in most of the instruments available in the MCDM, since it is 

possible to interpret imprecise measurements within the mathematical operators for decision-making in 

the fuzzy domain. The fuzzy theory has been combined with AHP [70]. In addition, new measures for the 

evaluation of group weights are adapted from the classical analytic hierarchy process. Six approaches were 

selected to derive the weights and are used in an application [71]. Even combining multi-criteria methods 

with GIS methods for location analysis has been employed [72]. The ANP is the advanced version that is 

most suited to complex decision problems. 

The ANP is also combined with fuzzy theory in order to minimize possible errors and uncertainty 

inherent in the decision-making system [73], which is a more realistic approach, given that several experts, 

who have very varied preferences and interests, are involved [74]. Few investigations have combined the 

MCDM methods and P&R system to explore the criteria concerning their location. The authors used 

evaluation based on the distance from average solution (EDAS) in order to determine the decision 

regarding the location of a park-and-ride (P&R) facility. The P&R system and MCDM techniques are 

combined in a few studies. For example, social, environmental, and economic criteria were applied to assess 

the location of P&R in combination with the VISUM software [75]. 

The alternative that has been poorly studied is the P&R system, in which one of the factors that require 

comprehensive expertise is its location. Regarding the analysis of the P&R location, several variables can 

be analyzed by different methods and methodologies. Transport planners tend to locate facilities close to 

public transport stations; however, according to this approach, a scenario arises where the number of 

facilities in the P&R system should be the same as the number of public transport stations.  

Thus, studies on the P&R system have also contributed to determining the different criteria used by 

experts regarding the location of facilities. In this context, one criterion used is the classification of the 

possible modes of transport through the P&R system: private vehicle, public transport, and a combination 

of the two [76]. In order to choose the mode of transport through the P&R system, travel costs must be 

taken into account [77]. As a criterion for the location of facilities, their linkage to public transport should 

be emphasized [38]. Research has even been developed in which location is directly related to distance [78]. 

As the criteria for P&R system location emerged, they were solved by complex algorithms in which even 

the capacity of each facility is incorporated [79]. As a criterion, the facility could be located within the 

residential areas of the urban environment of a city connected to the various public transport systems [80]. 

Even in recent years, one of the location criteria has been the fact that the P&R system can decrease the 

pollution caused by conventional vehicles as a consequence of the reduction in the number of trips [81]. 

The accessibility criterion for each facility is defined as the access from the users’ origin and travel 
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conditions to the P&R [82]. Land use is included to demonstrate the advantages of the proposed 

formulation and its potential applications, such as optimizing park-and-ride facilities and developing land-

use policies to integrate urban development and transportation planning [83]. For this purpose, the travel 

time of existing intermodal traffic assignment models on travelers’ route and mode choice behaviors is 

based on travel time reliability [84]. The impact of price changes on transit and vehicle inventories is 

described by logit functions of generalized travel costs [4], [85]. Users incur a known generalized cost for 

using each P&R facility as input to the logit model [86]. Equilibrium distances are of great importance for 

estimating the potential P&R market: the origin (trip), that is, the distance below which a traveler could 

drive to use P&R facilities to access his or her destination and still emerge profitable [87], [88]. Another 

approach develops general models that simultaneously address potential demand functions as a function 

of distance, coverage, and partial regional service at the facility location [89], [90]. Multi-criteria decision-

making in facility siting is understudied, but one study presents the evaluation of 15 predefined locations, 

and the researchers used a set of criteria and sub-criteria. To determine the value of the criteria, the 

displacement model of the Bydgoszcz agglomeration built with the VISUM tool was used. As a result, it 

was possible to simulate the creation of P&R in the selected locations [91]. 

This chapter aims to determine the most relevant criteria for the implementation of a P&R system in 

the urban environment of a city. Thus, after applying the three multi-criteria methods, we will establish 

which criteria or sub-criteria are the most relevant for the location of a P&R system. For this purpose, three 

articles have been published, explaining in detail the methods mentioned above [51], [92]. 

 

3.3 Methodology 
This section covers the components and materials used to conduct the research, including an 

explanation of how the survey was conducted, followed by a detailed presentation of the study  and an 

description of the applied method. 

3.3.1 Survey 

The survey was developed based on meetings and discussions held with transport planning experts 

to identify the most important criteria for implementing a collection of facilities in a P&R system. The 

survey then took place in May 2020. The participants were selected from transport planning experts from 

the municipality in Cuenca – Ecuador, who included six men and four women of various ages. The survey 

was filled out in 25 to 30 min per expert. In total, 25 elements of the P&R systems were evaluated (as shown 

in 3.3.2) to analyze professionals’ priorities and behaviors in support of the P&R system. 

3.3.2 Design of Saaty Scale and Description Criteria 

The planning and selection of the criteria to be used or taken into account for the location of the P&R 

system facilities is one of the most important parts of the study in order to subsequently order these criteria 

according to the standards of the multi-criteria method used. The construction of criteria and sub-criteria 

makes it possible to study the order of relevance selected by the researchers both individually and as a 

whole. The study conducted by our project selected 6 main criteria and 19 sub-criteria according to the 

literature on the location of P&R system facilities. In addition, Table 3.1 shows the coding of each main 

criterion and also contains the description of each criterion that corresponds to the first level. The criteria 

are assigned a code ranging from C1 to C6. Thus, they can be easily identified in Figure 3.1. On the other 

hand, the 19 selected sub-criteria corresponding to the second level are described in Table 3.2. 

The coding has been done to allow the reader to identify them with the main criteria (C1–C6); for 

example, C 1.2 means that it is the second sub-criterion belonging to the first main criterion (C1) (see Figure 

3.1). 



Chapter 3: A multicriteria approach for P&R location problem 

   

25 

 

 
Table 3.1. Main criteria and description of the criteria of the P&R location problem. 

Explanation Description 
Criteria 

Code 

“Distance” 
One of the key factors for the place of a facility in the P&R is 

the distance criterion. 
C1 

“Traffic conditions on the 

route (origin–destination)” 

The traffic from the origin to the destination at varying 

hours of the day, merging two transport modes belonging to 

the P&R system (private car and public transport). 

C2 

“Accessibility of public 

transport.”  

Represents the aspects related to the second portion of the 

journey by the P&R, which is by public transport. 
C3 

“Transport aspects.” 

The P&R system is considered as a transport mode, and 

therefore, involves the detailed study of aspects related to 

transport planning. 

C4 

“Economic” 
Economic evaluation is a criterion used to determine the 

feasibility of the project. 
C5 

“Environmental” 

In recent years, this criterion has become a significant 

element for the implementation of a P&R. The P&R could be 

a tool to reduce air pollution. 

C6 

 

The second part of the construction of the Saaty scale concerns the second level, which is composed of 

19 sub-criteria from the first level.  

Table 3.2 describes each criterion and provides a code that identifies which main criterion it belongs 

to, and further designates a sub-criterion; for example, the first sub-criterion that belongs to Criterion 1 is 

designated C1.1. Thus, it is possible to identify them on level two of Figure 3.1 

 

Table 3.2. Sub-criteria and description of the sub-criteria of the P&R location problem. 

Explanation Description 
Criteria 

Code 

“Distance from the zones to 

the P&R system.” 

The cities are split into areas, which are the origin of P&R travel. 

The criteria apply to the distance between P&R and zones. 
C1.1 

“Distance from P&R system to 

central business district.” 
The distance between the P&R system and the CBD. C1.2 

“Time of travel by private 

car.” 

The first portion of the P&R journey is the time that the user of a 

private vehicle dedicates to travel. 
C2.1 

“Time of travel by public 

transport.”  

This criterion applies to the second half of the journey; it is the 

time that the P&R user dedicates to public transport to arrive at 

their destination. 

C2.2 

“Time of travel by P&R 

system.” 

This criterion applies to the idea that a P&R should be a 

transport mode that allows a modal transfer; thus, travel time 

via the P&R system depends on the facility’s location. 

C2.3 

“Frequency of public transport 

operations.” 

The public transport frequency is a fundamental criterion that 

determines the accessibility level of the P&R system. 
C3.1 

“Transfer time from P&R to 

public transport stop.” 

A facility is situated near the public transit station; therefore, 

transfer time is considered a criterion. 
C3.2 
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“The distance of the P&R from 

the nearest public transport 

stop.” 

According to the P&R location principle, the facilities are near 

the public transport stations; the P&R’s distance from the public 

transport station must be viewed as a criterion. 

C3.3 

“Reduction of trips by private 

car in CBD.” 

When introduced, the P&R system helps to minimize private car 

journeys to the CBD. 
C4.1 

“Increase of demand by public 

transport in CBD.” 

In order to reach their destination, the users of the P&R system 

make the second portion of the journey through the public 

transport system; thus, the demand increases in the system. 

C4.2 

“Number of public transport 

connections available.” 

The P&R is linked to public transport; therefore, public transport 

lines or connections are a criterion for the system’s success. 
C4.3 

“Demand for parking at a P&R 

system.” 

The essential factor for the implementation of a transportation 

system is the demand. 
C4.4 

“Cost of implementation for 

the project.” 

The criterion corresponds to the cost of the project to develop the 

P&R system. 
C5.1 

“Cost of land use.” The land-use costs can alter the P&R system location. C5.2 

“Cost of the implementation of 

the telecommunication 

infrastructure.” 

Moreover, the P&R system includes the communication of the 

number of spaces usable, the link to public transport, and the 

intelligent system’s operation. 

C5.3 

“Total cost of investment 

maintenance.” 

Maintenance is an expense to ensuring the operation of the 

system over time. 
C5.4 

“CO2 reduction.” 

CO2 reductions are centered on the criterion that the P&R is able 

to reduce the undesirable effects of the private vehicle through 

reduced trips to the CBD. 

C6.1 

“Noise reduction.” 
The P&R eliminates the negative consequences of private cars, 

such as the level of noise. 
C6.2 

“Area occupied by existing 

green areas.” 

This criterion is correlated with the assumption that P&R is used 

where green areas exist. 
C6.3 

 

Furthermore, due to the better overview of experts, the P&R location criteria were designed within a 

hierarchy due to the requirements of the hierarchical multicriteria method used. The process is determined 

by the hierarchical structure criteria, where pairwise comparisons between criteria in the same category of 

the decision criteria tree are chosen by the expert evaluators (see Figure 3.1). 

 
Figure 3.1. The hierarchical structure of P&R location. 
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3.3.3 Multicriteria methods approach 

This section is worth considering why three multi-criteria methods were used. All three methods used 

the same criteria and the Saaty scale, as well as the consistency of the expert survey, was less than 0.1. 

In fact, 4 multi-criteria methods were applied:  

• The simple AHP and the results are presented in the Appendix  section.  

• The FAHP was used and the results are presented in this chapter.  

• The BWM method is explained in this chapter.  

• The combined AHP-BWM method is presented in this chapter. 

 

Evidence has been found in the literature that in some cases, due to the consistency of the surveys or 

errors in the results of the multicriteria methods, the order of the criteria may change. In several 

investigations, comparisons have been made between the AHP method and the BWM method [93]. The 

results are of great interest, since the main criteria vary according to the applied method, in the AHP 

method the result is: C4 (55.32%), C1 (26.72%), C5 (6.61%), C3 (6.10%), and the last one is C2 (5.24%). On 

the other hand, in the calculation by the BWM method, the percentage weight is obtained as follows: C4 

(43.10%), C1 (24.60%), C2 (15.40%), C3 (12.30%), and the last one is C5 (4.60%). It is clear that AHP and 

BWM methods can vary their result, but a hybrid AHP-BWM model would do the same. 

 

This question raises the need to apply various multi-criteria methods to our study. Although from a 

theoretical point of view, combining methods between AHP and BWM would not make sense, since BWM 

is similar to AHP models. Clearly, in incomplete AHP, there are supposed to be fewer pairwise 

comparisons due to evaluator errors or by accident, but the logic is quite similar to that of BWM, where we 

reduce the number of comparisons on purpose. In any case, BWM handles fewer pairwise comparisons 

than AHP. However, while the AHP incompletely accommodates missing data, the BWM remains 

complete, although it omits most of the pairwise comparisons and is forced to select a ranking among the 

possible ones that could define the different tiered alternatives. Incomplete AHP models were developed 

to address situations where a subset of the pairwise comparisons could not be used in the analysis due to 

evaluator error or any possible exogenous factors. For this reason, it is necessary to apply several multi-

criteria methods. 

 

3.3.4 AHP fuzzy method (FAHP) 

This section describes in detail how our methodology is being developed and then applied to this case 

study. The AHP is a well-proven decision-making methodology, which was developed by Saaty [94] to 

simplify complex decision problems. AHP is based on an additive weighting process, in which various 

relevant criteria are represented through their relative importance. AHP approach was widely used by 

academics and professionals in many fields and problems, mainly in engineering areas like transport 

engineering [95][96], construction engineering [97], architecture [98], [99], and many other different 

engineering fields [56]. However, AHP has some restrictions, and to overcome these limitations, many 

researchers integrate fuzzy theories with AHP for providing more reliable and robust results [100]. 

Consequently, the scale of fuzzy numbers and their linguistic scale have been utilized for estimating pair-

wise comparisons (PCs). 

The geometric mean approach was used to aggregate the evaluators’ responses, and the final scores 

were calculated and prioritized. In order to ensure the quality and authenticity of the data collected, 

consistency tests were carried out and a fuzzy logic technique was conducted by developing a 

questionnaire survey with triangular fuzzy number scales. The following formulas are merely applications 
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in our research for the newly created integrative decision model. The formulas are described in detail in 

order to give insight into the computational process. 

A fuzzy number �̃� on ℝ is to be a triangular fuzzy number if its membership function 𝜇𝐴(𝑥) : ℝ →

[0, 1] is equal to the consequential formula: 
 

𝜇𝐴(𝑥) =

{
 
 

 
 
𝑥 − 𝑑

𝑚 − 𝑑
,    𝑑 ≤ 𝑥 ≤ 𝑚

ℎ − 𝑥

ℎ − 𝑚
,    𝑚 ≤ 𝑥 ≤ ℎ

 0,        otherwise

 
 3.1 

 

From Equation 3.1, 𝑑 and ℎ mark the inferior and superior bounds of the fuzzy number �̃�, and 𝑚 is 

the modal value for �̃� (see Figure 3.2). The triangular fuzzy number can be exhibited by �̃� = (𝑑,𝑚, ℎ).  

 
Figure 3.2. The membership functions of the triangular fuzzy number. 

The operational laws of triangular fuzzy number �̃� 1 = (𝑑1, 𝑚1, ℎ1) and �̃� 2 = (𝑑2, 𝑚2, ℎ2) are 

consecutive formulas as addition (Equation 3.2), multiplication (Equation 3.4), division (Equation 3.5), and 

reciprocal (Equation 3.6) of the fuzzy numbers. In our computational procedure, all formulas were applied. 

The following equation shows the addition of fuzzy number ⨁. 

 

�̃� 1 ⨁�̃� 2 = (𝑑1, 𝑚1, ℎ1) ⨁ (𝑑2, 𝑚2, ℎ)  = (𝑑1 + 𝑑2,  𝑚1 +𝑚2, ℎ1 + ℎ2) .  3.2 

 

The following equation shows the multiplication of fuzzy number ⨂. 

 

�̃� 1 ⨂ �̃� 2 = (𝑑1𝑑2, 𝑚1𝑚2, ℎ1ℎ2) for 𝑑1, 𝑑2 > 0;𝑚1, 𝑚2 > 0; ℎ1ℎ2 > 0.   3.3 

 

The following equation shows the division of fuzzy number ∅. 

 

�̃� 1 ∅ �̃� 2 = (
𝑑1
ℎ2
,
𝑚1

, 𝑚2

,
ℎ1
𝑑2
) for 𝑑1, 𝑑2 > 0;𝑚1, 𝑚2 > 0; ℎ1ℎ2 > 0. 

 

 3.4 

 

The following equation shows the reciprocal of fuzzy number. 
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�̃� −1 = (𝑑1, 𝑚1, ℎ1) 
−1 = (

1

ℎ1
,
1

𝑚1
,
1

 𝑑1
)  for  𝑑1, 𝑑2 > 0;𝑚1, 𝑚2 > 0; ℎ1ℎ2 >

0.    
 3.5 

In the present research, the computational technique was based on the sequent fuzzy numbers that 

were defined in Table 3.3.  

 
Table 3.3. The scale of fuzzy numbers and their linguistic scale 

Linguistic scale of importance Scale of fuzzy number 

Perfect  (8, 9, 10) 

Absolute  (7, 8, 9) 

Very good  (6, 7, 8) 

Fairly good  (5, 6, 7) 

Good  (4, 5, 6) 

Preferable  (3, 4, 5) 

Not bad  (2, 3, 4) 

Weak advantage  (1, 2, 3) 

Equal  (1, 1, 1) 

 

The employed pair comparation matrices were constructed based on the hierarchical structure of 

criteria. Linguistic terms were assigned to the PCs by asking which criteria is more treasured than the other 

with respect to the main goal. As �̃� the biggest matrix (5×5) in the second level, so we demonstrate the 

fuzzification of the scale values for this case: 

�̃� =

[
 
 
 
 
�̃�11 �̃�12 �̃�13 �̃�14 �̃�15
�̃�21
�̃�31
�̃�41
�̃�51

�̃�22
�̃�32
�̃�42
�̃�52

�̃�23
�̃�33
�̃�43
�̃�53

�̃�24
�̃�34
�̃�44
�̃�54

�̃�25
�̃�35
�̃�45
�̃�55]

 
 
 
 

=

[
 
 
 
 
�̃�11   �̃�12   �̃�13 �̃�14 �̃�15

1/�̃�12
1/�̃�13
1/�̃�14
1/�̃�15

�̃�22
1/�̃�23
1/�̃�24
1/�̃�25

�̃�23
�̃�33
1/�̃�34
1/�̃�35

�̃�24
�̃�34
�̃�44
1/�̃�45

�̃�25
�̃�35
�̃�45
�̃�55]

 
 
 
 

    
 3.6 

 

where 

�̃�𝑖𝑗 = {
9̃−1, 8̃−1, 7̃−1, 6̃−1, 5̃−1, 4̃−1, 3̃−1, 2̃−1,

1̃, 2̃, 3̃, 4̃, 5̃, 6̃, 7̃, 8̃, 9̃, 1,            𝑖 ≠ 𝑗
1                                 𝑖 = 𝑗

   

For accumulating the fuzzy weights for each rater group, the fuzzy geometric mean technique was 

implemented 

�̃�𝑖 = (�̃�𝑖1 ⨂ �̃�𝑖2 ⨂ �̃�𝑖3⨂ �̃�𝑖4 ⨂ �̃�𝑖5)
1/𝑛     3.7 

�̃�𝑖 = �̃�𝑖  [�̃�1⨁ �̃�2 ⨁ �̃�3 ⨁ �̃�4 ⨁ �̃�5]
−1  3.8 

 

where �̃�𝑖𝑗  is fuzzy comparison value of dimension 𝑖 to criterion j, thus, �̃�𝑖 is a geometric mean technique 

of fuzzy comparison value of criterion 𝑖 to each criterion, �̃�𝑖 is the fuzzy weight of the 𝑖 − th criterion, which 

is illustrated by a triangular fuzzy number, �̃�𝑖 = (𝑑𝑤𝑖 , 𝑚𝑤𝑖 , ℎ𝑤𝑖). The 𝑑𝑤𝑖 , 𝑚𝑤𝑖  and ℎ𝑤𝑖  emblematize the 

upper, middle, and lower values of the fuzzy weight of the 𝑖-th dimension. 
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The consistency ratio (CR) for all pair-wise comparison matrices was smaller than 0.1, which is 

acceptable to complete the FAHP analysis, as Saaty suggested [94]. The final scores of the proper 

eigenvectors provide the opportunity to set up a rank order of preferences for the experts of urban transport 

planning on the system’s issues, analyzing the weights of the previous levels by using the following 

equation: 

�̃�𝐴𝑖 = 
�̃�𝑗

�̃�
 

�̃�𝑖𝑗
∑ �̃�𝑖𝑘
𝑛
𝑘=1

= (
�̃�𝑗

�̃�
 

1

∑ �̃�𝑖𝑘
𝑛
𝑘=1

) �̃�𝑖𝑗. 
 

 3.9 

 

where j = 1, ..., m and �̃� =  ∑ �̃�𝑗
𝑚
𝑖=1 ; �̃�𝑗 > 0 ( j = 1, ..., m ) describes the associated weight coordinate from 

the previous level; �̃�𝑖𝑗 > 0 ( i = 1, ...,n) is the eigenvector computed from the matrix in the present level, �̃�𝐴𝑖 

(i = 1, ..., n ) is the calculated weight score of the present level’s elements.  

where:  

�̃�𝑗 (j = 1, ..., m) is the normalized weight of the first level in our case; 

�̃�𝑖𝑗 (i = 1, ..., n) is the normalized eigenvector-coordinate of the current level.  

3.3.5 Best Worst Method 

The Best Worst Method (BWM) has been applied in order to generate the weights in the criteria and 

sub-criteria while making fewer pairwise comparisons and providing a more consistent comparison 

process. The best or most important criterion or alternative is the most important criterion for decision-

making, whereas the worst or least important criterion or alternative plays the opposite role [101]. BWM 

was developed as part of a wide variety of MCDM approaches. It is perceived as an efficient approach due 

to its data requirements, its well-structured, transparent, easy application, and its reliable results [61]. The 

critical difference between the BWM approach based on pair comparisons is its main framework depending 

on the most relevant and least important parameters. The BWM’s attractiveness derives from its benefits, 

including various features that promote estimation and interpretation—fewer pairwise comparisons than 

in other approaches, better reliability of measured weight coefficients, and performance accuracy. The main 

steps can be briefly presented in the following: 

• determining the criteria for decision-making; 

• defining the least important (worst) and most important (best) criteria; 

• defining the most important preference criterion (the best) over all other criteria; 

• defining the least important criterion (worst) of all the least important criteria; 

• checking coherence; 

• measurement of weight values. 

We consider various elements (𝑒1, 𝑒2, … , 𝑒𝑛) and then choose and compare the best element on the scale 

(designed from 1–9). This calculation gives the best element, and the adopted vector would be 𝑉𝐵 =

(𝑒𝐵1, 𝑒𝐵2, … , 𝑒𝐵𝑛), and obviously 𝑒𝑛𝑛 = 1. However, the worst element compared to other vectors would be 

𝑉𝑊 = (𝑒1𝑊 , 𝑒2𝑊, … , 𝑒𝑛𝑊)
𝑇 by using the same scale. 

After deriving the optimal weight scores, the consistency has been checked through computing the 

consistency ratio from the following formula: 
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𝐶𝑅 =  
𝜉∗

𝐶𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 𝐼𝑛𝑑𝑒𝑥
  3.10 

Table 3.4 provides the consistency index values: 

Table 3.4. Consistency index (CI) values. 

𝑒𝑎𝑏 1 2 3 4 5 6 7 8 9 

𝐶𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 𝐼𝑛𝑑𝑒𝑥 (max 𝜉) 0 0.44 1.0 1.63 2.3 3.0 3.73 4.47 5.23 

In order to achieve an optimum weight for all the elements, the maximum differences are specified as 

|
𝑤𝐵

𝑤𝑗
− 𝑒𝐵𝑗| and |

𝑤𝑗

𝑤𝑊
− 𝑒𝑗𝑊|, and for all variables, 𝑗 is minimized. If we assumed a positive-sum for the 

weights, the following problem would be solved: 

min𝑚𝑎𝑥𝑗 {|
𝑤𝐵
𝑤𝑗
− 𝑒𝐵𝑗| , |

𝑤𝑗

𝑤𝑊
− 𝑒𝑗𝑊|} 

 

 3.11 

subject to (s.t.). 

∑𝑏𝑗 = 1

𝑗

 

 3.12 

𝑏𝑗 ≥ 0, for all 𝑗 

The conflict could be referred to in the following instance: 

min 𝜉  3.13 

subject to (s.t.). 

|
𝑤𝐵
𝑤𝑗
− 𝑒𝐵𝑗| ≤ 𝜉, for all 𝑗 

 3.14 

 

|
𝑤𝑗

𝑤𝑊
− 𝑒𝑗𝑊| ≤ 𝜉 for all 𝑗 

∑𝑏𝑗 = 1

𝑗

 

𝑏𝑗 ≥ 0, for all 𝑗 

By solving this problem, we obtain the optimal weights and 𝜉∗. 

3.3.6 AHP–BWM Model  

Suppose that in a decision problem, there are n criteria structured in m levels. Thus, we have 𝑘 =

 1, . . . , 𝑚 levels in the decision. Let us designate 𝑗 criteria at a certain level of the decision to indicate a 

criterion at a certain level where we have ℎ criteria. 

𝑗 = 1, . . . , ℎ and J is the group of all decision criteria as 𝐽 =  1, . . . , 𝑛. In this sense, it refers to the first 

criterion of the first level and so on, respectively. 



Chapter 3: A multicriteria approach for P&R location problem 

   

32 

 

The first step in the proposed model is setting up a hierarchical structure of decisions and alternatives, 

in the second step, the BWM approach has to be applied for the clusters which contains 5 criteria or more, 

and AHP approach has to be applied for the clusters which contains 4 criteria and smaller clusters. The 

proposed AHP–BWM model helps the evaluators to avoid the inconsistency issue during the evaluation 

process. Moreover, the model saves time and effort for both evaluators and experts, because in the AHP 

approach, the evaluators need to evaluate 𝑛(𝑛 − 1)/2 pairwise comparisons (PCs). However, in the BWM 

approach, the evaluators need 2𝑛 − 3 PCs. 

The main steps of the proposed AHP–BWM model are described in Figure 3.3 

 

 
Figure 3.3 The principal steps of the BWM–AHP model 

3.4 Results 
The results are divided into the three multicriteria methods used according to the methodology 

explained, first the AHP method, second the Best Worst Method, and third the combined AHP and BWM 

method. 

3.4.1 Fuzzy AHP (FAHP) 

The typical comparison question is: Compare the relative importance between the “Distance-C1” and 

the “Traffic conditions on the route (origin-destination)-C2”, with respect to park and ride facilities. 

Having gained all scores from the evaluators, following the Fuzzy AHP methodology, fuzzy pair-wise 

comparisons have to be created for all branches of the decision structure, as demonstrated below (Table 

3.5-Table 3.10), where the results are aggregated for all evaluators. As shown in the tables below, the fuzzy 

weight scores of all criteria in all levels are expressing three different scenarios as a minimum, medium and 

maximum values. A score below 1 indicates real evaluations between zero (expressing neutral relation 

between the two decision criteria) and 1, which means a slight superiority of one criterion over another and 

so forth.  
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Table 3.5. Final aggregated fuzzy comparison matrix (6×6) for the main criteria in level 1. 

 C1 C2 C3 C4 C5 C6 

C1 1 1 1 0.7391 0.8511 0.9663 0.2034 0.2269 0.2580 0.2646 0.3020 0.3451 1.2986 1.4777 1.6606 0.1944 0.2154 0.2424 

C2 1.0348 1.1749 1.3529 1 1 1 0.2820 0.3103 0.3443 0.2696 0.2990 0.3335 0.2907 0.3197 0.3549 0.2869 0.3150 0.3488 

C3 3.8763 4.4071 4.9169 2.9044 3.2223 3.5457 1 1 1 2.7121 3.0366 3.3649 2.2264 2.5845 2.9276 3.0695 3.4464 3.8017 

C4 2.8977 3.3107 3.7798 2.9987 3.3450 3.7091 0.2972 0.3293 0.3687 1 1 1 1.9225 2.1637 2.3985 0.3086 0.3512 0.4079 

C5 0.6022 0.6767 0.7701 2.8179 3.1280 3.4402 0.3416 0.3869 0.4492 0.4425 0.4803 0.5330 1 1 1 0.2646 0.3020 0.3451 

C6 4.1249 4.6434 5.1435 2.8666 3.1748 3.4855 0.2630 0.2902 0.3258 2.4518 2.8470 3.2402 2.8977 3.3107 3.7798 1 1 1 

 
Table 3.6. Final aggregated fuzzy comparison matrix (4×4) for the sub-criteria in level 2. 

 C4.1 C4.2 C4.3 C4.4 

C4.1 1 1 1 0.5627 0.6609 0.7736 1.0428 1.2222 1.4142 4.7524 5.7932 6.8220 

C4.2 1.2927 1.5131 1.7771 1 1 1 1.3783 1.4798 1.5874 3.2226 3.8027 4.4302 

C4.3 0.7071 0.8182 0.9590 0.6300 0.6758 0.7255 1 1 1 1.3991 1.7180 2.0829 

C4.4 0.1466 0.1726 0.2104 0.2257 0.2630 0.3103 0.4801 0.5821 0.7148 1 1 1 

 
Table 3.7. Final aggregated fuzzy comparison matrix (4×4) for the sub-criteria in level 2. (Economic branch) 

 C5.1 C5.2 C5.3 C5.4 

C5.1 1 1 1 0.6310 0.6444 0.6598 1.5157 1.5518 1.5849 0.6310 0.6893 0.7579 

C5.2 1.5157 1.5518 1.5849 1 1 1 1.2457 1.4310 1.6345 1.7653 2.0362 2.3199 

C5.3 0.6310 0.6444 0.6598 0.6118 0.6988 0.8027 1 1 1 1.2723 1.3933 1.5157 

C5.4 1.3195 1.4509 1.5849 0.4310 0.4911 0.5665 0.6598 0.7177 0.7860 1 1 1 

 
Table 3.8. Final aggregated fuzzy comparison matrix (3×3) for the sub-criteria in level 2. 

 C2.1 C2.2 C2.3 

C2.1 1 1 1 0.1987 0.2329 0.2894 0.2106 0.2506 0.3195 

C2.2 3.4553 4.2931 5.0316 1 1 1 0.4928 0.5643 0.6499 

C2.3 3.1295 3.9910 4.7484 1.5387 1.7720 2.0294 1 1 1 
 

Table 3.9. Final aggregated fuzzy comparison matrix (3×3) for the sub-criteria in level 2. (Accessibility of public transport branch) 

 C3.1 C3.2 C3.3 

C3.1 1 1 1 4.8914 6.0000 7.0681 2.7865 3.4713 4.2823 

C3.2 0.1415 0.1667 0.2044 1 1 1 0.3432 0.4251 0.5493 

C3.3 0.2335 0.2881 0.3589 1.8206 2.3522 2.9137 1 1 1 
 

Table 3.10. Final aggregated fuzzy comparison matrix (3×3) for the sub-criteria in level 2. (Environmental branch) 

 C6.1 C6.2 C6.3 

C6.1 1 1 1 3.3220 3.6889 4.0357 3.3220 3.6889 4.0357 

C6.2 0.2478 0.2711 0.3010 1 1 1 1.8644 2.0396 2.2209 

C6.3 0.2478 0.2711 0.3010 0.4503 0.4903 0.5364 1 1 1 
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Afterward, the final scores can be computed by conducting the eigenvector method of the AHP 

technique. Deriving eigenvector scores and then computing the weight scores enable us to determine the 

importance of each element in the decision structure in the decision of the respondents, in our case, 

concerning the location of the facilities of the P&R system. The higher score means the higher importance 

attached to each element. The order of scores implies a ranking of importance, which is significant support 

about P&R location for transport planners. The priority order of different criteria in park and ride facilities 

in terms of their development is presented in Table 3.11 and Table 3.12 

 
Table 3.11. The weight scores for park and ride facilities main criteria in level 1. 

Criteria Weight Rank 

C1 0.0704 5 

C2 0.0645 6 

C3 0.3667 1 

C4 0.1621 3 

C5 0.0961 4 

C6 0.2527 2 
 

Table 3.12. The weight scores for park and ride facilities sub-criteria in level 2. 

Main criteria Sub-criteria Local weight Rank Global weight Rank 

C1 
C1.1 0.8294 1 0.0584 5 

C1.2 0.1706 2 0.0120 18 

C2 

C2.1 0.1106 3 0.0071 19 

C2.2 0.3738 2 0.0241 13 

C2.3 0.5334 1 0.0344 11 

C3 

C3.1 0.6957 1 0.2551 1 

C3.2 0.1063 3 0.0390 8 

C3.3 0.2232 2 0.0819 3 

C4 

C4.1 0.3267 2 0.0530 7 

C4.2 0.3794 1 0.0615 4 

C4.3 0.2197 3 0.0356 9 

C4.4 0.0906 4 0.0147 17 

C5 

C5.1 0.2228 2 0.0214 14 

C5.2 0.3569 1 0.0343 12 

C5.3 0.2180 3 0.0209 15 

C5.4 0.2076 4 0.0200 16 

C6 

C6.1 0.6445 1 0.1628 2 

C6.2 0.2225 2 0.0562 6 

C6.3 0.1385 3 0.0350 10 
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3.4.2 BWM 

The questions developed in the survey involve a first comparison of the main criteria belonging to 

level one, for example, comparing the relative value of the P&R system facilities among “distance—C1” 

and “traffic conditions on the route (origin–destination)—C2”. 

Having obtained all the aggregated weights of the ten expert evaluators, PCs must be generated for 

all branches of the decision system, as shown below, according to the BWM method (Figure 3.4 – Figure 

3.10). 

 
Figure 3.4. The aggregated weight scores for park and ride facilities’ main criteria in level 1. 

 
Figure 3.5. The final aggregated weight scores for “Distance” in level 2. 

 
Figure 3.6. The final aggregated weight scores for “Traffic conditions on the route (origin–destination)” in level 2. 
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Figure 3.7. The final aggregated weight scores for “Accessibility of public transport” in level 2. 

 
Figure 3.8. The final aggregated weight scores for “Transport aspects” in level 2. 

 
Figure 3.9. The final aggregated weight scores for “Economic” in level 2. 
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Figure 3.10. The final aggregated weight scores for “Environment” in level 2. 

In the next step, the final weights of the criteria in the second level were computed by considering the 

relation with the main criteria in the first level. The higher the weight means a higher the significance 

attached to each criterion is. The order of weights indicates a ranking of significance, which is strongly 

confirmed by expert evaluators in P&R. Table 3.13 presents the priority order for the implementation of 

different criteria in the park and ride facilities. 

 
Table 3.13 The final aggregated weight scores for the park and ride facilities sub-criteria in level 2. 

Main Criteria Sub-Criteria Rank Global Weight Rank 

C1 
C1.1 1 0.0771 3 

C1.2 2 0.0201 15 

C2 

C2.1 3 0.0078 19 

C2.2 2 0.0175 16 

C2.3 1 0.0369 10 

C3 

C3.1 1 0.2617 1 

C3.2 3 0.0414 8 

C3.3 2 0.0688 4 

C4 

C4.1 2 0.0373 9 

C4.2 1 0.0671 5 

C4.3 3 0.0249 12 

C4.4 4 0.0149 17 

C5 

C5.1 2 0.0246 13 

C5.2 1 0.0454 7 

C5.3 3 0.0244 14 

C5.4 4 0.0140 18 

C6 

C6.1 1 0.1325 2 

C6.2 2 0.0478 6 

C6.3 3 0.0361 11 
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3.4.3 BWM–AHP 

The questions elaborated in the research involve a first comparison of the main criteria belonging to 

level one; for example, the relative value of the P&R system facilities is compared between “distance-C1” 

and “traffic conditions on the route (origin-destination)-C2”(see  Table 3.14). 

In order to obtain all the aggregated weights of the ten expert evaluators, PCs have to be generated 

for all decision system branches. Level 2, which is the sub-criteria of level 1, is used to compare these criteria 

( see Table 3.15). 

Finally, an overall comparison is made between all level 1 and level 2 criteria in Table 3.16. 

The AHP–BWM model was used according to the matrix size to more effectively evaluate the P&R 

related factors. Besides, the reliability of the PC consistency in the AHP and BWM was tested and proved 

to be acceptable for all of them. 

 
Table 3.14 The final weight scores for the factors in the first level generated from BWM 

Factor Weight Rank 

C1 0,0971 5 

C2 0,0622 6 

C3 0,3719 1 

C4 0,1442 3 

C5 0,1082 4 

C6 0,2164 2 
 

Table 3.15 The local weight scores for the factors in the second level generated from AHP 

Criteria Local weight Rank 

C1.1 0,8294 1 

C1.2 0,1706 2 

C2.1 0,1106 3 

C2.2 0,3738 2 

C2.3 0,5334 1 

C3.1 0,6957 1 

C3.2 0,1063 3 

C3.3 0,2232 2 

C4.1 0,3267 2 

C4.2 0,3794 1 

C4.3 0,2197 3 

C4.4 0,0906 4 

C5.1 0,2228 2 

C5.2 0,3569 1 

C5.3 0,2180 3 

C5.4 0,2076 4 

C6.1 0,6445 1 

C6.2 0,2225 2 

C6.3 0,1385 3 
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Table 3.16 The final weight scores 

Criteria Weight Rank Criteria weight Rank 

C1 0,0971 5 
C1.1 0,0806 4 

C1.2 0,0166 17 

C2 0,0622 6 

C2.1 0,0069 19 

C2.2 0,0232 15 

C2.3 0,0332 10 

C3 0,3719 1 

C3.1 0,2587 1 

C3.2 0,0395 8 

C3.3 0,0830 3 

C4 0,1442 3 

C4.1 0,0471 7 

C4.2 0,0547 5 

C4.3 0,0317 11 

C4.4 0,0131 18 

C5 0,1082 4 

C5.1 0,0241 13 

C5.2 0,0386 9 

C5.3 0,0236 14 

C5.4 0,0225 16 

C6 0,2164 2 

C6.1 0,1394 2 

C6.2 0,0481 6 

C6.3 0,0300 12 

 

3.5 Discussion 
This section also discusses each item separately, and at the end comparison is made between them.  

3.5.1 FAHP 

According to the criteria chosen by the transport planners regarding the location of the P&R, the 

following criterion classification order is presented. The most important element for the location of P&R is 

C3 “Accessibility of public transport,” (see Table 3.11 and Figure 3.11), which is interpreted by the planners 

as a top-ranking criterion since the P&R system in its location concept requires to be located close to public 

transport stations, and therefore its accessibility is already guaranteed. However, the new idea arises to 

encourage the modal shift from private to public transport in medium-sized Latin American cities in which 

the P&R system has not been sufficiently promoted as a modal shift location; this criterion must be 

extended by the planners, making it more relevant to cities that have initiated or wish to implement the 

P&R system as Cuenca. A less critical criterion for planners is C6 “Environmental,” as it is considered that 

the establishment of a P&R system could diminish the undesirable effects caused by private vehicles. 

However, based on recent research [102], it is a fact that P&R can reduce such undesirable effects and 

should be included in environmental policies in Mobility Plans, which includes reducing pollution. 

Subsequently, C4 refers to some aspects of transport, in general, to categorize the P&R system as a transport 

mode more related to demand, its capacity, and the interaction with other transport modes such as public 



Chapter 3: A multicriteria approach for P&R location problem 

   

40 

 

transport, for instance, the number of transport lines connected to the P&R system, which is defined as the 

accessibility. The C5 “Economic” criterion is a mid-range consideration for planners to develop a project, 

and not only concerning the P&R system. Its importance is related to the costs of the project, and is easily 

explained, because the transportation planners consider the viability of a project in terms of its costs. The 

location depends highly on the budget, mainly because local authorities develop these projects. Continuing 

with the lower-ranking criterion is the C2 “Traffic conditions on the route (origin-destination),” since, as 

has been widely mentioned, the main objective of the P&R system is to reduce private vehicle trips to the 

central business district or in the urban environment of a city. This means that transportation planners do 

not consider the traffic on the P&R route as a problem that affects the location of the facilities. The traffic is 

not essential in the second part of the trip, because the users of the P&R system could use direct or exclusive 

public transport lines to the CBD, as in our case, an LRT system that does not circulate along with the city 

traffic. This allows the users of private vehicles to choose the use of a P&R system to arrive at their 

destination and not to deal with the traffic conditions. The distance C1 is a criterion that transportation 

planners consider more important than the previous criterion, because the distance would make the 

planned transportation line longer if the P&R system is situated more distant from the CBD. 

 

Figure 3.11 Priority ranking of main criteria 

In order to give a more precise explanation of level two and according to the high number of sub-

criteria established, a classification of importance has been made: most important, mid-level important, 

and low-level important, e.g., most important < 6, mid-level important 6–12, > 12 low-level important. Each 

principal criterion is described with its sub-criteria in the order of classification, and a second part describes 

all the sub-criteria and their interaction with each other. 

For example, the distance criterion C1 and its sub-criterion C1.1 is ranked 5, and C 1.2 is ranked 18. 

This means that for transport planners, the distance traveled by private vehicles is more important than the 

distance of the second part of the journey, which is by public transport. It is because a potential user who 

has made most of his/her trip in a private vehicle uses the P&R system to complete his/her trip. Therefore, 

location becomes crucial to make the journey through a P&R system. According to criterion C2, there is the 

following order of importance of the sub-criteria chosen by the transport planners: C 2.3, C2.2 and C1.1. 

The reason is that the traffic or total time when using the P&R system is the most relevant aspect, because 

the success of any transport system depends on the traffic conditions or the time that it takes to complete 

the trip. Criterion C3 and its sub-criteria in order of importance are C 3.1, C 3.3, C 3.2, within this main 

criterion, two of its sub-criteria are relevant for the location of the facilities of a P&R system. For example, 
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the frequency of the public transport system ensures the success of the P&R system. This is particularly 

important, because transport planners determine that the P&R system is strongly linked to public transport. 

The success or decline of the system depends on the service coverage for the second part of the journey. 

Distance and travel time are also relevant factors, and the concept of P&R ensures that the P&R system 

facilities are located close to public transport stations. Criterion C4 and its sub-criteria are classified as 

follows in order of importance C 4.2, C 4.1, C 4.3, C 4.4. In other words, the demand produced by the P&R 

system is covered by a larger number of transport routes. 

Besides, the demand for both the public transport system and the P&R system are aspects that must 

be considered when locating the P&R system facilities. Criterion C5 and its sub-criteria in the order of 

importance are C5.2, C5.1, C5.3, C5.4, and the difference between them is not substantial. Transport 

planners consider the technical criteria related to the P&R system to be more significant than those 

associated with the cost sub-criteria. The environmental criterion C6 and its sub-criteria in the order of 

importance are as follows C6.1, C6.2, C6.3, since the P&R system has been identified as a tool that allows 

the reduction of CO2 as a result of the reduction of undesirable trips to the city center caused by the use of 

private vehicles. However, concerning noise reduction, it is not considered relevant, because currently 

there is no strong evidence of noise reduction when a P&R system is implemente. Concerning criterion 

C6.3, using the assumption is that green areas can be reduced by implementing the P&R system, although 

the P&R system can be developed in combination with green spaces. 

For level 2, the most relevant criterion to be taken into account is C3.1 which refers to the frequency of 

public transport that could be optimized, since this would promote the shift from the private vehicle to 

public transport. Besides, the use of Intelligent Transport Systems (ITS) that allow the coordination of the 

connection between the P&R system and the public transport system implies an improvement in the 

operation of the system (see Figure 3.12). The following criterion, C6.1, as discussed in detail, helps explain 

the implementation of a P&R system, as it could reduce pollution. Cuenca is considered to be a city that 

generates a high level of pollution in the CBD from private vehicles, and planners consider the P&R system 

as a tool to reduce pollution. The next criterion is C3.3, which represents what planners already know, in 

which the location of facilities in a P&R system is close to public transport stations. In addition, the criteria 

that planners stipulate as relevant when considering the location of the P&R system facilities are the set of 

criteria C4.2, C1.1, C6.. These are criteria based on the traditional P&R system approach, and are relevant 

to the operation or implementation of the P&R system. At least in Latin American cities, the P&R system is 

relatively new; therefore, the shift from private to public transport and the distance from urban areas 

(origin) to the facility system (P&R) has not been extensively studied. Addressing these criteria to cities 

where the P&R system has already been applied would help understand the difference between transport 

planners’ priorities in Latin America and European. 

Subsequently, among the 19 sub-criteria, we describe those that planners consider moderate in 

importance. Thus, the reduction of travel to the CBD represented by criterion C4.1 is for transport planners 

what they hope to achieve through various initiatives such as bicycles. However, the alternative to 

implement a P&R system is very useful for those who use private vehicles. In Latin American cities, little 

scientific evidence has been given on the P&R system as a mode of transport to reduce the percentage of 

trips to the CBD. It is essential to determine that percentage; thus, the planners could modify the location 

of the P&R system facilities to establish which facility reduces most private vehicle trips. Also, it is possible 

to stipulate a set of criteria C4.3 C6.3 C 2.3 C5.2 of medium importance that involves public transport 

aspects. These criteria have led to the determination that the P&R system is studied or known as a system 

that is part of the transport system and not a system that operates separately. However, the criterion that 

certainly increases in bigger cities is C2.3, since it allows the P&R system to be considered as a transport 

system, an alternative to a more friendly transport mode.  
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It has been possible to determine a set of criteria considered to be of lower importance, which is the 

costs of implementation, since depending on the facility’s location, the cost varies. Therefore, criterion C5.2 

is identified as the costs represented by land-use when implementing the P&R system. However, it is 

important to note that criterion C2.2, which is the time that public transport takes from the P&R to the CBD, 

is important for the operation of the system. C5.3 C5.4 provides a useful approach when transport planners 

are focused on carrying out a study to implement the P&R system in a Latin American city. C4.4 is one of 

the criteria that planners consider to be a technical aspect of any transport system, and it is the demand on 

the system; the demand is directly related to the facility’s location. Besides, criterion C1.2 is one of the least 

important ones with C2.1. Both describe the operation of a P&R system in the first part of the trip made in 

a private vehicle, and the planners consider the second part of the journey that is through public transport 

as more relevant. 

 

 
Figure 3.12 Priority ranking of sub-criteria 

A sensitivity test has been applied to all levels. In fact, the scores for the criteria have slightly been 

adjusted to maintain a value of one for the total weight scores. In the sensitivity analysis, the ranking level 

has been maintained, and the change in ranking has been studied according to the ability of the planners 

to select a criterion.  

 

3.5.2 BWM 

The surveys conducted with the transport planning staff of local municipalities and local universities 

about facilities’ locations in the P&R system resulted in an essential evaluation of all the factors that 

planners consider when locating a facility. This approach makes it possible to establish which criteria are 

considered to be the most relevant. 

The discussion section is divided into three categories. The first part refers to the level one of Figure 

3.4 and explains the order of importance and the importance of considering all these criteria. The second 

part consists of a comparison between the sub-criteria belonging to the main criterion. Finally, the results 

of the second level are discussed, in which the 19 sub-criteria are ranked. 
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The first level in which the six criteria are listed is the order of relevance. The most significant is the 

criterion C3 of “accessibility to public transport”. This is a very logical result, because the second part of 

the trip is made by public transport in a P&R system. Therefore, the accessibility of public transport is also 

the accessibility of the P&R system. Next is Criterion C6, which refers to the “environment”; i.e. how the 

P&R system is used to reduce the undesirable effects of cars in the central district. In order of priority, the 

following criterion is C4, which refers to those aspects of transportation where the P&R system is 

introduced as a part of the city’s transportation network and interacts with other transportation systems. It 

refers to the fact that location is linked to public transportation connection, demand, and supply. The 

following criterion is the “economic,” C5, whereby, like all transport projects, the economic part of 

developing the project depends on the location and feasibility of the project. The penultimate criterion is 

C1, which refers to the shortest or longest distance to the P&R system, although transport planners do not 

consider it of great importance, because the first part of the journey is made in a private vehicle. The lowest 

criterion is C2, which refers to the route’s traffic conditions, as the second part usually has a direct public 

transport line from the P&R system to the destination; therefore, the traffic conditions for the location are 

not necessary. 

Each principal criterion contains several sub-criteria; for instance, criterion C1 is composed of two sub-

criteria in which the “Distance of the zones to the P&R system” is more relevant than the criterion “Distance 

from the P&R system to the central business district.” This is because the first part of the journey is made 

by private vehicles; thus, the distance the user is willing to travel in the first part of the trip is more relevant 

than the distance of the second part of the trip made by public transport. The following is concerning the 

second criterion, C2. Sub-criterion C2.3 is the most relevant and represents the total travel time through the 

P&R system (private vehicle + parking time + bus time). In contrast, when comparing sub-criteria C2.1 and 

C2.2, the more relevant one is travel time by public transport, which means that the hours of operation of 

public transport are relevant to ensuring the system’s accessibility. Experts have determined that one of the 

most important aspects of the P&R system concerns public transport. Regarding the sub-criteria belonging 

to the main criterion, C3, C3.1, “Frequency of public transport operations,” is the most important one, 

because it ensures connectivity with the second part of the trip. This is followed by C3.3, “Distance of the 

P&R from the nearest public transport stop.” It is one of the concepts of the location of the facilities that 

belong to the P&R system; as a result of this, the sub-criterion C3.2 is associated with the transfer time. In 

terms of C4, the order of relevance of the sub-criteria is C4.2, wherein the demand for public transportation 

is increased due to the P&R system’s potential users. Next is C4.1. The reduction of private car trips is one 

of the P&R system’s objectives, and therefore, it is one of the most important components. C4.3 is the 

connection and the number of lines for public transport available. C4.4 is the parking demand in the P&R 

system. Criterion C5 refers to the economic part of the project, and sub-criterion C5.2, which is the cost of 

land use, depends on the project’s economic viability, followed by C5.1 and C5.3, which refer to the 

economic part of the operation of the P&R system. Sub-criterion C5.4 refers to the cost of implementation 

and maintenance. Further, the order of relevance of criterion C6’s sub-criteria is pollution reduction, C6.1, 

followed by noise reduction, C6.2. These two sub-criteria refer to the undesirable effects of the private 

vehicle on the CBD that can be reduced by implementing a P&R system, and finally, C6.3 refers to the 

expropriation of land used principally within green areas. 

Level two of the hierarchy requires a comprehensive explanation and has been divided into three 

categories for better understanding (Figure 3.13)—most important, mid-level important, and low-level 

important. For instance, most important < 6, mid-level important 6–12, > 12 low-level important. The most 

important criterion is C3.1, which belongs to the “Frequency of public transport operations.” It is 

considered by the experts to be fundamental to implement a P&R system, which guarantees accessibility 

and connection to public transport, as the P&R system is an interchange point between the private vehicle 

and the public transport. Continuing with the order of importance and ranked second is criterion C6.1, 
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which is one of the objectives clarified by the experts illustrating that the P&R system is an instrument that 

reduces contamination in the CBD. In the ranking approaching the sixth place, there are the sub-criteria 

C1.1 and C3.3. These two sub-criteria refer to the distance from the origin to the facility in the P&R system 

and add to the facility’s distance to the public transport station. They are followed by C4.2, which refers to 

demand, meaning that public transport demand from users of the P&R system increases. C6.2 refers to the 

undesirable effects of private vehicles, such as noise. Following the intermediate level, criterion C5.2 refers 

to the cost of land use in terms of expropriating or using the land to implement the P&R system. This is 

followed by C3.2, which is the transfer time from the facility to the public transport station. This is followed 

by C4.1, which refers to the reduction of private vehicle trips in the CBD. They are followed by C2.3, which 

is the total travel time through the P&R system. C6.3 refers to the land occupied by the P&R system to be 

expropriated. C4.3 refers to the number of transit connections connected to the P&R system. The following 

are the levels of the sub-criteria considered not relevant for implementing the P&R system. Sub-criteria 

C5.1 and C5.3 refer to the economic costs of implementing the project. C1.2, C2.2 and C.4.4 refer to general 

transportation aspects, such as demand and travel time spent on public transportation, which is guaranteed 

due to its connection to or implementation of a public transport line. C5.4 refers to the cost of maintenance. 

C2.1 is the least important of all the criteria because it corresponds to the first part of the journey made by 

a private car. 

 

 
Figure 3.13 Priority ranking of sub-criteria according to the BWM. 

The criteria value was adjusted to hold a near-one value also for total weight values.  
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3.5.3  BWM–AHP 

The research carried out with transport planners in municipalities and local universities regarding the 

location of facilities in the P&R system allowed a fundamental assessment to be made of each factor that 

planners consider when placing a facility. As a result of this approach, the criteria that are considered most 

relevant can be identified. 

To facilitate the interpretation of the data, the discussion section is divided into three categories. The 

first part focuses on level one of Figure 3.1 and describes the level of relevance and the usefulness of taking 

all these criteria into account. The next part consists of a comparison between the sub-criteria belonging to 

the main criterion. Finally, the second level results, in which the 19 sub-criteria are ranked, are analyzed. 

At the first level, each criterion in a sequence is defined, beginning with the most important and 

descending to the least important one. The C3 criterion of “accessibility to public transport” is the most 

important. This is a rather rational outcome since the second part of the journey is made by public transport 

in the P&R system. Accessibility of public transport also lies in the accessibility of the P&R system. After 

that is Criterion C6, which refers to the “environment;” this criterion encodes the ability of the P&R system 

to minimize the adverse effects of cars in the city center. In order of importance, the following criterion is 

C4, which applies to all transport aspects in which the P&R system is implemented as part of the urban 

transport network. This derives from the fact that the P&R is connected to public transport. The following 

criterion is the “economic” criterion, C5, whereby, like all transport projects, the economic aspect of the 

project’s development focuses on the location and viability of the project. C1 is the penultimate criterion 

and refers to the shortest or longest distance from the P&R system, but transport planners do not consider 

it very relevant, because a private car is used in the first part of the journey. The lowest criterion is C2, 

which applies to the route’s traffic conditions because the second part of the journey is via a direct public 

transport line. 

The principal criterion comprises several sub-criteria. Thus, criterion C1 is composed of two sub-

criteria in which the C1.1 is more significant than the criterion C1.2. The explanation can be found in the 

fact that the first portion of the trip is made by private vehicle; therefore, the distance that the user can 

travel in the first portion of the trip is also more relevant compared to the distance of the user who makes 

the second part of the trip by public transport. Within Criterion C2 sub-criterion C2.3 is the most prominent 

one and reflects the total travel time using the P&R system (private vehicle + parking time + LRT time). In 

contrast, when comparing sub-criteria C2.1 and C2.2, the most prominent sub-criterion is the travel time 

by public transport, meaning that the hourly operations of public transport are essential to ensure the 

accessibility of the system. The experts considered that one of the most important aspects of the P&R system 

is public transport. Regarding the sub-criteria belonging to the main criterion, C3, C3.1, is the most 

important one, because it ensures connectivity with the other part of the journey. C3.3 follows it; As 

described in the literature, this is one of the elements of the facilities that are part of the P&R system because 

it allows the connection with public transport.; thus, sub-criterion C3.2 is related to travel time. C4, the 

order of priority of the sub-criteria is C4.2, according to which the demand for public transport is increased 

due to the potential users of the P&R system. C4.1 concerns the decrease of private car journeys is one of 

the main objectives of the P&R system and is consequently one of the main components. C4.3 is connectivity 

and the number of existing public transport lines. C4.4 is the demand for parking in the P&R system. C5 

involves the economic part of the project, and sub-criterion C5.2, which is the cost of land use, depends on 

the profitability of the project, followed by C5.1 and C5.3, which refer to the financial part of the operation 

of the P&R system. Sub-criterion C5.4 refers to the cost of implementation and maintenance. On the other 

hand, the order of relevance of the sub-criteria of criterion C6 is pollution reduction, C6.1, followed by 

noise reduction, C6.2. These two sub-criteria relate to the undesirable effects of the private vehicle in the 
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CBD that can be reduced with the implementation of a P&R system, and, finally, C6.3 refers to the 

expropriation of land used principally for green spaces. 

Level two of the hierarchy requires extensive explanation and has been divided into three categories 

for better understanding: most important, mid-level important, and low-level important. For example, 

most important <6, mid-level important 6-12, >12 low-level important. The most important is C3.1 since 

specialists consider implementing a P&R system that ensures accessibility and connection to public 

transport to be essential, as the P&R system is a place of interchange between the private vehicle and public 

transport. In second place is criterion C6.1, which is one of the objectives that experts illustrate that the P&R 

system is a tool that reduces pollution in the CBD. C1.1 and C3.3. Both sub-criteria relate to the distance 

from the origin to the facility in the P&R system and relate to the facility’s distance to the public transport 

station. C4.2 refers to the demand for public transport by users of the P&R system. C6.2 involves the 

undesirable effects of the private car, such as noise.  

At a medium level of importance is C4.1, which refers to reducing private vehicle trips in the CBD. 

C3.2 is the travel time from the facility to the public transport station. C5.2 focuses on the cost of land use, 

in terms of expropriation or use of land to implement the P&R system. C2.3, which is the total travel time 

using the P&R system. C4.3 relates to the number of transport connections connected to the P&R system. 

C6.3 involves to the land occupied by the P&R system to be expropriated.  

The sub-criteria considered not relevant for implementing the P&R system are C5.1, and C5.3 relate to 

the project’s construction’s economic aspects. C2.2 focuses on general transport aspects, such as demand 

and travel time by public transport, which is guaranteed due to its connection or the implementation of a 

direct public transport line. C5.4 refers to the maintenance cost C1.2, which is the distance in the first 

portion of the trip. C.4.4 the demand on the P&R system is guaranteed according to the demand of the total 

system. C2.1 is the lowest priority of all the criteria since it belongs to the first part of the route using a P&R 

system, which is by a private vehicle. 

 

3.6  Overview of the results using the three multi-criteria methods 
When applying the three multi-criteria methods, the main criterion for the location problem was 

accessibility to public transport, which shows that transport planning experts are aware that the P&R 

system must be connected to public transport. In other words, the planning of the P&R system must go in 

conjunction with the planning of public transport. As for the sub-criteria, the most important one is the 

frequency of public transport. This confirms that the operation of public transport guarantees the success 

of the P&R system. 

The lowest criterion is C2, which refers to the traffic conditions of the route since the second part 

usually has a direct public transport line from the P&R system to the destination; therefore, traffic 

conditions are not crucial in the case of Cuenca; however, this criterion could change depending on the city 

studied. The least essential sub-criterion is travel time by private car. The researchers did not design the 

P&R system to reduce travel times by private car, but rather to be connected to public transport. 

The simplest method to use was the AHP, however, in order to have a clear perspective on the most 

important criteria when planning a P&R system, and due to what was explained in the section (Multicriteria 

methods approach 3.3.3), it has been necessary to apply several multi-criteria methods. The results allow 

continuing the investigation of the P&R system in the following chapters. 
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3.7 Conclusions 
The problem of P&R location has been considered an important and complex issue to resolve due to a 

large amount of location data and its variation. The study conducted in this paper outlines the criteria and 

sub-criteria identified by transportation planning specialists for developing a P&R system. Three multi-

criteria decision models are used to select the order of importance of the criteria (MCDM). This novel 

approach to locating P&R is possible because it combines environmental, traffic, and distance planning 

attributes. The FAHP model helps to explore the most important criteria for locating a P&R system quickly, 

and the BWM model improves the results of the FAHP method giving a better accuracy in choosing the 

criteria. The AHP-BWM method allows for identification, interpretation, and understanding of the essential 

requirements of the experts to locate a P&R system in the urban environment of a city. Compared to 

conventional MCDM models, the approach offers a more excellent scope. As the PCs are consistent, the 

model results are better than those of traditional models. 

The accessibility of public transport is thus the most crucial criterion. P&R should be linked to a city’s 

public transport connections, thus guaranteeing a strategic position in public transport stations. The P&R 

system is new in some Latin American cities. In scientific testing of the parameters used to locate P&R 

structures, some design parameters have a secondary function. For instance, a new approach is to apply 

this methodology to cities with a P&R framework and determine if these requirements are assessed 

differently by experts with expertise in that area. 

The objective benefits are clear, MCDM models provides a faster and cheaper survey process, and 

undoubtedly the survey pattern can more easily be extended by this technique than applying the 

conventional AHP with a complex PC questionnaire. However, this chapter merely provided one example, 

but many other applications can verify the technique ultimately. The combined model will help the 

researchers to improve their future surveys by improving the consistency with fewer PCs and save time 

for analyzing the collected data. However, the analysis process needs considerable time and effort from the 

experts, making it challenging to gather the various transport planners’ answers. 

A discrepancy between cities with P&R will bring new ideas to light. A study in which experts and 

potential users are consulted will allow us to evaluate the requirements to be improved in the 

implementation and design of the P&R system. 

 

Thesis II 
 

I defined a set of criteria and sub-criteria for P&R system placement. I elaborated a survey, a 

decision tree and finally applied several multi-criteria methods. The conclusion is that the most 

important criterion for establishing a P&R system is the factor of accessibility to public transport. 

 

Criteria were used according to the environment, distance, traffic, cost, and transportation planning. 

The lowest criterion is C2, which refers to the traffic conditions of the route since the second part usually 

has a direct public transport line from the P&R system to the destination. Several multi-criteria methods 

have been applied since the weightings of the criteria may vary according to the method applied. 

 

Publications related to this chapter: [5][103][104][105].  
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4. Chapter 4: Applying GIS Methodologies to study the 

Catchment Area of P&R. 

 

4.1 Short Summary 
The catchment area of the facilities is identified as a fundamental element for planning a P&R system. 

It can be assumed to be accurately represented by several geometric shapes, such as a circle or a parabola. 

In that regard, the parabola method can be used to visualize those geometric shapes on digital maps of an 

urban environment. It can be implemented as a software program that integrates the variables that 

represent the elements of the P&R system as well as the set of equations that are used in a geographic 

information system (GIS) software. A significant aspect of how the parabola method is applied is its 

orientation as a shape, which is traditionally configured with respect to the area of major business activity 

or central business districts (CBDs). In fact, the research presented in this chapter aims to provide a new 

approach to the parabola’s orientation to study the P&R system’s catchment area by proposing the 

parabola’s orientation according to the primary access that potential users used to reach the facility. It is 

determined which approach to the parabola’s orientation is the most suitable. In conclusion, the approach 

proposed in this chapter reflects in a more realistic form the performance of the catchment area of the P&R 

system, considering a more appropriate distribution of the coverage area of the P&R system in the urban 

environment. 

 

4.2 Introduction, literature review 
A P&R system consists of a set of facilities that are strategically allocated along the urban area of a city, 

and these facilities provide a connection between a private vehicle and public transportation. A more 

precise definition of P&R in the urban area is that private vehicle users travel a certain distance and then 

park the private car to transfer to public transport and finally reach their destination. One of the main 

components for a detailed study of the P&R system is the catchment area [106][107]. The catchment area is 

used to delineate the area covered by each facility within the urban areas of a city and as an indicator of 

whether the location of the facility is appropriate to capture the maximum number of potential users of the 

P&R system [108]. 

The study and analysis of a catchment area of the P&R system are carried out through geometrical 

methods using the circle, parabola, and hyperbola. The most widely used one is the parabola method; 

basically, this method consists of creating a parabola around a facility that is drawn by the use of a 

geographical information system (GIS) tool. Thus, this geometric method involves the use of a GIS tool and 

the parabola’s mathematical formulas [109], [110]. Using the combination of both methods leads to the 

development of a software script within a GIS tool by using a programming language that is described as 

a comprehensive method to define the catchment area of the P&R in urban mobility. In addition, this 

method provides an extensive analysis of the parameters that conform to the parabola such as focus, 

vertices, orientation, and the size of the parabola. The parameters of the parabola and its representation 

through a GIS tool have been carried out in previous investigations for other types of facilities. A few 

studies applying this method have addressed the P&R system [111], [112]. The common denominator of 

these few studies is that the parabola is oriented according to the major activity area, such as the central 

business district (CBD). In order to explain this more clearly, since all the users share the common 

destination, the parabola would have the same orientation. However, users usually reach the facility 
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through the main road to the same destination, and the main road varies according to the facility location. 

Therefore, a new approach that is applied in this research is that the parabola’s orientation is also based on 

the main road that allows users to reach the facility. 

Chapter 3 showed that P&R systems have played an essential role in the encouragement of the shift 

of passengers from private vehicles to public transportation[10][9][7]. Therefore, the facility’s location is 

close to the public transport system stops. As a consequence, the P&R system is studied as a mode of 

transport that includes aspects such as demand, modal distribution, location, and catchment area. Thus, a 

component that is part of the P&R system’s transportation planning is the catchment area [113].  

The catchment area is a fundamental component in a comprehensive study of the city’s urban mobility, 

which requires the planning of a P&R system. Actually, it is the starting point to obtain an idea of the 

potential range of the coverage area of each facility [114]. Cabrera-Barona et al. [115] conducted a study to 

measure accessibility in healthcare systems. The author employed geographical information to identify and 

investigate health inequalities and to support policy development. A similar study was conducted by 

Delamater et al. [116], in which the area of coverage of health services was identified through a 

geographical context. Thus, the catchment area varies in size and shape, depending on the approach or 

methods used for its study; these methods vary from a geometric to a mathematical model or even a 

combination of both [52]. Noskov et al. [117] used Web-GIS to collect maps that served as benchmarks for 

transport systems and proposed a quality analysis of the maps based on comparative approaches. The 

visual complexity of the signs on a map is taken into account in the design of navigation-oriented maps, 

identifying the coverage area of a P&R system and the location of information signs [118]. In fact, the 

majority of authors have investigated the catchment area through the use of a geometric shape such as a 

parabola, circle, and hyperbola, and thus the equations corresponding to these geometric shapes have also 

been used [119], [120]. The geometric shape that a circle or hyperbola adopts is associated with the radius 

of the figure. In fact, the method of the circle or the hyperbola cannot provide an orientation of the figure, 

and therefore a more in-depth study of these figures is not relevant. Several researchers applied the 

parabola method because of the advantage over other methods of giving the orientation of the figure.  

Nevertheless, the geometric shape in which the orientation may vary corresponds to the parabola. 

Therefore, one of the most commonly used geometric shapes that include all these parameters to study the 

catchment area of a P&R system is the parabola method. One of the earliest contributions that used the 

parabola method in the study of the catchment area of the P&R system was made by Turnbull et al. [121], 

[122]. The author described how to plan a P&R system throughout the urban area of a city. This study was 

prepared as a guide for the study of the principal components that a P&R system should have in order to 

be implemented. One of these components is the study of the catchment area, which was defined as a 

geometric figure that is shaped by the parabola. The most interesting aspect is that the parabola is oriented 

according to the major center of economic activity. Dickins [52] applied the parabola method in order to 

study the catchment area of light rail transit (LRT) stations. In fact, the parabola method was applied to the 

P&R system and the LRT stations. The result provided a combined approach to analyze the catchment area 

of the LRT stations and the P&R system. The parabola’s orientation in its study was determined according 

to a theoretical analysis of the direction of public transport for the LRT station and for the P&R system 

according to the LRT station. 

Hence, the parabola approach is described as a method widely used in the study of the catchment area 

of the P&R system. In addition, a comprehensive analysis leads to the identification of the components of 

the parabola, such as the focus, the vertex, and mainly the aperture orientation. Three elements are essential 

to be able to represent the parabola in an urban environment. An element of the parabola known as the 

focus is the location of the P&R system, and therefore, there is the same number of parabolas as the number 

of facilities or installations in a P&R system. A second element is a directrix, which represents the station 

of a public transport system. Thus, a third element is added called the vertex, which is equidistant from the 
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P&R and the public transport station. Furthermore, given the focus and directrix, the parabola equation 

can be found [123]. 

The researchers who have adopted the parabola method for the study of the catchment area of the 

P&R system have concluded that its orientation is a function of the major commercial activity area or the 

CBD. This approach is adopted based on the concept of P&R, in which all potential users have a common 

destination. In reality, not all users travel to the same destination. However, most users would choose the 

main street to reach the facility. In addition, since the components of the parabola have already been 

determined and these components are integrated into the equations, in order to identify the coverage area, 

this catchment area needs to be visualized and its position in the urban area must be observed. For this 

purpose, a tool should be used that permits the use of a software program with GIS, similar to the methods 

used in previous studies in various areas corresponding to transport planning [124]. The Geographic 

Information System (GIS) was applied to delimit the catchment area and calculate the access distance to 

the respective stations. Information was obtained through a questionnaire administered in person at the 

parking location by random sampling and a parking utilization survey to determine parking hours [125].  

Thus, Farhan et al.[89], [90], [126] proposed the parabola method for the study of the catchment area 

of the P&R system. The author used the parabola equations and costs to determine a market area that 

produces a facility and applied its method through GIS software. In addition, the parabola’s orientation in 

its study is determined through the approach described by Turnbull, which is in accordance with the major 

activity center (CBD). 

This chapter develops a computer software within a GIS tool that included the use of the equations 

and the elements of the parabola. In addition, it was intended to modify the orientation of the parabola 

based on two approaches: first, the orientation of the parabola using the traditional concept, which is 

according to the center of the area of major commercial activity or CBD; and second, the approach of the 

orientation of the parabola according to the main access of the facility. Using these two approaches, it was 

possible to visualize and establish the coverage rate of the catchment area of the P&R system over the areas 

of a city. 

 

4.3 Methods 
This section describes the main points and the steps that constitute the modeling of a geometric figure, 

i.e. the parabola, which symbolizes the catchment area of a P&R system in an urban environment. The first 

task is defining the parabola’s elements as its vertex, focus, and directrix and linking them to the P&R 

system’s components. Then, an approach to formulation analysis is made, in other words, a detailed 

explanation of how to use them together with the variables in order to model the parabola. It also indicates 

how to include the formulas and the set of variables in the construction of a software program. Finally, a 

software script within a GIS tool is developed by using a programming language, which enables the 

parabola shape to be visualized in the urban environment. 

Based on our research and the development of the method, two alternative scenarios for the use of the 

parabola method were proposed: 

• the first is based on the parabola’s orientation according to the major commercial activity 

(CBD), and 

• the second approach is that proposed in this research, in which the parabola’s orientation is 

determined according to the main access to the facility. 
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4.3.1 Parabola Elements Linked to P&R System Components 

A parabola is a set of points on a plane that is an equal distance from a given point and line. Thus, the 

point is called the parabola’s focus, and the line is called the directrix. These elements of the parabola are 

the initial arguments of the methodology, and the P&R system components in an urban environment are 

linked to them. In order to have a general idea of the elements of the parabola linked to the P&R system, 

they are described on an abstract non-mathematical level in the following bullet list and Figure 4.1: 

• Focus: This is the fixed point. In our model, these are the coordinates of each installation 

of the P&R system. 

• Vertex: This is the middle point of the intersection of the axis with the parabola. This point 

is (h,k), and it is explained in the section on equations. 

• Axis: The straight line perpendicular to the generator that goes through the focus is called 

the axis. It is the axis of symmetry of the parabola. 

• Directrix. The directrix is perpendicular to the axis of symmetry of a parabola. 

 
Figure 4.1. Illustration of the elements of the parabola. 

4.3.2 Equations 

The parabola is defined as a simple geometrical shape that can be described by a set of equations. At the 

same time, these equations can be utilized to define the catchment area of a P&R system´s stations in an 

urban environment. The following equations build the parabola: 

(𝑥 − ℎ)2 = 4𝑝(𝑦 − 𝑘) (1) 

(𝑦 − 𝑘)2 = 4𝑝(𝑥 − ℎ). (2) 

 4.1 

In both cases, h and k represent the vertex, and the focus is the coordinates of the P&R system (p + h, k); p is 

a point that is part of the focus. Given the focus and the directrix of a parabola, we can find the parabola’s 

equation. The difference between (1) and (2) is the opening of the parabola. In our case, we can use either 

of the two equations due to the parabola orientation that is determined by the approach of the P&R system 

previously described. The following Table 4.1 shows the variables and the set of equations used to model 

a parabola. 
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Table 4.1. Collection of equations and variables that define the parabola. 

Equation (𝒚 − 𝒌)𝟐 = 𝟒𝒑(𝒙 − 𝒉) (𝒙 − 𝒉)𝟐 = 𝟒𝒑(𝒚 − 𝒌) 

Vertex (ℎ, 𝑘) (ℎ, 𝑘) 

Focus (𝑝 + ℎ, 𝑘) (ℎ + 𝑝, 𝑘) 

Directrix 𝑥 = −𝑝 + ℎ 𝑦 = −𝑝 + 𝑘 

Axis of symmetry 𝑦 = 𝑘 𝑥 = ℎ 

p > 0 Opens to the right Opens upward 

p < 0 Opens to the left Opens downward 

4.3.3 Orientation of Parabola 

The parabola orientation is based on two approaches. On the one hand, the traditional approach, 

claims that the parabola is oriented according to the major business activity at CBDs. The second approach 

is adopted in our research: the parabola is oriented according to the main access route to reach the facility. 

In order to describe the first approach in which the parabola’s orientation is in accordance with the 

main center of activity (CBD), Figure 4.2 shows this theoretical approach to the traditional parabola 

orientation in order to establish the catchment area of the P&R system in the urban area of a city. Thus, the 

central business district (CBD), the P&R system, and the catchment area shown by the parabola are 

contrasted, as well as the arrows representing the route of a public transport system from the facility to the 

CBD. The literature described the parabola’s orientation as symmetrical to the central business district 

(CBD) and reached through public transportation. 

 

 
Figure 4.2. Illustration of parabola orientation based on major business activity. 

In the light of this new approach, a hypothesis emerges; the coverage area within the urban 

environment varies and, in a more realistic form, can represent the catchment area of the facility. Therefore, 

Figure 4.3 represents the theoretical analysis of this new approach. The graph shows the P&R system of a 

hypothetical city with four P&Rs, and it is possible to note that while the orientation varies, the same 

destination is kept where potential users of the P&R system arrive via public transport to the CBD. 
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Figure 4.3. Illustration of the parabola’s orientation based on the main access to the facility. 

Finally, a comparison of the approaches to the parabola’s orientation is presented in Figure 4.4. Using 

these theoretical concepts, a programming code was developed that allowed us to express it in a real 

situation in order to be able to identify the advantages and limitations of each particular approach. Both 

approaches maintained the concept of P&R, which consists of driving a certain distance in a private vehicle 

and then using the P&R system to change to public transport to reach the destination. 

 

 
Figure 4.4. Illustration of the parabola’s orientation based on comparing both approaches. 
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4.3.4 Flow Chart Developed for the Parabola Method 

In order to show the variables and components of the P&R system in the mathematical equations and 

include the parabola orientation and finally its visualization through the GIS software, a flow chart 

including the software program is shown in Figure 4.5 

We used Python and Jupyter Notebooks to develop an implementation of the two parabola methods 

described above. In addition, several standard libraries were utilized, namely numpy, geopandas, pandas, 

osmnx, pyproj, shapely, network, geopy.geocoders, and matplotlib. 

 

 
Figure 4.5. Representation of the flow chart for the parabola method. 

Data Handling: The data is put into and read through the software program. The location coordinates 

of the P&R system are entered. In addition, the urban area shape of the city and the road system shape is 

loaded. The result is used to generate input into two sections: in the first section, the mathematical model 

and the variables that are to be put into the equations, and in the second section’s simulation of results to 

visualize the parabola.  

Mathematical formulation: In this section, using the software program, the variables of the 

mathematical model are defined, and then the data from the data source section are input and loaded into 

the parabola equations. The results obtained work as data that are input in the simulation results section. 

Computation of Results: The simulation section uses data from two sections, one from the data source 

and the other from the mathematical model section. In this section, the parabola orientation is defined. For 

our case, the parabola orientation is provided according to the approaches described previously.  
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Finally, the parabola that illustrates the catchment area of the P&R system is shown over the urban 

area of the city. The results would depend on various factors, such as the type of city and the facility 

location. However, the methodology developed can be reproduced for different types of cities and various 

facility locations. Our study aimed to present a novel approach to the parabola orientation and compare it 

with the traditional approach to identify the limitations, advantages, and differences. 

 

4.4 Results 
Thus, two maps are provided as a result of the use of the software, each map illustrating an approach 

to the parabola’s orientation. The first map depicts the traditional approach. In the second map, the 

parabola is orientated according to the main access to reach the facility. In our case study, there are seven 

hypothetical facilities of a P&R system (designated from A to G) that were suggested in the Chapter 2 [21]. 

The result is the set of parabolas on the city map that also indicate the catchment area of the P&R system 

and lets us see the area that they cover over the 15 urban zones of the city. 

The map that is shown in Figure 4.6 corresponds to the approach in which the parabola’s orientation 

is according to the major business center or CBD. In our case study, the facilities of the P&R system achieved 

the purpose of covering specific areas of the urban area of the city. However, there was a significant number 

of urban areas not covered by the P&R system’s catchment area. For facilities designated as D, E, F, and G, 

their catchment areas would cover the same urban areas; thus, these areas would be overcovered. Facilities 

A, B, and C, on the other hand, would have better distribution. These three facilities together served the 

purpose of covering an extensive urban area without overlapping. The distribution of the P&R system 

facilities provided a measure of how close the facilities were to each other, or whether it was necessary to 

implement new facilities to cover all the urban areas of a city. 

 

 
Figure 4.6. The result of using the parabola method is based on orientation according to the center of major activity. 
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Figure 4.7 shows the result of the catchment area of the P&R system facilities according to the approach 

adopted, which is the parabola orientation according to the main access to reach the facility. The result 

shows that the P&R system’s catchment area was better distributed in the city’s urban areas. Potential users 

of the P&R system who were not previously within this catchment area would actually now be within the 

catchment area and would be willing to use the facilities. The most significant fact is that the catchment 

areas of facilities designated as D, E, F, and G were not overlapping. Therefore, this approach is more 

realistic, considering the point that users will use the main access to reach the facility and have a common 

destination, the CBD. However, it should also be mentioned that the P&R system would not cover some 

urban areas. This can be explained by the locations of the P&R system facilities and the need to implement 

a higher number of facilities. 

 
Figure 4.7. The result of using the parabola method is based on orientation according to the main access. 

The P&R system was created to allow users who travel to the city center in private vehicles to change 

their mode of transport to a more friendly mode, such as public transport. Thus, private vehicle users whose 

starting point is in the outskirts of the urban area of the city or in areas distant from the city center 

frequently use their vehicles and then park their vehicles in the P&R system to change to public transport 

to reach their destination, which is the CBD or the city center. Emphasizing the importance of this concept 

indicates that potential users always have a common destination through a public transport route, which 

leads to the traditional approach of parabolic orientation, which in this study is the first scenario. However, 

potential users of the P&R system arrive at the facility from the main access street, which leads to a new 

orientation of the parabola corresponding to the second scenario. To highlight that, in both the first and the 

second scenario, the destination is the same; however, it is more realistic to consider the orientation of the 
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parabola as the second scenario because the user accesses the installation from the main access street. 

According to the results, the first scenario permits affirmation that there are a considerable number of 

facilities in the P&R system in the city, and even the catchment areas overlap each other and that their 

locations are very close to each other. In the second scenario, the proposed P&R is distributed so that there 

is no need to reduce them in quantity, because their catchment area covers almost all areas of the city. Even 

to cover the missing areas, two additional facilities could be located, one in the north and one in the south. 

Therefore, the second scenario proposed in this article gives a more accurate view of the actual scope of 

coverage of a P&R system and covers the concept of P&R mentioned at the beginning. 

The subsequent section discusses the results obtained using the methodology developed and the 

advantages and limitations of each approach. 

 

4.5 Discussion 
In both proposed scenarios, the methodology described in this article has been used, the result being 

a solid methodology to represent the catchment area of the P&R system. In addition, the approach about 

the parabola orientation that we have proposed is compared with the traditional concept of the parabola 

orientation. Thus, we can describe in detail each proposed scenario, such as its advantages and its 

limitations. In general, both scenarios cover areas of the city; however, according to the orientation, the 

covered areas are different. 

Approach one considers the parabola’s orientation according to the major business activity or CBD. 

Based on this traditional approach, the P&R system’s catchment area covers the eastern and western parts 

of the city, but the northern and southern areas are not covered. This would mean that potential users who 

come from these areas do not use the P&R system. In addition, there is an overlap of the catchment areas 

(parabolas) between them, and there is coverage of multiple facilities in the same area. Therefore, there is 

an overcoverage of some areas and a non-existent coverage of the P&R system in certain areas. 

Regarding the second approach, in which the parabola orientation is according to the main access to 

reach the facility, the coverage area is better extended than in the previous approach. Furthermore, the 

coverage areas of the P&R system do not overlap. This approach is more in line with the reality and 

operation of the catchment area of a P&R system. In fact, it leads to evidence that a major number of 

potential users of the P&R system could be considered. However, some zones of the city are not covered. 

Therefore, the P&R system facilities require reconfiguration according to their location in order to cover 

most of the urban areas of the city. 

The parabola method to determine the catchment area of the P&R system is a tool that helps 

transportation planners understand whether the location of P&R system facilities covers most of the city’s 

urban area. Furthermore, the method helps to verify that the same P&R facility does not cover the same 

zone. In Latin American cities, where this concept is relatively new, it is essential to make an accurate 

analysis of the location of potential or existing facilities that allow connection to public transport. In fact, 

few solutions have been given to those who come from remote places or outside the urban area of the city 

and use private vehicles because of the distance of the journey. A method that helps to encourage private 

vehicle users to switch to public vehicles is identified as the P&R system. In transport planning, the P&R 

system can be considered a combination of transport mode, and as with any transport mode, the first study 

to be carried out is to determine the catchment area. However, in future studies, transportation planners 

must link this method and add demand, accessibility measurements, trip generating points, and the 

interaction of the P&R system with public transportation.  

One of the limitations is that this method was applied to a set of facilities that are connected to a single 

public transport system network, such as the LRT. However, applying this method to the different public 

transport lines that cover a city (e.g., bus, metro, LRT) and that are connected to the P&R system could help 
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to understand precisely the P&R system’s catchment area. In addition, the type of city configuration and 

the number of P&R system facilities impact the study of the P&R system catchment area in an urban setting. 

However, this new approach to the parabola orientation opens the door to new P&R studies, mainly 

because of its easy implementation, which makes it a useful tool for cities that want to implement a P&R 

system. Thus, transport planners can determine the catchment area of each facility in advance of its 

implementation. In addition, further research on adding new parameters to this parabola methodology 

leads to the development of a more accurate model. 

 

4.6 Conclusions 
Our research about the P&R system’s catchment area indicates that the parabola method is a 

methodology widely used by the planners and researchers to study the P&R system’s catchment area but 

with an exclusive orientation approach. The current research aims to extend this method and propose a 

new approach to the orientation of the parabola that is traditionally based on the major business district or 

CBD. Therefore, the contribution of this study is to analyze the traditional orientation and, at the same time, 

the new orientation in order to determine which provides better results in terms of coverage area in the 

urban environment. Furthermore, the development of this model is composed of a set of mathematical 

equations, which through a software program and the use of GIS, allows the simulation of a set of parabolas 

in the urban environment of the city. 

Regarding our research concerning the parabola’s orientation in the P&R system’s catchment area, the 

first approach results in the conclusion that some catchment areas cover the same area of a city’s urban 

area, mainly when the facilities are at a close distance from each other. In the second approach, the 

parabola’s orientation is determined according to the main access to reach the facility and leads to a better 

result. It prevents overlapping of the coverage area in the same area and a more realistic interpretation of 

the purpose of the catchment area. Thus, a major conclusion is that our methodology is a useful tool for 

transport planners to configure the P&R system catchment area in an urban environment. 

As mentioned, the second approach provides more satisfactory results than the traditional approach 

based on the parabola method to determine the catchment area of the P&R system over the urban areas of 

a city. In our case study, the results concern a medium-sized city. However, the city’s configuration, and 

the number and location of facilities could change the coverage area. The aim, after all, is the same, which 

is to understand how to model this catchment area using the parabola method in an urban environment. 

 

Thesis III 
 

I examined the approaches to the orientation of the catchment area of the P&R system to prove the 

method I developed is more realistic. I created a Geoinformation model to map the catchment area of 

each facility belonging to the P&R system. The conclusion is that the new approach to the catchment 

area of the P&R system allows to evaluate in a more objective way the area the P&R system could cover. 
 

The parabola method was used; however, other methods such as the market area and the shape of the 

circle are also used, as shown in the Appendix. Since the parabola method gives us a new approach to 

analyze the coverage area of the P&R system, it is appropriate to show in this thesis that the new approach 

allows us to analyze the coverage area of the P&R system in a more realistic way. 

 

Publications related to this chapter: [5][127][128][109]. 
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5. Chapter 5: Estimating potential demand in a P&R system 

using the SUMP as a data source  

 

5.1 Short Summary 

The P&R involves a series of facilities distributed across a city, which potentially mitigates emissions 

generated by congestion of private vehicles in the city center or the central business district (CBD). Since 

the P&R system is a connection between the private vehicle (PV) and public transport (PT), a modal split 

is generated at each facility between the transport modes. Nevertheless, there is limited or no scientific 

evidence that the P&R system facilitates the modal split in urban mobility. This chapter aims to develop 

an integrated model that provides evidence that the P&R system produces a change in the modal split. 

Thus, the first part of the method focuses on applying mathematical optimization using the cost functions 

of each transport mode to provide a percentage of the modal split at each facility of the P&R system for 

the transport modes involved. The result shows that the introduction of the P&R system generates a 

decrease in PV trips to the CBD. In conclusion, the integrated model determines that the P&R system can 

be a transport parking policy that reduces congestion. 

 

5.2 Introduction and literature review 
The development of a mathematical model that determines the modal split of P&R depends on factors 

such as the facility location and the cost functions that are introduced. P&R are located close to public 

transportation stations to enable transfers between private car users to the public transport system (e.g., 

urban bus, light rail transit (LRT), metro) [129][108]. Implementing a P&R facility in every public transport 

station is a waste of economic resources and the obvious lack of coordination inherent in planning a P&R 

system. Still, the location of facilities is not enough to determine the modal split of P&R, because users 

decide which transport mode and the facility is the most attractive for them [130].  

Song et al. [79] proposed a mathematical formulation to promote public transportation and reduce 

traffic externalities in urban areas in a multimodal transportation network with P&R users’ route choice 

behavior. Farhan and Murray [89] suggested a mathematical optimization model that selects the optimum 

set of facilities in a city considering the following aspects: establishing new P&R facilities in an existing 

system, covering as many potential users as possible, and locating P&R facilities near public transport. To 

determine the demand with respect to using surface parking near the LRT system, a method has been 

developed based on the number of transit users in the station catchment areas who use the automobile 

mode to reach the LRT system [131][132]. 

Additionally, Cavadas and Antunes [4] extended Aros-Veras’s study [86]. The authors introduced a 

mathematical model to consider transport alternatives such as private vehicles, P&R, and buses. The study 

provides the percentage of trips for each transport mode, and the result is the modal split when a P&R 

system is introduced. For future research, the authors suggested adopting their model and including an 

LRT system. The equations that determine the percentage of each transport mode make up the non-linear 

mathematical model [75], [133], [134]. The Model was linearized by Aros-Veras et al. [86], and Cavadas et 

al. [4] confirmed that the linearization was efficient. 

The purpose of this chapter is to initially develop a mathematical model that provides data about the 

modal split between PV, PT, and P&R. This chapter aims to provide scientific evidence through a 
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mathematical optimization model, which can calculate the percentage of trips to the CBD and determine 

the modal split (PV, PT, P&R), to be considered as the potential demand of the P&R system. 

 

5.3 Method and dataset 
This section presents the details on the integrated model, including a description of the study area, the 

travel costs for using each transport mode, and an explanation of the SUMP and transport policies on 

parking and other urban characteristics. Subsequently, the mathematical optimization model is developed, 

which determines the percentage of the modal split of the three transport modes (PV, PT, P&R).  

5.3.1 Mathematical Formulation 

The construction of a mathematical optimization model to determine the modal split or the 

percentages produced by a P&R system when it is implemented has already been carried out by some 

researchers such as Cavadas et al. [4], who developed an optimization model based on a utility function to 

determine the percentage that can reduce the private vehicle traffic and increase the share of public 

transport. The author developed three utility functions, for private vehicles, for public transport and the 

other one is the combination of the both in the Park and Ride system. In the same context, Aros-Vera [86] 

carried out a study using information from mathematical models and determining the percentage of trips 

in the P&R system. The mathematical model developed in this study is based on the mathematical 

equations performed by Cavadas and Aros-Vera. 

5.3.2 Notation and assumptions 

This section introduces the development of the P&R mathematical optimization model. The theoretical 

representation of journeys presented in Figure 5.1 involves three routes from an origin to a destination. The 

first is by private vehicle (PV), the second by the P&R, and the third is by bus and LRT (PT), since there is 

no direct bus line to the city center in the case study area. 

 
Figure 5.1 Theoretical trip models 

The first step in constructing the mathematical model is the formulation of the theoretical trip of the 

mathematical notation 𝑚𝑖𝑗, which reflects the origin and destination matrix given by SUMP. This matrix 

𝑚𝑖𝑗 is composed of the trips from the different origins 𝑖(𝑖𝑜 … 𝑖𝑛) that belong to 𝑂 origin, i.e., 𝑖 ∈ 𝑂, and arrive 

at the destinations j which is in the Central Business District (CBD), D, therefore, all the destinations 

𝑗(𝑗𝑜 … 𝑗𝑛) belong to 𝐷 destination, i,e. 𝑗 ∈ 𝐷. The city also has a set of facilities known as 𝑘 belonging to the 

P&R system 𝐾, therefore, 𝑘 ∈ 𝐾. See Figure 5.1. 

Travel from origin to destination is possible in three modes of transport (PV, PT, and P&R), and each 

mode has a cost function. The three types of routes from an origin to a destination are the following: 

through private vehicles represented by 𝑣; therefore, its function cost from an origin to a destination is 

𝐶𝑣(𝑖𝑗). A second route is through the P&R system represented by 𝑁; therefore, 𝐶𝑁(𝑖𝑗𝑘), this route is composed 
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of the costs of traveling by car, added to the costs of using the P&R system, plus the LRT costs until reaching 

the destination. Furthermore, finally, route three is the one that is made by bus and after that by the LRT.  

For example, the 𝐶𝑣(𝑖𝑗) is based on the cost per kilometer of the private vehicle 𝑇1 at a certain distance 

𝛽1. While the cost of the function of the P&R system 𝐶𝑁(𝑖𝑗𝑘) is the cost per kilometer of travel by a private 

vehicle from the origin to the facility 𝑇1, plus the waiting and transfer time in the P&R system 𝑇2, plus the 

cost of using the LRT 𝑇3 from the facility to the destination. The trip-choice depends mainly on travel time, 

travel distance, and travel costs, where any or a combination of these elements is typically called cost 

functions. The bus cost 𝐶𝑏(𝑖𝑗) is constant in Cuenca city and does not depend on the distance (𝛽2). 

𝐶𝑣(𝑖𝑗) = 𝛽1T1     (1)   𝐶𝑏(𝑖𝑗) = 𝛽2     (2)    𝐶𝑁(𝑖𝑗) = 𝛽1T1 + T2 + T3 (3)  5.1 

 

The non-linear Equation 5.2 helps to determine the user’s preference for a type of transport based on 

the cost function. The goal is to determine the proportion of P&R trips that are attributed to each facility. 

Simultaneously, there is a parameter known as sensitivity within the 4 equations, which is the willingness 

of users to switch to P&R mode. Based on the mobility plan, this value is 58%. This parameter is known as 

𝜃, and it also allows regulating the willingness of users to use the least costly route. Therefore, 𝐶𝑁(𝑖𝑗𝑘) ≤

𝐶𝑣(𝑖𝑗).  

The 𝑥(𝑖𝑘𝑗) considers all the above components and is further articulated in Equation 5.2, where 

𝐶𝑣(𝑖𝑗) (1), 𝐶𝑁(𝑖𝑗𝑘) (3) are declared to be the cost functions that reflect the usage and value of the route of 

private vehicles and the P&R mode, respectively, and the sensitive value 𝜃. Equation 5.3 represents a 

location variable: 𝑙𝑘 is a binary variable indicating whether the facility k is part of the P&R system K, if it is 

not, the value is zero. 𝑙𝑎 is a binary value that is always one and represents the selected P&R. 

𝑥(𝑖𝑘𝑗) =
𝑙𝑘𝑒

−𝜃𝐶𝑁(𝑖𝑗𝑘)

 𝑒−𝜃𝐶𝑣(𝑖𝑗) + 𝑒−𝜃𝐶𝑏(𝑖𝑗) +∑ 𝑙𝑎𝑒
−𝜃𝐶𝑁(𝑖𝑗𝑘)

𝑘∈𝐾

,   𝑘 ∈ 𝐾   
 5.2 

For a non-linear model, the complexity of finding an optimal solution is increased. It is, therefore, 

advisable to transform the present model into a linear model. The linearization suggested by Aros-Vera 

and Cavadas [4], [86] is the approach used for this study, where Equation 5.2 is substituted by the 

equivalent of three constraints Equation 5.3 to Equation 5.6, which transform the non-linear model into a 

linear one. Thus, Equation 5.7 is 1 if the facility is on the route. Hence, Equation 5.8 gives the percentage of 

the trips by the P&R mode. 

𝑥(𝑖𝑘𝑗) ≤ 𝑙𝑘  ,                          ∀𝑖 ∈ 𝑂, 𝑗 ∈ 𝐷, 𝑘 ∈ 𝐾                  5.3 

∑𝑥(𝑖𝑘𝑗)
𝑘∈𝐾

= 1 ,                             ∀𝑖 ∈ 𝑂, 𝑗 ∈ 𝐷                                5.4 

𝑥(𝑖𝑘𝑗) ≤
𝑒−𝜃𝐶𝑁(𝑖𝑗𝑘) 

 𝑒−𝜃𝐶𝑣(𝑖𝑗)
 𝑥(𝑖𝑗) + (1 − 𝑙𝑎) ,       ∀𝑖 ∈ 𝑂, 𝑗 ∈ 𝐷, 𝑘 ∈ 𝐾                               

 5.5 

𝑙𝑘 ∈ {0,1},                                         ∀ 𝑘 ∈ 𝐾                              
 5.6 

 

Each facility location 𝑧 is within the range of all potential facilities, 𝑘. This implies that the number of 

facilities is expressed by z in Equation 5.7 

∑𝑙𝑘 = 𝑧

𝑘∈𝐾

                            5.7 

Therefore, a maximum of the users 𝐷(𝑘) who are willing to use a k facility of the P&R system K, is given 

by the total number of trips in private vehicle 𝑚(𝑖𝑗), that choose P&R (𝑖𝑘𝑗) route.  
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𝑀𝑎𝑥 𝐷(𝑘) = ∑𝑚(𝑖𝑗). 𝑥(𝑖𝑘𝑗)
 𝑖∈𝑂
𝑗∈𝐷

                                       5.8 

5.4 Results  
The developed integral model is applied using the SUMP information as input, then the calculation 

by a mathematical model is used to explore the modal split based on three scenarios:  

Scenario 1: Current conditions and costs.  

Scenario 2: Reduction in public transportation costs for users of the P&R system by 10%. 

Scenario 3: Increasing the cost of public transportation and the P&R system by 10%. 

The willingness of the user is 0.58% to change to a more friendly transport mode, although this value 

is adjusted in 3 categories: lower 𝜃= 0.1, SUMP’s willingness 𝜃= 0.58, higher 𝜃= 1. 

 
Table 5.1 Scenario 1 and θ= 0.1 

Planned P&R facility  B C, D D,E,F A,D,E,F A,B,D,E,F A,B,D,E,F,G B,C, D, E, F,G,A 

Private Car (%) 58.59 56.73 55.78 54.8 54.18 53.93 53.07 

Public Transport (%) 31.18 31.75 32.23 32.99 33.56 33.8 34.03 

P&R (%) 10.23 11.52 11.99 12.21 12.26 12.27 12.9 

 
Table 5.2 Scenario 1 and θ= 0.58 

Planned P&R facility  B C, D C,D,E C,D,E,F B, C, D, E, F B,C, D, E, F,G B,C, D, E, F,G,A 

Private Car (%) 39.47 36.34 27.17 23.34 22.15 20.22 18.24 

Public Transport (%) 40.23 41.43 50.31 52.55 53.14 54.62 55.86 

P&R (%) 20.30 22.23 22.52 24.11 24.71 25.16 25.90 

 
Table 5.3 Scenario 1 and θ= 1 

Planned P&R facility  B C, D C,D,E C,D,E,F B, C, D, E, F B,C, D, E, F,G B,C, D, E, F,G,A 

Private Car (%) 35.38 29.45 23.52 21.37 21.06 19.24 17.94 

Public Transport (%) 41.32 44.53 50.41 52.55 52.11 53.73 54.89 

P&R (%) 23.3 26.02 26.07 26.08 26.83 27.03 27.17 

Table 5.4 Scenario 2 and θ= 0.1 

Planned P&R facility B D,E C,E,F B,C,E,F A,C,D,E,F A,C,D,E,F,G B,C, D, E, F,G,A 

Private Car (%) 55.53 54.34 53.38 52.61 51.58 50.97 49.77 

Public Transport (%) 32.21 32.34 32.75 33.16 33.45 33.94 34.78 

P&R (%) 12.26 13.32 13.87 14.23 14.97 15.09 15.45 

 
Table 5.5 Scenario 2 and θ= 0.58 

Planned P&R facility  B C,D C,D,E C,D,E,F C, D, E, F,G A,C, D, E, F,G B,C, D, E, F,G,A 

Private Car (%) 32.45 28.14 21.11 17.22 14.66 13.06 12.76 

Public Transport (%) 44.32 46.54 51.27 53.62 54.53 55.71 55.93 

P&R (%) 23.23 25.32 27.62 29.16 30.81 31.23 31.31 

 
Table 5.6 Scenario 2 and θ= 1 

Planned P&R facility  B C, E C,D,E C,D,E,F C, D, E, F, G A,C, D, E, F,G A,B,C, D, E, F,G 

Private Car (%) 31.15 27.04 19.33 18.16 16.63 15.36 10.84 

Public Transport (%) 43.42 44.73 51.51 52.65 53.45 54.62 56.93 

P&R (%) 25.43 28.23 29.16 29.19 29.92 30.02 32.23 
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Table 5.7 Scenario 3 and θ= 0.1 

Planned P&R facility  B D, F D,E,F C,D,E,F C,D,E,F,G B,C,D,E,F,G B,C, D, E, F,G,A 

Private Car (%) 66.37 67.22 64.25 62.58 61.57 61.05 60.84 

Public Transport (%) 24.32 23.36 24.82 26.43 26.71 26.99 27.17 

P&R (%) 9.31 9.42 10.93 10.99 11.72 11.96 11.99 

 
Table 5.8 Scenario 3 and θ= 0.58 

Planned P&R facility  B C, E C,D,E C,D,E,F A, C, D, E, F B,C, D, E, F,G  B,C, D, E, F,G,A 

Private Car (%) 62.66 62.22 60.77 60.56 59.41 58.45 57.87 

Public Transport (%) 26.11 26.46 27.12 27.27 28.14 28.63 28.92 

P&R (%) 11.23 11.32 12.11 12.17 12.45 12.92 13.21 

 
Table 5.9 Scenario 3 and θ= 1 

Planned P&R facility B C, E C,D,E C,D,E,F A, C, D, E, F B,C, D, E, F,G A,B,C, D, E, F,G 

Private Car (%) 58.74 57.14 56.53 55.24 54.68 53.71 53.05 

Public Transport (%) 28.13 29.12 29.26 29.74 30.11 30.66 30.98 

P&R (%) 13.13 13.74 14.21 15.02 15.21 15.63 15.97 

 

5.5 Discussion 
This section has three parts. The first one is a discussion of the results obtained by applying the 

mathematical model and the proposed scenarios. The second part is about the contamination generated by 

the P&R system and, finally, a comprehensive discussion about the method used and the results obtained. 

The first scenario corresponds to the current cost conditions of the different types of transport modes 

that make up the Park and Ride system. Thus, for example, Table 5.2 shows the current conditions, and 

applying the availability to change to a mode of transportation exposed in the mobility plan. The result of 

applying the mathematical model is that a maximum of 25.90% of trips by private vehicles to the center of 

the city could be reduced by introducing P&R system and operating the 7 possible P&R facilities. However, 

when only one facility of the P&R system works, the percentage is 20.30%. Table 5.1 presents an availability 

value of switching to a more accessible transportation mode of about 10%, which means that people will 

use the Park and Ride system. Thus, if we compare Table 5.1 to Table 5.2, there is a significant reduction in 

Park and Ride use and an increase in private vehicle use. In Table 3, as availability increases to its maximum 

value, we see an increase in Park and Ride use and a decrease in private vehicle use. We claim that the 

availability parameter to be changed to a new public transport mode becomes useful, but at the same time, 

it is not one of the most important factors, since what produces a difference in modal split is the cost of 

moving in each type of transport described below. In Scenario 2, according to Table 5.4 to Table 5.6, 

reducing the cost of public transport and the P&R system is an incredible incentive to encourage a new 

transportation alternative and connectivity. Rather, it allows public policies to be adopted so that private 

vehicle users can use public transportation to continue their journey. As indicated, the cost is an important 

parameter when potential users decide whether or not to use a type of transportation. 

As for Scenario 3, Table 5.7 to Table 5.9 represent having a high cost in the P&R system, which is a 

scenario that does not encourage a modal shift. It leads to the conclusion that the P&R system without a 

cost policy does not allow the adequate policy to be implemented, but induces a greater attraction of trips 

to the center. 

 



Chapter 5: Estimating potential demand in a P&R system using the SUMP as a data source 

   

64 

 

5.6 Conclusion  
An integrated model is developed in this research that has studied the impact of establishing the P&R 

system in a medium-size Latin American city. Initially, the mathematical optimization model is developed, 

which has been used by some authors but adapted to our case study to later analyze the number of trips 

that a P&R system generates. This leads to giving, as a result, the modal distribution of the Park and Ride 

system (mode switch between public transportation and private vehicle).  

A case study was conducted based on the city of Cuenca in Ecuador to verify the efficiency of the 

model, and the SUMP was used as a data collection method. The number of trips by private vehicles 

represented in an O-D matrix and the P&Rs location is also included, as are the costs of each transport 

mode. One of the parameters that was included into the mathematical model equations is the users’ 

willingness to switch to more accessible transportation models. 

The model verifies that the implementation of the P&R system reduces the trips caused by private 

vehicles in the city center. It is important to mention that the reason for this is the reduction in the number 

of trips made by users of a private vehicle. Typical users live outside the city and make daily use of the 

vehicle for work and shopping. Therefore, we can state that the willingness of users to switch to a more 

friendly transport mode is not sufficient, but rather has a close relationship with costs. Thus, a variation in 

the cost of the P&R system can change the modal split produced by transport modes involved in our study. 

In our scenario, the best condition is to reduce the costs of using the P&R system, allowing us to increase 

public transportation use and reduce the use of private vehicles. Given these conditions, Scenario 2 is more 

suitable over time if the goal is to minimize private car use in the city center. The development of an 

Integrated Model is a tool for transport and planning authorities. The model includes a data collection 

model obtained directly from SUMPs and used in transport studies. These data are entered into a 

mathematical model to assess the modal split and subsequently calculate the emissions.  

According to the mathematical model results in Table 5.1 - Table 5.9, we can suggest that the P&R be 

built on the number of places, in line with the authority’s objectives. For example, the P&R B should be 

built first in Cuenca, because, according to the mathematical optimization model, the best result of 

attracting trips would be obtained in this case. If the objective is to build two facilities, C and D should be 

constructed, and so on. 

 

Thesis IV 

I applied a new perspective to the mathematical optimization of a P&R system to estimate the 

potential demand. I performed an optimization that reveals the potential modal split between private 

vehicles, public transport and P&R. In conclusion, the potential demand varies according to the travel 

costs for each transport mode. 
 

Through a mathematical optimization, the potential demand was determined. This potential demand 

varies according to the cost of traveling by public transport, private transport and using the P&R system. 

Publications related to this chapter: [5][51][135]. 
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6. Chapter 6: A model to evaluate the dynamic accessibility in 

the P&R system 

 

6.1  Short Summary 
Several researchers have measured the static accessibility of the P&R system. However, studying 

dynamic accessibility leads to a comprehensive model consisting of a series of elements and steps that allow 

for travel time analysis in various traffic conditions. Therefore, the purpose of this article is to develop an 

integrated model that provides a set of procedures that determine the travel origin points of the P&R 

system, calculate the trips in different traffic conditions (in this article, the results are shown in three 

scenarios: no traffic (NT), low traffic (LT), and heavy traffic (HT)), and include a hot spot analysis and 

correlation in order to finally be able to display the dynamic accessibility using geospatial software. The 

result shows that the accessibility of the P&R system varies depending on the traffic volume and the 

variation of the accessibility in the different areas that conform to the urban environment. In conclusion, 

the integrated model helps users decide on the best time to travel to the P&R system, allows transport 

planners to develop strategies to make the system more functional, and gives an excellent opportunity to 

develop a travel information system. 

 

6.2 Introduction, literature review  
Accessibility in the field of transport is generally characterized as a possible contact with spatially 

distributed opportunities to reach a location and is usually defined as physical access to goods, services, 

and destinations [136]. It is one of the essential components in the study of the transport system in the sense 

of urban economy and geography [137], and it is an indicator of the effectiveness of the region or location 

relative to other zones and regions [138]. For improved access to public transport, better accessibility to 

public services is a requirement [139]. In fact, accessibility has become a key concept in geography, 

transport, and urban planning. It has also become crucial for users to make the most suitable alternative 

according to parameters such as traffic, energy consumption, and travel time [140], [141]. 

Getting a clear concept of accessibility in a transport system, accessibility can be involved or measured 

in the park and ride (P&R) system [51], [92]. Analyzing this concept, the accessibility study of the P&R 

system is associated with the accessibility of private and public transport from the origin of the trips to 

their destination [108]. 

Accessibility can be measured in private transport from an origin to a destination in different traffic 

conditions, and for public transport, it is associated with the frequency of service and the travel time from 

the P&R to the destination. This means that accessibility is dynamic, varies according to the time and the 

day. Dynamic accessibility can determine the departure time in order to provide the P&R user adequate 

access to public transport [142]. However, most of the pre-existing accessibility metrics are static, which 

characterize the conditions of peak hours or only the daily average. 

Thus, a dynamic accessibility study for a P&R system aims to develop a method to determine those 

origin points of the trips which a P&R system can attract. The traffic conditions under which vehicle users 

move from the origin to the P&R system determine which type of P&R facility they choose according to the 

travel time [143]. Another determinant of the travel conditions is made by public transport from the P&R 

facility to the destination. This includes the timetables and the level of service [144].  

The development of extensive data analysis in recent years has led to the emergence of dynamic 

accessibility that captures temporal variations on accessibility as an important focus of research, and some 
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researchers have achieved certain results in this area [126]. After all, residents do not require every urban 

area to have the same accessibility at all times, assuming that they can comfortably access relevant points 

of interest, especially those located in nearby areas along their usual travel routes [145]. Few studies on 

dynamic accessibility have addressed measurement applied to the P&R system and relevant geographical 

areas [146].  

The link of the public and private transport system highly contributes to our daily life. While there are 

many studies on the accessibility of public and private transport systems, the accessibility of the P&R 

system is less researched. However, it is interesting how studies on accessibility in public and private 

transport through the P&R system can be illustrated. In the following, relying on numerous publications, I 

describe the literature on accessibility in public and private transport and the operation of the P&R system. 

Accessibility research began years ago and focused primarily on the capacity and alternatives 

available to reach a destination [147]. The accessibility benefits have been associated with land use policy 

strategies that anticipate the projected climate change. A log sum measure of accessibility using the land 

use-transportation interaction model is used to calculate changes in consumer excess [148]. A method for 

determining accessibility standards within metropolitan areas consists of a process of distributing the 

expected metropolitan population to small areas within the metropolitan region [149]. The core principle 

of a city’s urban planning is connectivity with the various transport systems [150] [151]. In recent decades, 

accessibility analysis has played an important role in studying land use and transport [152]. The recent 

increase in techniques that allow for high-resolution data collection has led to the rise of studying dynamic 

accessibility that accurately captures temporal differences in accessibility over periods of time [153]. 

Dynamic accessibility, measured for travel times, relies on the various modes of transport and plays a 

significant role in varying times with shifts in the transport network and destinations of people’s activities 

[154]. The outcomes of a dynamic accessibility measurement for public transport and private mode will be 

substantially different in different circumstances. Thus, it is more reliable to measure accessibility for each 

transport mode as a separate unit [155]. Deep analyses have also been done on what aspects of accessibility 

people have via a given means of transport, such as the train, the bus, the automobile, and the taxi [156]. 

Bicycling as a mode of travel has been shown to be affected by several characteristics of the built 

environment, such as urban density, land use, and destination accessibility [157] [158].  

A technique that incorporates data from current geographic information systems for the purpose of 

offering a real-time measurement of the accessibility and connectivity of transport modes is described in 

[159] [160]. In addition to studying the dynamic accessibility of a mode of transport, we can measure the 

accessibility of the different transport modes and then compare them [161]. Accessibility to public transport 

in Hong Kong has proven to be much higher than that of a private car because of comparatively low 

monetary costs and the high standard of public transport services [162] [127]. Thus, researchers and 

transport planners have studied and found methods and methodologies to examine the components of a 

P&R system and figure out the most relevant components for researchers to study. For example, the 

capacity of the P&R system has been investigated, which relates to the number of parking spaces needed 

in the P&R system [79]. Furthermore, demand and travel times are examined by analyzing the relationship 

between the P&R system and the public transport system elements [81]. Travel time in the first part of the 

trip by a private car to the P&R system can depend on the location of the facility and the time of day 

analyzed. For example, traffic could be higher in the morning during peak hours and lower during the 

night in lower activity hours. A multimodal equilibrium model including three modes of transport was 

developed to analyze the locations and subsequent optimization of existing P&R facilities, in order to 

understand the P&R system as it interacts with public transport [83], [84]. Besides, the location of the P&R 

system is closely related to the features of the transport system, such as the possible number of users and 

the proximity of the facilities to public transport stations [85], [87], [88], [90]. To better understand the 
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components of the P&R system and its accessibility, it can be represented and studied through geographic 

information systems (GIS) [82].  

Our review of accessibility found that few previous dynamic accessibility studies focused on the 

accessibility of the P&R system. Earlier studies often used a generic accessibility index to measure 

accessibility and effectiveness by dividing cities into small grids or transport study areas without relying 

on the individuals’ real origin points and related travel zones [163]. This chapter suggests an analytical 

approach to study the dynamic accessibility of P&R facilities through real journeys. For this purpose; the 

methodology includes the origins of the trips known as starting points of the P&R system. Then an 

algorithm is applied to study the travel time in a private vehicle in different traffic conditions (non-traffic, 

heavy and low traffic) from given starting points, and finally a GIS tool is used to interpret dynamic 

accessibility through a visual approach. 

The main question of this chapter is how to compare the dynamic accessibility under different traffic 

conditions of the origin points of the trips to the P&R system from each zone of the urban environment of 

a city. Here accessibility is measured as the sum of the number of origin points within a zone from where 

the P&R system is used under the given traffic conditions in a given period of time in a day. The parameter 

on which the comparison is based is travel time.  

 

6.3 Data and Methodology 
In this part of the study, the methodology to determine the dynamic accessibility of the P&R system 

is presented. The data coming from the existing mobility plan of Cuenca, Ecuador is described in Chapter 

2, and the case study is presented below. Finally, it is shown how the methodology of dynamic accessibility 

of the P&R system was developed step by step. The final result is a comprehensive approach to measure 

the dynamic accessibility of the P&R system. 

6.3.1 Selecting Origin Points 

The selection of the origin points begins with the information available in the mobility plan of the city, 

in which there is a division based on zones and areas of land use and activity. This selection was made as 

a first step through the georeferenced information of each point of origin within each zone with respect to 

the following land use categories as described in Chapter 2. 

1. Residential use; 

2. Commercial use; 

3. Recreational use; 

4. Agricultural use. 

The method aims to choose the ideal subzones that generate travel through the P&R facilities. For 

example, it is assumed that sub-areas characterized by recreational and agricultural land use do not 

generate travels to the P&R mode as the population engaged in these activities prioritize the use of other 

modes of transport. However, most journeys, both commercial and residential, are potential beneficiaries 

of the P&R mode. The selection of the origin points to create an origin and destination matrix in the P&R 

system was already determined in a study carried out by Ortega [16], which identified 655 origins based 

on the land use and activity of the potential users of the P&R system. Of a total of 982 georeferenced points, 

after classification, 655 origin points are considered. 
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6.3.2 Road Traffic Data Collection 

Travel time is calculated between the previously determined origin and destination points and the 

location of the P&R facility [164]. Thus, the travel time is calculated in three traffic conditions described in 

Chapter 2: 

1. Travel time, without traffic (NT); 

2. Travel time during low traffic (LT); 

3. Travel time during heavy traffic (HT). 

Heavy traffic is defined according to the mobility plan, as the hours when the travel time of a private 

vehicle driver traveling from an origin to a destination increases due to the large number of vehicles 

wishing to make the same trip. 

Low traffic refers to a time when a private vehicle driver from an origin to a destination travel within 

the average travel time. Each city has a different number of heavy traffic or low traffic hours. 

These metrics were chosen because they have generally been considered as indicators of accessibility. 

The average distances and the travel times are calculated for each origin point of the zones with the applied 

algorithm.  

The Google Maps Address API [58] service calculates the exact travel time between sets of origins and 

destinations on a transport network based on an actual traffic condition. 

 

6.4 Public Transport Travel Time 
The municipality of Cuenca provided the public transport (LRT) data in terms of frequency, travel 

time, and distance between stops. The LRT operates from Monday to Sunday from 6:00 to 21:00 with a 10 

minute frequency. Furthermore, the average transfer time from the P&R facilities to the LRT station is 5 

minutes, which means a maximum transfer time of 15 min to access public transport. Besides, the maximum 

travel time from a P&R facility to the city center by LRT is 20 minutes. This information is provided as part 

of the city’s LRT planning and construction study by the department of transport operations and the 

municipality of Cuenca [56]. 

 

6.5 Dynamic Spatial Accessibility of the P&R System 
Using the data obtained through data collection and algorithms to calculate travel time, this data can 

then be entered into a geospatial program to analyze dynamic accessibility. In the geospatial software used, 

the hot spots of the trip origins of the P&R system are analyzed, indicating the level of accessibility of these 

points through a set of colors. For example, a red point indicates that it is a hot spot, a blue point indicates 

that it is a cold spot, and the intermediate colors indicate the tendency of accessibility. In addition to 

calculating the correlation, this method allows for ensuring that the origins of the trips be calculated 

according to their functionality. The final result of the methodology will provide a map for each traffic 

condition of dynamic accessibility and a degree of travel time fluctuation. 

The hot spot analysis would start with a first analysis of the spatial aggregation of the data. To apply 

the hot spot analysis methodology, a specific typology has been selected in our case: travel time in three 

traffic scenarios. Thus, we can simulate the detailed and thorough analysis that would be carried out on a 

specific problem. Hot spot analysis also reveals that there are patterns of concentration of trip origin points 

of a transport system in different zones and specific to each subzone; in other words, they are not random. 

Therefore, in order to measure the accessibility of the P&R system, which is considered a combination of 

transport mode in a medium-sized city where the points of origin of trips are not random, the hotspot 

method is the most suitable approach. 
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6.5.1 Hot Spot Formulation 

Hot spot analysis identifies where travelers are going with high or low time accumulations and 

compares travel times for individual origins with travel times from neighboring origins. The following 

Equations (6.1–6.3) explain the method used to calculate the hot spots: 

The Getis–Ord local statistic is given as: 

𝐺𝑖
∗ =

∑ 𝑤𝑖,𝑗𝑥𝑗 − �̅�
𝑛
𝑗=1 ∑ 𝑤𝑖,𝑗

𝑛
𝑗=1

𝑆√
[𝑛∑ 𝑤𝑖,𝑗

2 − (∑ 𝑤𝑖,𝑗
𝑛
𝑗=1 )

2𝑛
𝑗=1 ]

𝑛 − 1
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where 𝑥𝑗 is the attribute value for feature 𝑗, 𝑤𝑖,𝑗is the spatial weight between feature 𝑖 and 𝑗, 𝑛 is equal to 

the total number of a feature: 
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        6.3 

 

The 𝐺𝑖
∗ statistic is equal to a 𝑧-score, thus no further calculations are required. 

The 𝐺𝑖
∗ statistic returned for each entity in the dataset a z-score. For positive z-scores that are 

statistically significant, the larger the z-score is, the more intense the clustering of high values (hot spot) 

should be. For negative z-scores that are statistically significant, the smaller the z-score is, the more intense 

the clustering of low values (cold spot) should be. 

The result of the study by the statisticians Getis and Ord is the 𝐺𝑖
∗ method, and if applied, it shows 

how the origin points of a P&R system create a hot spot (z-positive scores), while negative z-scores create 

the so-called cold spots. Those zones have problems of accessibility according to traffic conditions in the 

city’s urban environment that have more cold spots in them. 

The Hot Spot Analysis tool is part of the software used. This tool works by searching for each entity 

within the context of neighboring entities. An entity with a high value is interesting, but may not be a 

statistically significant hot spot. To be a statistically significant hot spot, an entity must have a high value 

and also be surrounded by other entities with high values. The software package itself gives the formula. 

The data needed are the origin of trips and the travel time in different traffic metrics. 

6.5.2 Correlation Formulation 

In statistics, Moran’s I is a measure of spatial autocorrelation developed by Patrick Alfred Pierce 

Moran [59]. It is characterized by a correlation in a series of indicators among nearby locations in the 

spectrum. The correlation equations are presented below (Equations (6.4–6.8)): 

The Moran’s I statistics for spatial autocorrelation is given as: 

𝐼 =
𝑛 ∑ ∑ 𝑤𝑖,𝑗𝑧𝑖

𝑛
𝑗=1 𝑧𝑗

𝑛
𝑖=1

𝑠0 ∑ 𝑧𝑖
2𝑛

𝑖=1

  

  

      6.4 

where 𝑧𝑖 is the deviation of an attribute for feature I from its mean (xi-�̅�), wij is the spatial weight between 

feature 𝑖 and 𝑗, 𝑛 is equal to the total number of features, and 𝑠0 is the aggregate of all spatial weights. 
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The 𝑍𝐼 − score for the statistic is computed as: 

𝑍𝐼 =
𝐼 − 𝐸[𝐼]

√𝑉[𝐼]
         6.6 

where: 

𝐸[𝐼] = −
1

𝑛 − 1
    

 

     6.7 

 

𝑉[𝐼] = 𝐸[𝐼2] − 𝐸[𝐼]2 
    6.8 

 

With respect to Moran’s Global Index, the value P is 0, and the null hypothesis can be rejected; in other 

words, there is a state of spatial dependence in the distribution of values. Given a set of origin points of the 

P&R system and an associated facility attribute, this tool assesses whether the expressed pattern is 

clustered, dispersed, or random. When the z-score and the p-value indicate statistical significance, a 

positive value of Moran’s I-index indicates a trend towards clustering. In contrast, a negative value of 

Moran’s I-index indicates a trend towards dispersion. 

The outputs of the Spatial Autocorrelation tool are five values: Moran’s I-index, the expected index, 

the variance, the z-score, and the p-value. These values can be accessed in the Results window. The 

formulation comes within the software used, and the data needed is the location of the origin points and 

travel time in different traffic metrics. 

To understand more about the model that makes the study of the dynamic accessibility of the P&R 

system possible, the following diagram (Figure 6.1) explains the functioning of the model in which the final 

result is the visualization of the level of accessibility on a map. 

 
Figure 6.1 Diagram of the model to study the dynamic accessibility of the P&R system. 
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6.6 Results and Discussion  
The results obtained serve as the basis for creating maps that allow visualization. Additionally, for 

each series of results, an extensive description has been presented, which serves as a basis for 

understanding the relevance of what has been generated. 

 

6.6.1 Hot Spot Analysis 

In the first series of maps, hot spots in the three traffic scenarios are studied (Figures 6.2– 6.4).  

 
Figure 6.2 Hot Spot analysis – without traffic. 

 
Figure 6.3 Hot Spot analysis – low traffic. 
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Figure 6.4 Hot Spot analysis – heavy traffic. 

The following is a description of the maps in Figures 6.2–6.4 regarding the accessibility of P&R facilities 

A–G, which varies according to traffic conditions. For example, Figure 6.2 shows the different origins of 

the trips determined for the P&R system that has been established in the initial part of the methodology 

developed. Thus, zones 11, 12, and 15 are the ones that present the most problems in terms of accessibility 

to the P&R system during non-traffic hours. The point is that during these hours, accessibility in terms of 

traffic is a result of other factors such as the form of infrastructure or the distance of the P&R facility and 

the origin, or the little diffusion of the use of the P&R system. Besides, each zone may have different high 

and low traffic hours compared to the average high and low traffic established in the city. The activity 

carried out in the zone may not be the competence of the potential users of the P&R system. Users may 

even take other alternatives depending on the time of the day, and there may be a low concentration of use.  

Indeed, in all traffic conditions, zones 11, 12, and 15 have the disadvantage concerning the accessibility 

to the P&R system. However, in low traffic hours, there are accessibility problems in zone 1 as well, since 

this zone is the northern entry of the city. The problems might even be due to the road configuration. The 

main road is not connected directly to the P&R C, and thus to reach the P&R, it is necessary to take a 

secondary road.  

At those hours, the northern entrance is more occupied by a significant number of vehicles from other 

cities in the country, which means a larger number of cars on the road network. Thus, many cars are 

entering the city; therefore, this zone is overcrowded, and the result is that drivers do not use the P&R 

facility. Furthermore, in zone 14 of the southern entrance, there is a variation between greater and lesser 

traffic hours. However, we should consider that accessibility in the P&R system is optimal in the other 

zones from a wider perspective.  

As already mentioned, the second part of the journey is made by an LRT that directly connects to the 

destination and is not mixed with the traffic. Therefore, LRT ensures accessibility without traffic problems 

in the second part of the journey.  
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A similar analysis can be applied to cities where the P&R system is linked to a public bus system in 

the second portion of the journey, which is subject to traffic conditions. Considering this complex setup, 

i.e., private car—P&R system—public transport leads to a more complex analysis because of analyzing the 

dynamic accessibility of the private vehicle and the public transport depending on traffic conditions. 

6.6.2 Correlation results 

The correlation study (6.5.2 Correlation Formulation) is necessary since it allows us to obtain 

parameters z and p that will indicate if the null hypothesis is fulfilled or not—in other words, whether we 

should reject the null hypothesis. The range of the Moran Index is between +1 and −1. 

If Moran’s index is equal to +1, it suggests that the observed pattern is spatially clustered. If Moran’s 

index is equal to −1, it suggests dispersion or scattering. A Moran index close to or equal to zero points to 

the absence of autocorrelation. 

p-value: it is a probability value; if this value is minimal, it means that the probability of the null 

hypothesis being fulfilled is minimal. The basic assumption is accepted (if p > 0.05, and it means that the 

data values are randomly distributed spatially. If p ≤ 0.05 and z-score is negative, the basic assumption of 

randomness is rejected, inferring that the high and the low values in the dataset are dispersed spatially. 

Similarly, the z positive score assumes randomness is again rejected, and the inference drawn is that the 

high or low data values are spatially clustered [60,61]. 

z-value represents the standard deviations; in general, when this value is minimal (close to 0), we will 

not have enough statistical evidence to reject the null hypothesis.  

Consequently, z takes very high values (positive or negative) when the value of p is small. When values 

tend to cluster spatially (i.e., high values cluster near other high values or low values cluster near other low 

values), the Moran’s index will be positive; by contrast, when values are dispersed (high values tend to be 

near low values), the index is negative (see Table 6.1, Figure 6.5). 

The p-value obtained is less or equal than 0.05 for all the three scenarios, discarding the basic 

assumption of randomness and independence in the data values. 

 

 
Figure 6.5 Correlation analysis. 
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Table 6.1 Values of spatial autocorrelation reports on different measures. 

Indexes  Without Traffic Low Traffic High Traffic 

Moran’s Index 0.191937 0.174921 0.210636 

z-value 7.278212 (significant) 6.617391 (significant) 7.914015 (significant) 

p-value 0.0000000 0.0000000 0.0000000 

 

In all the metrics, given the high z-scores above, there is a less than 1% likelihood that this clustered 

pattern could be the result of random chance (Figure 6.5). The p-value is equal to 0, indicating that the data 

values are randomly distributed spatially. Moreover, as we have explained, when the p-value is minimal, 

z must take very high values. Since Moran’s index is positive, we can affirm a pattern of aggregate 

distribution of the origins of trips in the P&R system. The lower message indicates that, given that value of 

z, there is a 1% probability that this pattern of aggregation results from randomness. Therefore, we have 

enough statistical evidence to say that the origins of the P&R system are spatially clustered. 

 

6.7 Dynamic Accessibility 
The final result of this dynamic study of the P&R system is that it is possible to visualize accessibility 

on maps (see Figures 6.6–6.8). 

 
Figure 6.6 Dynamic accessibility analysis of the P&R system without traffic. 
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Figure 6.7 Dynamic accessibility analysis of the P&R system with low traffic. 

 
Figure 6.8 Dynamic accessibility analysis of the P&R system with heavy traffic. 

In Cuenca, the number of zones with good accessibility to the P&R system is higher than that of zones 

with poor accessibility zones. However, four specific points in the maps indicate that a more thorough 

examination is required: (i) the northern access to the city in zone 1; (ii) the western access in zone 15; (iii–

iv) and two sites in zone 12. The northern entry to the city in zone 1 is the main accessway to the city, which 

is problematic in all three scenarios due to the vast number of vehicles filling the route from the outskirts. 
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A valid argument is that the P&R area is difficult to reach, since it is not connected directly to the main 

highways, but rather to the secondary roads. We propose that transport planners implement intelligent 

transport systems to give information about the traffic conditions to potential users of the P&R system to 

minimize travel time from this zone.  

The situation for zone 15 is similar to that of zone 1, as it is the western entry to the city. Cars on the 

road to the P&R system often accumulate, in addition to the general assumption that it is difficult to access 

the P&R system from the starting point of trips in that area. The implementation of intelligent transport 

systems which indicate traffic conditions allows future travelers to make the most effective journeys.  

Zone 12 is very close to the city center; therefore, the routes to the P&R system are occupied by private 

vehicle users who do not wish to use the P&R system. Besides, the area is located near the bus terminal. All 

roads in this area are therefore occupied by private vehicles and buses. Future studies need to assess 

whether potential P&R users can access the city center on foot or through the LRT.  

Figure 6.9 presents descriptive statistics that summarize the main characteristics of travel time during 

a working day from morning to evening, from a starting point to a destination in different traffic conditions, 

using the P&R system. Since it was decided to model the time information of the working days in Ecuador 

(from Monday to Friday), and there are only minor variations between the days studied, a typical working 

day is represented in the figure. Cuenca has three different hours of heavy traffic between 6:30 to 8:00 in 

the morning, 12:00 to 14:00, and 18:30 to 19:30. Therefore, the best times for users who use the P&R system 

are from 6:30 to 8:00, when accessibility is optimal. Figure 10 shows that at certain hours accessibility 

changes even though there is no traffic (NT). This suggests that during those hours, there is opposite traffic. 

In other words, private vehicle users are leaving the CBD, making it difficult for potential P&R users to 

access the CBD, which results in increasing delays. A second hypothesis is that the city has an intelligent 

traffic signal system that can change according to the traffic at certain times of the day, producing the same 

delay effect. It is worth mentioning that the intelligent traffic light system is installed in only a few parts of 

the city. 

 
Figure 6.9 Dynamic accessibility time fluctuation of the P&R system (HT—heavy traffic, NT—no traffic, LT—low traffic). 
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In the maps explained previously (Figures 6.6–6.8), it is possible to notice through the color gradient 

that the traffic affects the trips to and from the P&R system. A variation in heavy traffic can be detected. 

Still, it is not excessive, and this is because a medium-sized city like Cuenca does not have significant traffic 

difficulties, it is rather a navigable city. However, the difference can be seen at peak periods. Therefore, this 

methodology becomes essential for planners in determining what actions could improve accessibility in 

different periods of time. Besides, providing real information about the time that the potential users of the 

P&R system can start their journey with better conditions allows this information to be added as part of an 

intelligent transport planning of a journey through the P&R system. In our case study, the best time to take 

a trip using the P&R system is from 6:00 to 6:30 in the morning.  

A limitation of this study is that it applies to a city with an LRT system with priority over city traffic. 

It would be interesting to use this methodology in a city with a bus system that shares in daily traffic and 

thus calculate the accessibility of public transport.  

 

 

6.8 Conclusions 
This study explored the accessibility of P&R facilities in Cuenca, Ecuador. The methodology included 

a series of components whose starting point was the location of the origin points of the trips to the P&R 

system. Then, an algorithm, which is part of the Google API, was applied. With this, the route from the 

origin to the facility could be defined, and the travel time could be calculated in different traffic conditions. 

Finally, an analysis was executed. The results were visualized through a georeferencing platform. 

Several factors have been confirmed in this study that affect the dynamic accessibility of the P&R 

system. One of the key objectives of the algorithm was the measurement of private car traffic in the first 

part of the journey, before using the P&R system. The second portion of the journey made after using the 

P&R system utilizes public transport, and accessibility depends on the service. Compliance with the service 

schedule thus makes it possible to minimize delays. In our case study, the second component of the journey 

through the P&R system is an LRT that has priority over private transport. 

On the one hand, each location belonging to the P&R system has different degrees of accessibility 

based on the place from which the passengers originate. However, this difference is not necessarily 

apparent, since the city of Cuenca has the same behavior every working day. To evaluate mobility, which 

consists of people being able to select the mode of travel they consider most appropriate, it is necessary to 

promote the use of P&R with the application of intelligent transport systems that stipulate the traffic 

conditions to reach the destination. Considering all the information in our georeferencing software, it offers 

a more precise level of detail for our monitoring of improvements in accessibility at each origin point. 

Rather, over time, this leads to an increase in incorporating the P&R system with transport planning, 

enabling drivers to schedule the route with technological devices and promoting sustainability to minimize 

travel time. 

We agree that the P&R system can be integrated into travel applications. In other words, from origin 

to destination, most implementations imply modes of transport such as public transport, walking, and 

private cars. It would be important to know the outcome of integrating the P&R system in such a manner 

that users living in areas with poor or no public transport coverage have the option in the urban area to 

change to public transport through the P&R system. 
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Thesis V 

 
I developed a methodology that explores the dynamic accessibility in the P&R system. I developed 

a model that integrates the trip origins of the P&R system as well as the different traffic metrics. The 

conclusion is that accessibility varies according to the traffic volume, whether it is high traffic or low 

traffic. 

 

Three traffic measurements were used: no traffic, low traffic and high traffic in a geo-information 

software and applying hot spots and correlation analysis in order to reveal the dynamic accessibility of the 

P&R system. 

 

Publications related to this chapter: [5][165]. 
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7. Chapter 7: Emission reduction resulting from incorporating 

the Park and Ride and their interaction with electric and 

autonomous vehicles in an urban environment 

7.1  Short Summary 
The P&R system in Chapter 5 demonstrated that it produces a modal split due to the interaction of the 

transport modes involved, which are public transport (PuT), private transport (PT) and P&R. Thus, the 

implementation of a P&R system reduces private vehicle trips from the facility to the CBD and 

consequently increases public transport trips. The aim of this chapter is to determine, through this 

reduction in private vehicle trips (between conventional, electric and autonomous vehicles), the percentage 

reduction in pollutant emissions and it is also necessary to investigate how autonomous vehicles will 

function in the P&R system. In conclusion, transport policies in smart cities should consider the P&R system 

as a fundamental element of mobility and not as an independent element of it. 

 

 

7.2 Introduction, literature review 
To determine the percentage of emissions that can be decreased by implementing a P&R system, the 

COPERT software is used, which is a macro-scale vehicle emissions model developed by the European 

Environment Agency [166]. The software calculation method is based on the basic emission factor and 

shows vehicle emission levels from different countries and regions. The software lets the user enter data 

about the base year, the type of vehicles, the kilometers traveled, the fuel type, and the climatic conditions. 

The final result is an emissions inventory [167], [168]. A study using COPERT was conducted in Ireland, 

which involved modeling the passenger fleet and other road transport categories from 2015 to 2035 to 

evaluate the impact of existing and potential greenhouse gas mitigation policies on CO2 emissions. The 

findings show that the biofuel policy scenario was insufficient to reduce emissions dramatically, while 

adding an electric vehicle (EV) policy could decrease CO2 emissions considerably [169].  

Autonomous vehicles (AVs) depend on both automation levels of the Society of Automotive Engineers 

(SAE) present in the traffic stream and the percentage of AVs in the total traffic flow (AV penetration). AVs 

will decrease or even totally eliminate human factors from traffic flow, which are believed to increase road 

capacities’ resulting in less congestions [170]. Studies on motorways in the USA showed that automated 

vehicle penetration of 90% of the total traffic would reduce both delay and fuel consumption by 60% and 

25%, respectively [171]. A Tokyo city model study showed that AVs are expected to replace about 7–10% 

of conventional vehicles [172]. The initial estimations on GHG emission reduction for AVs can be expected 

from a minimal impact to 80% reduction by 2050 for light-duty vehicles. The most significant emission 

reduction by AVs is the change in the mobility model [173]. As mentioned above, fuel consumption can be 

reduced by eco-driving, which isfaster and has relatively lower costs than changing the whole fleet to more 

advancedvehicles [174]. 

Electric vehicles (EV) offer another solution to reduce GHG emissions in the transport sector. EVs are 

still considered zero-emission vehicles by the European law, even if the indirect emissions associated with 

electricity production might be high [175]. Shen et al. show that the benefits of battery electric vehicles 

(BEVs) will be significant with 60–70% lower emissions than that of internal combustion engine vehicles, 

and 10–40% lower than 2030 advanced hybrid electric vehicles (HEVs) [176]. Several studies conducted 

well-to-wheels (WTW) analysis to compare EVs and different types of vehicles. Ke et al. found thatBEVs 
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can significantly reduce WTW carbon dioxide emissions compared with conventional engine vehicles [177]. 

Orsi et al.’s WTW analysis showed that EVs could produce nearly zero CO2 emissions, but their cost 

remains significantly higher than that of conventional vehicles and HEVs [178]. 

 

A mobility policy in the smart cities of the future will be the implementation of autonomous vehicles. 

However, there are also transport infrastructures and even policies to reduce emissions, such as the 

deployment of electric vehicles and the use of P&R system. There is a gap in the literature review on how 

autonomous vehicles combined with other mobility policies can reduce pollutant emissions. The result will 

provide a tool for planners and researchers on mobility policies to be developed in the future on reducing 

pollutant emissions by implementing autonomous and electric vehicles combined with P&R. 

 

7.3 Methodology for the calculation of emissions 
To determine the emissions generated by a private vehicle according to the number of trips, the 

COPERT software developed by the European Environment Agency is used. The process of how to 

calculate the emissions in the software is explained in detail in Figure 7.1[179]. 

 
Figure 7.1 COPERT model estimation procedure 

The methodology for estimating emissions by the COPERT program covers exhaust emissions of CO, 

NOx, NMVOC, CH4, CO2, N2O, NH3, SOx, PM. The following decision tree, Figure 7.2, is developed by 

Leonidas Ntziachristos et al. [180], [181], which gives us an idea of what outcomes to expect. In our case, it 

is Tier 3. The Tier 2 approach considers the fuel used by the different vehicle categories and their standard 

emissions through an algorithm.  

 

 
Figure 7.2 The decision tree for COPERT [180], [181]. 
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The second part of the concerns emission reduction by reducing the number of motorized private trips 

to the CBD for implementing the P&R system through the COPERT program.  

 

7.3.1 Tier 1 

Algorithm for calculating the general exhaust emissions is: 
𝐸𝑖  =  Σ𝑗  (Σ𝑚  (𝐹𝐶𝑗,𝑚  ×  Σ 𝐸𝐹𝑖,𝑗,𝑚))  7.1 

where: 

Ei = Emission of pollutant i [g]; 

FCj,m = Fuel consumption of vehicle category j using fuel m [kg]; 

EFi,j,m = Fuel consumption-specific emission factor of pollutant i for vehicle 

category j and fuel m [g/kg]. 
 

The equation considers different vehicle classes (PC, LCV, HDV, and L-category vehicles), which 

require fuel consumption/sales statistics to be split by vehicle classes. 

The Tier 1 approach requires related fuel data, volumes of fuel sold for road transport use, and the 

sales volumes are separated among the four vehicle classes. This means the sum of each type of fuel sold 

is equal to the sum of the fuel consumed by the four different classes: 
𝐹𝐶𝑚  =  Σ𝑗(𝐹𝐶𝑗,𝑚)  7.2 

7.3.2 Tier 2 

According to emission control laws, the Tier 2 methodology subdivides the four main vehicle classes 

into sub-classes with different emission standards and into different technologies. Tier 2 uses the kilometers 

travelled for each vehicle parameter divided by the emission factor for each subclass. 
𝐸𝑖,𝑗  =  Σ𝑘  (< 𝑀𝑗,𝑘 > ×  Σ𝐸𝐹𝑖,𝑗,𝑘)  7.3 

or 
𝐸𝑖,𝑗  =  𝛴𝑘  (𝑁𝑗,𝑘 × 𝑀𝑗,𝑘  ×  𝐸𝐹𝑖,𝑗,𝑘)  7.4 

where: 

<Mj,k> = Total annual distance driven by all vehicles of category j and 

technology k [veh-km]; 

EFi,j,k = The technology-specific emission factor of pollutant i for vehicle 

category j and technology k [g/veh-km]; 

Mj,k = Average annual distance driven per vehicle of category j and 

technology k [km/veh]; 

Nj,k = Number of vehicles in the nation’s fleet of category j and technology 

k. 
 

Tier 2 traffic data are usually available from the national statistics offices of each country. International 

statistical organizations also offer such data. The COPERT website provides detailed data for both vehicle 

stocks for all EU-28 and annual distance driven per vehicle class. 
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7.3.3 Tier 3 

In Tier 3 methodology, emissions are calculated using a combination of fixed technical data and 

activity data. The methodology is to estimate the summation of hot emissions and cold emissions. Hot 

emissions are pollutants that are emitted when the engine is operating at an average temperature. Cold 

emissions are pollutants that are emitted during the warming up of the engine. Calculation of cold 

emissions is essential, since the concentration of emissions of some pollutants is much higher during the 

warming-up phase. 
𝐸𝑇𝑂𝑇𝐴𝐿 = 𝐸𝐻𝑂𝑇 + 𝐸𝐶𝑂𝐿𝐷  7.5 

where: 

ETOTAL = Total emissions [g] of any pollutant for the spatial and temporal resolution of the 

application; 

EHOT = Emissions [g] during stabilized (hot) engine operation; 

ECOLD = Emissions [g] during transient thermal engine operation (cold start). 
 

A different equation to calculate emissions is to consider driving conditions of the road type is shown 

in the equation below; where EURBAN, ERURAL, and EHIGHWAY are the total emissions in grams of any pollutant 

for the particular driving conditions. 

𝐸𝑇𝑂𝑇𝐴𝐿  =  𝐸𝑈𝑅𝐵𝐴𝑁  + 𝐸𝑅𝑈𝑅𝐴𝐿  + 𝐸𝐻𝐼𝐺𝐻𝑊𝐴𝑌  7.6 

Hot emissions depend on several factors (distance travelled, speed, vehicle age, power, and weight of 

engine). 
𝐸𝐻𝑂𝑇:𝑖,𝑘,𝑟  =  𝑁𝑘  ×  𝑀𝑘,𝑟  ×  𝑒𝐻𝑂𝑇:𝑖,𝑘,𝑟  7.7 

 

𝑒𝐻𝑂𝑇:𝑖,𝑘,𝑟  =  ∫ [𝑒(𝑉) × 𝑓𝑘,𝑟 (𝑉)] 𝑑𝑉  7.8 

 

where: 

EHOT;i,k,r = Hot exhaust emissions of the pollutant i [g], produced in the period 

concerned by vehicles of technology k driven on roads of type r; 

Nk = Number of vehicles [veh] of technology k in operation in the period 

concerned; 

Mk,r = Mileage per vehicle [km/veh] driven on roads of type r by vehicles of 

technology k; 

EHoT;i,k,r = Emission factor in [g/km] for pollutant i, relevant for the vehicle 

technology k, operated on roads of type r; 

V = Total emissions [g] of any pollutant for the spatial and temporal 

resolution of the application; 

e (V) = Emissions [g] during stabilized (hot) engine operation; 

Fk,r (V) = Emissions [g] during transient thermal engine operation (cold start). 
 

Cold emissions are calculated as an additional emission over the expected emissions of warmed-up 

hot engines. For the calculation, a factor is applied to the driven vehicle mileage in the cold engine 

condition. The factor is affected by the climate and temperature conditions and the time required to warm 

up the vehicle. The equation below is used to calculate cold emissions. 
 

𝐸𝐶𝑂𝐿𝐷:𝑖,𝑗  =  𝛽𝑖,𝑘  ×  𝑁𝑘  ×  𝑀𝑘  ×  𝑒𝐻𝑂𝑇:𝑖,𝑘  ×  (𝑒
𝑐𝑜𝑙𝑑/ 𝑒𝐻𝑂𝑇|𝑖, 𝑘 −  1)   7.9 

where: 
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ECOLD;i,k = Cold-start emissions of pollutant i (for the reference 

year), produced by vehicle technology k; 

βi,k = The fraction of mileage driven with a cold engine or 

the catalyst operated below the light-off temperature 

for pollutant i and vehicle technology k; 

NK = number of vehicles [veh] of technology k in 

circulation; 

MK = Total mileage per vehicle [km/veh] in-vehicle 

technology k; 

eHOT:i,k = Hot emission factor for pollutant i and vehicles of k 

technology; 

eCOLD/eHOT|i,k = Emissions [g] during stabilized (hot) engine 

operation. 
 

The P&R system is a mobility planning tool that has evolved over time. Therefore, P&R has been used 

according to the policies and trends that the city requires at the time. Some researchers and planners have 

used it to promote the change to a more sustainable transport mode, such as public transport. In other 

cases, the use of P&R facilities aimed to reduce congestion caused by private vehicles in the CBD; to reduce 

pollution from private vehicles by reducing the number of trips. New technologies, such as electric vehicles 

change the role of the P&R system, including charging stations. Besides, the latest technologies such as 

autonomous vehicles make the P&R system part of daily activities. This section aims to investigate the most 

recent applied studies that researchers recommend concerning combining electric or autonomous vehicles 

with P&R systems. 

The world’s major urban agglomerations have already embraced intermodal tools such as P&R, 

demonstrating a great potential to improve and reduce travel time from an origin to the city center. Some 

cities already have P&R systems in place, and others are in the planning stage. However, these P&R systems 

must be adapted to the new technologies of private vehicles. This seems easy to do, but is more complex, 

because it requires that the P&R system not be seen as an independent element of a city’s transport 

infrastructure [182]. The P&R system can reduce the pollution caused by private vehicles as a result of 

reducing trips to the city center. Also, it is necessary to combine P&R with other environmental policies, 

since P&R by itself cannot reduce pollution. This means restricting access or parking of private vehicles to 

the city center [81]. In the preliminary investigation, the problem of long-term parking in parking areas 

exposed to heatwaves was highlighted. This also affects the performance of electric vehicles with electronic 

components [183].  

The impacts of P&R on travel behavior and daily activity plans of workers and commuters, including 

shopping purposes were investigated by a simulation of autonomous vehicles as part of a multimodal 

system. The P&R system was integrated into the daily activity plans, to determine the size of the required 

autonomous vehicle (AV) fleet to meet a given demand and to study the impacts of AVs on travel behavior 

[92]. It is well known that the implementation of electric vehicles helps to reduce pollution in a city’s urban 

environment. This leads to the implementation of electric vehicle charging stations throughout the city. The 

question arises: what happens or what percentage of pollution is reduced by combining electric vehicles 

and the P&R system? How feasible is it to implement electric vehicle charge stations in P&R system 

facilities? [184]. 

Studies have already been conducted that include P&R services associated with public transport and 

a shared autonomous vehicle system. Results have shown that P&R functionality improves with the 

introduction of autonomous vehicles [80]. The use of electric vehicles (EVs) and P&R can potentially help 
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improve transit accessibility, improve charging, and facilitate EV adoption. A further consequence is the 

reduction of pollution. The result shows that the combination of EVs and P&R can reduce up to 52% of 

carbon emissions. However, a more advanced study for the second part of the P&R trip by public transport 

is needed. That is a combined study of a public transport system equipped with friendly technology. This 

set of policies could help to reduce pollution further in the urban environment of the city [185]. Studies 

develop a deterministic continuous equilibrium model for a mono-centric city to analyze the modal choice 

behavior of travelers in a transport system with electric vehicles and P&R services [186]. 

Even more advanced models have been made that allow the scheduling of large-scale electric vehicle 

charging in P&R systems. The result shows that by installing large-scale recharging systems in the P&R 

system, significant savings in energy system reduction are achieved [187][188].  

 

7.4 Results of a scenario that includes the P&R system 
The result shows a scenario that includes the P&R system, and the variation in the number of trips 

that are reduced was calculated in Chapter 5. Then these data are used in the COPERT software. The result 

shows that the P&R system reduces air pollution by reducing the number of trips from the P&R system to 

the CBD made by private vehicles. 

 

 
Figure 7.3 Illustration of NOx pollution levels caused by vehicle traffic includes P&R  

 

 
Figure 7.4 Illustration of CO pollution levels caused by vehicle traffic includes P&R 
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Figure 7.5 Illustration of CO2 pollution levels caused by vehicle traffic includes P&R 

The graphs in Figure 7.3 - Figure 7.5 show some components of emission produced by vehicular traffic; 

each graph has five components: the one calculated in the mobility plan, one calculated by the software 

COPERT and the three scenarios drawn based on the mathematical model. The first result shows that the 

values presented by the mobility plan and the ones calculated in COPERT are similar in all the graphs. 

There is a difference in the amount because the values obtained from the mobility plan are based on data 

of weather stations located in the city of Cuenca that collect real values of the climate and daily traffic 

conditions throughout the year. While the use of the COPERT software represents the calculation under 

pre-established conditions such as the weather within a full month. The second point is that in any 

theoretical scenario, the P&R system reduces the pollution levels in all the components due to a reduced 

number of trips by private vehicles. This reduction is due to the change to a more sustainable transport 

mode for private vehicle users, thus switching to public transport in the P&R system reduces the pollution 

produced by vehicle traffic in the urban area. The components that are reduced and must be taken into 

consideration are nitric oxides (NOx), carbon monoxide (CO), carbon dioxide (CO2). Thus, the hypothesis 

that the P&R system can reduce the pollution caused in the urban area of a city is proven through the 

development of this model. 

The mathematical equations proposed by Aros-Vera and Cavadas (studied Chapter 5) and adapted 

for our study provide the percentage of trips that could be decreased by the P&R system when it is 

implemented, as well as the COPERT software allows the validation of the initial hypothesis that the P&R 

system permits to reduce the pollution caused by private vehicles in the city center. 

 

7.5 Interaction of P&R with electric vehicles and autonomous vehicles 
Using the COPERT formula, two investigations were carried out, the first integrating electric vehicles, 

and the second autonomous vehicles to measure how pollution levels could be reduced by the P&R system. 

Scenario I 

Scenario one involves using the P&R system and testing how much it could reduce pollution. The 

percentage of trips that can be reduced has already been proven in seccion 7.4 

Scenario II 

Scenario II corresponds to using the data from Scenario I. In other words, using the P&R but now 

adding the percentage of vehicles in the fleet that are electric. This information on the percentage of vehicles 

is given in the SUMPs of each city for long-term planning. In this scenario, we will use a measure replacing 

20% of the fleet. 
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Scenario III 

Autonomous vehicles using P&R (AV+P&R): This represents the replacement of 20% of conventional 

vehicles by autonomous vehicles, and a proportion of the whole vehicles fleet is supposed to use P&R 

facilities. This modifies the modal split, and reduces trips to the city center, which according to several 

studies can be 10%,  

Scenario IV 

Autonomous electrical vehicles using P&R (AEV+P&R): This represents the replacement of 20% of 

conventional vehicles by autonomous vehicles, with a 10% of them electric vehicles. 

 

The results produced by the COPERT program are shown below in Figures (7.6-7.8). The first data is 

the data stipulated in the SUMP of the city, and the second data is the data calculated by the software under 

the same conditions using the current situation and then, the results of the scenarios are shown. 

 

Figure 7.6 Illustration of NOx pollution levels caused by vehicle traffic according to multiple scenarios 

 

 
Figure 7.7 Illustration of CO pollution levels caused by vehicle traffic according to multiple scenarios 
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Figure 7.8 Illustration of CO2 pollution levels caused by vehicle traffic according to multiple scenarios 

Table 7.1 Percentage of reduction for each pollution component 

 Nox CO CO2 

P&R 16% 16% 20% 

P&R + EV 39% 38% 42% 

AV + P&R 20% 10% 13% 

AEV + P&R 34% 34% 35% 

 

Table 7.1 shows the comparison between scenarios. Thus, the second scenario, which introduces 

electric vehicles, improves environmental conditions by reducing pollution. The third scenario presents a 

significant improvement; however, the second scenario is still more promising. However, when comparing 

autonomous electric vehicles and autonomous vehicles when using the P&R system, it was found that the 

P&R system has a large impact on the reduction of the three emissions considered. The policy that most 

strongly help reduce pollution is the one that leads to a mode shift to a more sustainable mode of 

transportation, such as the public transportation system through the P&R system. The transition to 

autonomous electric vehicles may take a long time to implement due to the need for major changes in the 

fleet and infrastructure of transport. 

Another aspect was the addition of the daily activity of the P&R system to the autonomous vehicles. 

The preferences of travelers determine the utility of daily activity plans. Decision-makers can affect the 

preference of travelers when they force private car users to use P&R facilities as a way of decreasing traffic 

in city centers. The P&R system has been shown to be effective in reducing uninterrupted increases in traffic 

congestion, especially in city centers. Moreover, autonomous vehicles (AVs) are a promising technology 

for the coming decade. A simulation of the AV as part of a multimodal system, when the P&R system was 

integrated in the daily activity plans, was carried out to determine the required AV fleet size needed to 

fulfill a certain demand and to study the impacts of AVs on the behavior of travelers (trip time and 

distance). Specifically, travelers, who use private cars as their transport mode, was studied, and certain 

modifications to their daily activity plans, including P&R facilities and changing their transport mode, were 

introduced.  

Using the MATSim open-source tool, four scenarios were simulated based on the mentioned 

modifications. A simulation of the travelers, when P&R facilities were included in their activity chain plans, 

and a simulation of their daily activity plans, when both P&R and AVs were included in their activity chain 
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plans. The result showed that using the P&R system increased overall travel time, compared with using a 

private car.  

The P&R facilities were assigned to travelers based on the routing algorithm (Google API), and they 

were included in the activity plans of travelers. The “configuration file” that was used by MATSim was set, 

and a new activity (P&R) was added to the activity chain.  

Table 7.2 shows that the average leg distance was 2.5 km, and the average trip time was 33.4 minutes. 

The total travel time includes the trip time multiplied by the number of legs, added to the time for parking 

vehicles at the P&R facility, which was randomly distributed between 3 to 6 minutes. The result was 100.6 

plus 4.5 minutes for the parking process time, which was 105.1 minutes. 

 
Table 7.2 Mobility indicators of the travelers in scenario  

Average leg distance 

(km) 

Average trip time 

(minutes) 

Total daily travel time  

(minutes) 

2.5 33.4 105.1 

 

The travelers used autonomous vehicles to reach the nearest park-and-ride property, and then they 

used the nearest public transport facility. The simulation produced 750 AVs, and this fleet of AVs were 

required, as a minimum, to fulfill the generated demand for the movement of travelers, who travel for work 

or shopping activities. Additionally, Table 7.3 presents the results of the simulation. The trip time was 18.2 

minutes, the 95th percentile of the waiting time was 10 minutes, the occupied time was 748.3 hours for the 

AV fleet, and the pick-up and drop-off times for the travelers were 43.4 and 86.8 hours, respectively.  

 
Table 7.3 Trip time components of the travelers for scenario, when an AV fleet was used. 

Fleet 

size 

(units) 

Average 

trip time*  

(minutes) 

Average 

waiting 

time* 

(minutes) 

95th 

percentile of 

the waiting 

time* 

(minutes) 

Occupied 

time**  

(hours) 

Empty 

driving 

time**  

(hours) 

Drop off 

time ** 

(hours) 

Pick up time** 

(hours) 

750 18.2 3.4 10.0 748.3 146.8 43.4 86.8 

*Minutes per trip, ** Vehicle hours per day. 

AV travelers are not required to care about parking the AVs, because they park themselves or go to 

serve another order, which means savings in terms of the time spent in the parking process.  

 
Table 7.4 Trip time comparison of conventional modes and AVs. 

Scenario  Total average daily 

trip time (minutes) 

Total average 

waiting time 

(minutes) 

Total parking 

time (minutes) 

Existing condition with P&R  105.1 - 4.5 

P&R and AVs 54.8 10.2 - 

Scenario Existing condition with P&R showed an increase in the travel time. This increase was 

produced because the travelers used the public transport mode and diverted to the shortest path to the 

destination, and the parking process time was added. The extra 4.5 minutes can be reduced by managing 

the P&R facilities. 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. Finally, the simulation of 
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scenario P&R and AVs showed that the travel time of scenario (2) could be reduced if personal cars were 

replaced by AVs.  

In that regard, AVs were used as a replacement for cars, and the P&R system was integrated into the 

daily activity plans of travelers. AVs were used as a feeder system to public transport, and the result was a 

reduction in the travel time of 38.4%, compared with the existing transport mode with P&R scenario. Thus, 

the P&R system increases travel time, decreases the number of vehicles inside a city center, decreases 

congestion resulting from the parking search process, allows travelers to avoid using expensive parking 

inside the city center, and generally increases the daily utility of travelers. 

 

7.6 Conclusion  
The future of transportation regarding the P&R system entails studying the means of transportation 

involved, such as private and public transport. In other words, if the infrastructure is already in place or a 

P&R system is to be planned, it involves studying electric and autonomous vehicles and their interaction 

along the route of the P&R system. Besides, smart cities in the future will be connected to transportation 

systems and P&R systems. In other words, applications regarding travel within a city currently show the 

routes or combinations of routes that generate the shortest time from an origin to a destination. For 

example, the application shows the best route by car or bus from home to work and, in the best case, the 

amount of walking. However, there is no application that a private vehicle user can use to get the 

information from the P&R route and ascertain whether there is a parking space and the connection to public 

transport through the travel application. We believe that, in the future, researchers and planners will be 

able to include the P&R system within the routes of travel as well as the real-time capacity of the P&R. 

Whether a private electric vehicle user can charge their vehicle in the P&R system should also be included. 

How the P&R system will function in the future arises with the advent of autonomous vehicles. Future 

research should consider the P&R system as a facility that is part of mobility, not a separate element. 

The model verifies that the implementation of the P&R system reduces pollution caused by private 

vehicles in the city center. It is important to mention that the reason for this is the reduction in the number 

of trips made by users of a private vehicle. Typical users live outside the city and make daily use of the 

vehicle for work and shopping. Therefore, we can state that the willingness of users to switch to a more 

friendly transport mode is not sufficient, but rather has a close relationship with costs. Thus, a variation in 

the cost of the P&R system can change the modal split produced by transport modes involved in our study 

(studied Chapter 5). In our scenario (P&R), the best condition is to reduce the costs of using the P&R system, 

which leads to an increase in public transportation use and reduces the use of private vehicles.  

A limitation is that it has not been modeled how emissions change when more potential users adopt 

the P&R system. Also, the possibility of mixing electric and conventional public transport vehicles has not 

been discussed either. 

Future research could include a method that provides for real-time traffic and pollution simulations. 

Besides, driving styles and other types of vehicles, such as electric vehicles, could be included to further 

reduce pollution levels. 
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Thesis VI 

I proved that combining the P&R system with autonomous vehicles will reduce travel times and 

pollution. I found that combining the P&R system with electric vehicles will reduce pollution. I 

predicted travel times and pollution levels when P&R is combined with autonomous vehicles. The 

conclusion is that the P&R system can reduce pollution emissions and when P&R is combined with 

electric vehicles and autonomous vehicles, the pollution levels produced by a private vehicle are 

significantly reduced. 
 

The combination of the P&R system with electric vehicles and autonomous vehicles maximizes benefit 

policies. Due to the reduction in the number of trips produced by the use of the P&R system, emissions 

from private vehicles are reduced. For this thesis we used two softwares called COPERT and MATSIM that 

allow us to enter the data from Chapter 5. 

 

Publications related to this chapter: [5][92][189][190][135]. 
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8. Chapter 8: Overall conclusions and directions for future 

study 

The transport policies established in the mobility plans are intended to be established in the short, 

medium, and long term. The policies established are the management tools with which local governments 

are equipped to structure their mobility policies based on general objectives of improving environmental 

quality, competitiveness, safety, and a smart city model that incorporates information and communication 

technologies to achieve the sustainability of the urban system.  

Cities have undergone major social, demographic, cultural, and economic changes in recent decades 

that have clearly influenced mobility patterns. Factors such as population growth, rising incomes, the 

development of consumer markets, population dispersion, and new urban developments have led to 

increasing motorization, the consequences of which, initially aimed at solving unique needs, have 

generated new challenges to be faced.  

Congestion has become an endemic disease in cities and is representative of a wide range of 

externalities: air pollution, noise pollution, energy consumption, impact on health, deterioration of 

common spaces, economic cost, loss of competitiveness, social exclusion.  

One of the measures found in the mobility plan to mitigate congestion problems and improve the 

city’s orderliness is parking policies, and among this parking policies are P&R policies. In particular, P&R 

transport over time has been viewed as a separate mobility policy. Studies on how to plan the P&R system 

have been conducted in isolation, i.e., some studies have started by studying the location, others by 

studying its demand, and still others by studying its implementation. The P&R system has an essential 

feature that allows for a mode shift from private vehicle to public transport. It is designed for those users 

who are far from the urban area and the coverage of the public transport service is scarce or non-existent. 

This transport policy by reducing the number of vehicles circulating in the central area could reduce the 

number of trips and in turn reduce pollution. It can also be combined with new private vehicle technologies, 

represented by electric and autonomous vehicles. 

To understand and study the complexity of the P&R system, it was necessary to conduct a 

comprehensive study focused on the current and future timelines of the P&R system. This study, as a first 

point, determined the origins or points of origins of the trips produced by the P&R system based on land 

use. These trip origins are the preamble for planning a P&R system that by means of an algorithm that 

determines the nearest facility either in terms of distance or traffic. Thus, these P&R system facilities are 

already in place or, if it is desired to implement them, a study using linear equations was developed to find 

the location. Continuing with the research, it was necessary to know which aspects are relevant when 

implementing a P&R system from the experts’ point of view, that is to say, to determine the criteria and by 

means of multicriteria methods to know that the accessibility of public transport is relevant. Knowing how 

to represent the catchment area of the P&R system in the urban environment helped to explore the coverage 

of the system. That is, to know if the coverage area could cover even the points of origins established as a 

first preamble. Continuing with the study, the demand of the system had to be determined, i.e. the set of 

most relevant facilities is had to be identified. The potential demand can be accommodated by the P&R 

system. In that case, a split model was also generated to determine the reduction of trips from the facility 

to the city center. This percentage was entered through software to determine the percentage of pollution 

to be reduced by the P&R system. In addition, this was combined with new technologies to replace 

conventional vehicles, such as electric and autonomous vehicles. It was also found that the percentage of 

pollution to be reduced increased.  

The methods developed here may have a considerable impact on the sustainability of cities, as some 

cities have already implemented the P&R system and would benefit from introducing electric and 
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autonomous vehicles with the P&R system. In contrast, other cities wish to implement the system; 

therefore, the first chapters, such as determining trip origins, are useful for them. Throughout this research, 

new discoveries through the development of new methodologies have been made. 

This thesis sought to address the P&R system as part of a city’s mobility and not as an isolated system. 

At the same time, it aimed to prove that the P&R system is a tool that reduces pollution and congestion, 

and its application should be considered in our times and in the future through the interaction with new 

technologies and the reduction of pollution. 

 

8.1 New scientific results 
1. I found that land use and trips to the P&R system are linked. I developed a model that includes a 

linear regression for the location of the P&R system and an algorithm that allows linking trip purposes in 

different traffic measures to the P&R system. The conclusion is that the location of the P&R system affects 

the potential users at the time of travel. In addition, the points of origin of travel intentions to the P&R 

system are for business and work purposes. 

 

 
Figure 8.1 Concept of P&R. 

The results show that the SUMP can be seen as a manual for local government to develop future 

mobility and transportation policies in the short, medium and long term. Transportation and parking 

policies are established for the P&R system. In addition, the P&R system can be used as a source for data 

collection.  

 

 
Figure 8.2 Theoretical analysis of an origin to a destination through the P&R system 

The results show that the trip origins of the P&R system are for work and shopping purposes. 

Furthermore, through an algorithm, these origins of the P&R points choose the closest facility in terms of 

distance and in terms of traffic, the one that takes the least time. I found that activities such as agriculture 



Chapter 8: Overall conclusions and directions for future study 

   

93 

 

and education should be ruled out in a study of the origins of travel in the P&R system. In addition, a linear 

regression was applied to determine the location of the Park and Ride system. 

 

Figure 8.3 Composition of origin and destination points on a theoretical trip through the P&R system 

2. I have defined a set of criteria and sub-criteria for P&R system placement. I have elaborated a survey, 

a decision tree and finally applied several multi-criteria methods. The conclusion is that the most important 

criterion for establishing a P&R system is the factor of accessibility to public transport. 

 

 
Figure 8.4 Criteria and sub-criteria to P&R location. 
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Figure 8.5 Definition and main criteria regarding the location of P&R. 

 

Figure 8.6 Sub-criteria and description of the sub-criteria of the P&R location problem. 

The approach is determined by the hierarchical criterion structure, in which criteria of the same 

category from the decision criteria tree chosen by the expert assessors are compared in pairs (see Figure 

8.7). 
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Figure 8.7 The hierarchical criterion structure of P&R location. 

The results show that public transport accessibility is one of the most important criteria for locating the 

P&R system. That is to say that the planning of the P&R system should be in accordance with the planning 

of public transport. For the first time, a classification of criteria and sub-criteria is carried out using three 

multi-criteria methods. In other words, it is known first hand what is most important to take into 

consideration in the planning of the P&R system. 

 

3. I examined the approaches to the orientation of the catchment area of the P&R system to prove the 

method I developed is more realistic. I created a Geoinformation model to map the catchment area of each 

facility belonging to the P&R system. The conclusion is that the new approach to the catchment area of the 

P&R system makes it possible to evaluate the area the P&R system could cover in a more objective way. 

 
Figure 8.8 The result of using the parabola method based on orientation according to the main access. 
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The parabola method was used; however other methods such as the market area and the shape of the 

circle are also used, as shown in the Appendix. Since the parabola method gives us a new approach to 

analyze the coverage area of the P&R system, it is appropriate to show in this thesis that the new approach 

allows us to analyze the coverage area of the P&R system in a more realistic way. 

 

4. I have applied a new perspective to the mathematical optimization of a P&R system to estimate the 

potential demand. I have performed an optimization that reveals the potential modal split between private 

vehicles, public transport and P&R. In conclusion, the potential demand varies according to the travel costs 

for each transport mode. 

 
Figure 8.9 The main steps for the Integrated Model of the Park and Ride (P&R) (Source: own). 

The results show that the development of a mathematical optimization reveals which P&R will have 

the most users and thus can be planned. Through a mathematical optimization, the potential demand was 

determined. This potential demand varies according to the cost of traveling by public transport, private 

transport and using the P&R system. 

 

5. I developed a methodology to explore the dynamic accessibility in the P&R system. I developed a 

model that integrates the trip origins of the P&R system as well as the different traffic metrics. The 

conclusion is that accessibility varies according to the volume of traffic, whether it is high traffic or low 

traffic. 

 
Figure 8.10 Hot Spot analysis – heavy traffic. 
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Figure 8.11 Dynamic accessibility analysis of the P&R system – heavy traffic. 

Three traffic measurements were used: no traffic, low traffic and high traffic in a geo-information 

software and applying hot spots and correlation analysis, which reveal the dynamic accessibility of the 

P&R system. 

 

6. I proved that combining the P&R system with autonomous vehicles will reduce travel times and 

pollution. I found that combining the P&R system with electric vehicles will reduce pollution. I predicted 

travel times and pollution levels when P&R is combined with autonomous vehicles. The conclusion is that 

the P&R system can reduce pollution emissions; and when P&R is combined with electric vehicles and 

autonomous vehicles, the pollution levels produced by a private vehicle are significantly reduced. 

 

 
Figure 8.12 The decision tree for COPERT 
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Figure 8.13 Analysis of a complete P&R system study 

The results prove that new technologies applied to conventional vehicles can interact with the P&R 

system. Thus, new technologies such as electric vehicles and autonomous vehicles help the P&R system to 

develop in the future. The combination of the P&R system with electric vehicles and autonomous vehicles 

maximizes benefit policies. Due to the reduction in the number of trips produced by the use of the P&R 

system, emissions from private vehicles are reduced. For this thesis, two softwares programs COPERT and 

MATSIM were used; which enable us to enter the data from chapter 5. 

 

8.2 Application of scientific results 
1. The P&R system is part of the mobility of a city and not an isolated element, and it is also an interchange 

point between private and public transport. In turn, it is used by people who want to go to the city’s 

economic center, and the public transport service in their place of residence outside the urban area is 

limited or non-existent. In other words, local governments such as municipalities, through this study, 

can integrate the P&R system into the mobility elements, regardless of whether they intend to 

implement the P&R system or to improve it. Understanding the trip origins of the P&R system allows 

identifying the areas and user groups that would be willing to use the P&R service. 

2. The SUMP is not only a guideline. It is also a set of measures to rationalize citizens’ trips and make 

them safer, more efficient, and sustainable. It contains policies to be drawn up in the future, such as the 

P&R system, data on travel zones, land use, number of vehicles, and the composition of the vehicle 

fleet that can be used as an instrument for data collection. 

3. When proposing a P&R system, it is essential to know which aspects should be considered according 

to experts. In this sense, the main criteria should be the accessibility to public transport. To guarantee 

the connectivity of the public transport allows the intramodality between modes of transport involved 

in the P&R system. In this case, it emerges that the P&R system should be planned in combination with 

public transport and should not be considered in an individual context to implement the P&R system. 

4. The representation of the catchment area of the P&R system allows us to know the scope of the facility 

for potential users. The new catchment area proposal suggests a more realistic approach according to 

the direction of the main access to the users. Using this method, the catchment areas will not to be 

superimposed on another one; thus, the same facility is not in competition with each other, but rather 

its distribution is better. 

5. For calculating the potential demand, it is fundamental to know which P&R system facility should be 

developed first. As part of the planning, this means knowing which P&R of a set of locations will 

produce an increase in public transport and a reduction of conventional vehicles. In addition, by 

estimating the cost of the modes of transportation involved, transportation policies can be established 

to promote the use of the P&R system in conjunction with public transport. 
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6. Verifying dynamic accessibility in different traffic metrics reveals if users from the origin points of the 

P&R system trips change their preference when choosing a facility. In addition, it also shows whether 

they are more likely to use the P&R system in various traffic conditions. Also, accessibility from within 

the city to each P&R can be measured. 

7. Understanding whether the P&R system decreases pollution in a theoretical way leads to its use as a 

planning tool that reduces trips from the facility to the destination and thus decreases pollution. As a 

transportation policy, this can be used in the future. 

8. The analysis of the interaction of P&R with electric vehicles and autonomous vehicles demonstrates 

how these new technologies will improve the P&R system and how to interpret their interaction. With 

this method, the P&R systems can be kept functional as well as their operation in the future can be 

guaranteed. 

 

On the whole, this study is a guideline to plan the P&R system from trip origins to the interaction with 

autonomous vehicles based on scientific evidence. In addition, transportation planners and researchers can 

discover where they are in the planning process and use the proposed methodologies to be studied in each 

area. Thus, the integral model fulfills the real-life function of being a research tool that can be used by 

transportation planners. 

 

8.3 Scope for the future study 
1. Thesis 1– The SUMP can be used as a source of data collection and in turn from the future transport 

policies in the short, medium and long term can be adapted according to the needs of the city. In other 

words, the P&R system can be implemented or improved. It shows how to realize and develop in the future 

combined trips in an application for the P&R system in various traffic conditions. Then it will be possible 

to know which route from origin to destination using the P&R system is the most optimal one. 

3. Thesis 2 – Through this, it is possible to determine what criteria are necessary for the planning, and 

to plan public transport in coordination with the planning of P&R systems. In the future, planners will be 

able to apply the same methodology by using or modifying the criteria according to the type of city. 

4. Thesis 3 – It helps to analyze the complexity of the system by the catchment area. The catchment 

area could be studied dynamically to decide how the area behaves throughout the day according to 

measures such as traffic. 

4. Thesis 4 – It helps to determine the demand. In the future, the optimization should include more 

variables to ensure greater precision. 

5. Thesis 5 – The dynamic accessibility Method gives real information, so in the future the P&R system 

should be included in the navigation applications. In other words, a user with a private vehicle will be able 

to have intermodal information between the private vehicle and the P&R system to opt for public transport. 

This new configuration could be useful in cities with high traffic in the city center. 

6. Thesis 6 – The P&R system reduces pollution caused by private vehicles, it would be helpful to see 

in the future the combination of the P&R system with other modes of transportation such as bicycles in the 

urban area to further reduce congestion and thus pollution. The interaction of electric and autonomous 

vehicles with the P&R system could be explored. In future research on electric and autonomous vehicles, 

there is still much scope to explore such as pollution reduction, the use of intelligent transportation systems, 

and electric charging systems. 
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Appendix A 

A.1 Parabola Method 

The steps and equations used to calculate the area extent of the parabola and to represent them in GIS 

are the following: 

Step 1. Define a parabola by surrounding the P&R facility oriented towards the principal network 

access. A minor complicating feature of the associated parabola in practice is that a P&R facility is not likely 

to be horizontal or vertical, as the parabola can be rotated around the location of the P&R facility toward 

the user’s travel direction, in other words, in the direction of the main road access of the facility [129]. 

Step 2. Determine the maximum reachable distance of the P&R facility. As noted previously, the 

parabolic catchment area approach assumes that users have the same degree of accessibility to the facility. 

Then, determine parameters p (1) and (2), which represent the distance from the vertex (h, k) to the focus 

(h, k+p)—in other words, the distance users are willing to travel to reach a facility. Vertexes (h, k) are the 

coordinates of the P&R location determined by ArcGIS. 

The following equations represent a parabola: 

(𝑥 − ℎ)2 = 4𝑝(𝑦 − 𝑘)                                           
Appendix Equation 1 

(𝑦 − 𝑘)2 = 4𝑝(𝑥 − ℎ)                                                                     
Appendix Equation 2 

The parabola is rotated about the location of the P&R facility toward the user’s travel direction or major  

road. For this example, we can see in Appendix Figure 1, h, k are the coordinates of the P&R location. 

p represents the distance from the vertex (h, k) to the focus (h, k+p), which is the distance that users are 

willing to walk to reach a facility [191]. 

Data: (h, k) = (2.8, 78), p = 2000 m 

Equations: 

(𝑥 − 2.8)2 = 8000(𝑦 − 78)                                                                      
Appendix Equation 3 

 (𝑦 − 78)2 = 4𝑝(𝑥 − 2.8) 
Appendix Equation 4 

 The difference between Appendix Equation 3 and Appendix Equation 4  is that 3 is oriented around the 

y-axis, and 4 is oriented around the x-axis. Essentially, both equations can be used, and the parabola will 

be oriented towards the principal network access.  

 

Appendix Figure 1 A graph of the parabola components 
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Step 3. Calculate the extent of the catchment area. This method calculates the area of the parabola 

using the command “calculate geometry” in the ArcGIS software. 

Additionally, our method is a general approach of the use of parabola equations in which the 

maximum distance and travel time are defined as each suitable point of the boundary area. This area 

defines the catchment area, and is also considered as suitable parking lots of the P&R system. 

 

A.2  Circle method 

The steps and equations used to calculate the area extent of the circle and represent it in GIS are the 

following: 

Step 1. Define the circle surrounding the P&R facility. The center of the circle indicates the coordinates of 

the location of the facility.  

Step 2. Determine the maximum radial distance to the facility. This approach is based on the literature and 

assumes that users have the same degree of accessibility to the facility. The maximum length of the radius 

can be between 1 km and 3 km. The value of the distance depends on the result of the survey developed 

by Hamilton [192], based on peoples’ willingness to use P&R systems.  

Step 3. Identify the catchment area. This method calculates the area of the circle using the command 

“calculate geometry” in the ArcGIS software. 

(𝑥 − ℎ)2 + (𝑦 − 𝑘)2 = 𝑟2                                                                   Appendix Equation 5 

where r represents the distance from the P&R location to the maximum catchment area, which is the most reachable 

distance that users are willing to travel to reach a facility, and h, k indicates the coordinates of the location of the P&R. 

 

A.3 Market Area Method 

The market area method uses GIS software and the ArcGIS Network Analyst extension to calculate 

market areas, which are spatially represented as irregular polygons whose boundaries include the travel 

time from the closest road network to a Park & Ride facility. A market area is a surface over which a demand 

offered at a specific location is expressed, thereby generating a spatial dimension with the necessary data, 

such as distances or travel times from the P&R facility to urban zones. A market area is relatively simple to 

calculate with a reasonable level of accuracy. The GIS software and the ArcGIS Network Analyst extension 

have become fundamental tools to calculate market areas [193]. For instance, a network service area is a 

region that encompasses all accessible streets to reach the facility in a measured time. This method is based 

on the parameter Travel time, and its results describe a better level of accuracy than the geometric shape 

method. The following table describes how to calculate the catchment area of a P&R system via the market-

area method: 
Appendix Table 1 Steps for calculating the catchment area of the P&R by the market-area method. 

 Calculation of the market-area for each P&R facility 

Input: City zone spatial data, P&R location data, set of road network data. 

Output: Market-area for each facility. 

Steps:  

1 Create a network dataset in a geodatabase using street map  

2 Active the Network Analyst window for the road network data in ArcGIS. 

3 Load the location of the P&R facilities’ shapes. 

4 Setting up the parameter travel time for the analysis. 

5 Run the process to compute and generate polygons for each facility. 
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6 The outer and inner service area breaks switch colors, thus clarifying which areas the travel time 

minute breaks cover. 

A.4 Dynamic accessibility method 

The dynamic accessibility method determines the level of accessibility measured over a period of time. 

In other words, it determines how dynamically accessible a facility could be to catch potential users and 

how far it is from alternative facilities. The Google Maps Directions API Service provides information about 

a route. A route is obtained from an initial location to a specific destination for different transport modes 

and travel times. The Directions Service calculates the traffic conditions with no traffic, low traffic, and high 

traffic. This method is based on non-real-time data, but on average traffic situation in the mentioned three 

situations. Finally, dynamic accessibility is interpreted for a set of graphs of travel time and distance. The 

dynamic method solves the limitations of the static methods mentioned above and adds a set of parameters 

to a comprehensive analysis of the catchment area of the P&R system. The following steps allow one to 

develop a dynamic accessibility method: 

Determine the origin coordinates of potential trips to the P&R. 

Determine the P&R facility coordinates, which are considered as the destination points. 

Calculate the nearest P&R facility in the network. 

Calculate the travel time and accessibility level for each zone. 

A.5 Data 

The SUMP provides the following data and metrics: Appendix Table 2 shows the extent of the area of 

each zone.  

Appendix Table 3  identifies a set of parameters for the seven P&R facilities (A–G) in Cuenca, Ecuador, 

such as the number of lots in each P&R facility, and P&R location. 
Appendix Table 2 Value of the area of each zone in Cuenca, Ecuador 

ZONE AREA 

(km2) 

ZONE AREA 

(km2) 

ZONE AREA 

(km2) 

1 9.5 6 0.74 11 6.46 

2 3.4 7 1.22 12 3.2 

3 11.2 8 1.13 13 3.3 

4 5.28 9 2.61 14 5.1 

5 0.6 10 4.03 15 15.7 

 

Appendix Table 3 Location for each P&R. 

ID P&R  Latitude Longitude N lots 

A Control Sur -2.923399 -79.0382343 1603   

B Banos -2.9147923 -79.038227 1002 

C Feria Libre -2.8956061 -79.0268517 2917 

D Canirabamba -2.9066296 -79.0293574 1170 

E Totoracocha -2.897063 -78.9902306 2216 

F Aeropuerto -2.8861158 -78.9929826 1475 

G Parque Industrial -2.881886 -78.9776599 3369 

A.6 Results 

Geometric Shape Method 

The Geometric Shape Method represents the catchment area of the P&R system and  

Appendix Table 4 show the parabola method results, while  

Appendix Table 4 show the circle method with two distance values (1 km and 3 km). 
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Appendix Table 4 shows the numerical results of the catchment area for each P&R facility using the 

geometric shape method. The results of the calculation of the catchment area of P&R (A) depend on the 

type of method used—for example, 1.63 km2 for the parabola method and 1 km2 and 3 km2 for the circle 

method.  
Appendix Table 4 Numerical results of the Geometric Shape Method 

 
Parabolic Circle 

Catchment area km2 Influence Zones Catchment area km2 Catchment area km2 Influence Zones 
A 1.63 3 1 3 3 
B 2.01 3 1 3 3 
C 2.78 1 1 3 1,2 
D 2.85 7,8 1 3 7,8 
E 2.62 4,12 1 3 12 
F 2.94 11, 12 1 3 13 
G 2.41 15 1 3 15 

 

Market Area  

The market area method uses the GIS with the ArcGIS Network Analyst extension. The network 

characteristics and the travel time from an urban area point to the P&R facility is provided for the Cuenca 

municipality by the GIS file. The market area was relatively simple to determine with the network analyst 

tool, and the boundary of the irregular polygons is drawn under the parameter travel time network. The 

area extent of the catchment area, which depends on the area of the shape, is calculated by the ArcGIS 

Network Analyst extension Appendix Figure 2. 

 
Appendix Figure 2 Geographic information systems representation of the market method. 

Appendix Table 5 shows the numerical results of the study of the catchment area for each P&R facility 

using the Market Area Method. The result for the area extent of the P&R (A) is 0.59 km2 for a travel time of 

5 minutes and 1.39 km2 for a travel time of 10 minutes.  

 
Appendix Table 5 Numerical results of the market area method. 

ID P&R Catchment area km2 5 minutes Catchment area km2 10 minutes Influence zones 

A 0.59 1.39 3 
B 0.77 1.66 3 
C 0.89 1.84 1,2 
D 0.47 0.99 7 
E 0.51 1.082 12 
F 0.88 1.85 12 
G 1.09 2.63 15 
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Dynamic Accessibility Method 

The Dynamic Accessibility Method determines how dynamically accessible a P&R facility is to catch 

potential users and how far it is from alternative facilities. This means that the catchment area in this 

method contains the zones composing the city. Appendix Table 6 shows fifteen zones of Cuenca city and 

the level of accessibility for each Park-and-Ride facility, where the color red represents the highest level, 

and orange is the lowest level of accessibility. For example, the users in zone 3 are the most likely to choose 

P&R facilities (B) and (A), while users in this zone are very unlikely to choose P&R (F) and (G). However, 

a certain number of users may choose P&R (D), and a smaller group may choose P&R (C) and (E).   
Appendix Table 6 Dynamic accessibility per zone and per P&R 

Zones 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

A
C

C
ES

IB
IL

IT
Y 

 

U
n

lik
el

y 
-H

ig
h

ly
 

C C B F E E E E D E G F E E G 

D D A E F F F F C D F G G G F 

F B D C C G G G B C E E F F E 

B A C G D C D D A F C C C B C 

E F E D G D C C E G D D D A B 

G E F B B B B B F B A B B D A 

A G G A A A A A G A B Q A C D 

 

Appendix Figure 3 shows a graphical representation of the level of P&R accessibility of Zone 3 of 

Cuenca, Ecuador. This answers the question of how dynamically accessible a P&R facility is (Unlikely or 

Highly). 

Answer: Highly—P&R A, B; potentially–likely P&R D; less probably—P&R C–E, unlikely—P&R F–G.  

 

 
Appendix Figure 3 Geographic information systems representation of the dynamic accessibility method 
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A.7 Discussion 

In the cases presented above, we focused on the research of catchment areas for P&R systems using 

three methods: Geometric Shapes, Market Areas, and Dynamic Accessibility. The results shown in 

Appendix Table 7 provide a set of characteristics to measure the variation and performance between each 

of these methods.  
Appendix Table 7 Characteristics of the components of the catchment area of the P&R system. 

Characteristics of the components of 

the catchment area of the P&R 

system 

Geometric 

shape 

Market 

area 

Dynamic 

accessibility 

Area of the catchment area ✔ ✔ ✔ 

Travel time  ✔ ✔ 

Influence zone approach ✔ ✔ ✔ 

Distance parameter ✔  ✔ 

Traffic study   ✔ 

Real traffic approach   ✔ 

Real road network information   ✔ 

 

The Geometric Shape Method utilizing the distance component to access a P&R facility is used to calculate 

and study the extent of the catchment area for a P&R facility. 

The Market Area Method uses GIS software and the ArcGIS Network Analyst extension to calculate and 

study the characteristics of the catchment area of the P&R system by implementing a principal component 

of travel time. 

The Geometric Shape and Market Area Methods present a considerable difference. The Geometric Shape 

Method and its boundary area are represented as a standard polygon (parabola or circle), while the Market 

Area Method and its boundary area are represented as an irregular polygon. This approach demonstrates 

that the catchment area of a P&R system requires extensive and complex studies considering a set of 

parameters during analysis. The conclusion when comparing both methods is that an irregular polygon 

developed in the GIS software produces greater accuracy than a standard polygon.  

The results suggest that the dynamic accessibility in P&R facilities should be considered as a complex 

method of study. This approach allows one to understand the P&R system and its effects on the transit of 

a city. Additionally, this information can be used to help the users of the P&R system choose the nearest 

and least congested route to reach the facility.  
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Appendix B 

 
Appendix Table 8 The weight scores for park and ride facilities main criteria in level 1 (AHP). 

Criteria Weight Rank 

C1 0,0709 5 

C2 0,0652 6 

C3 0,3548 1 

C4 0,1604 3 

C5 0,1028 4 

C6 0,2458 2 

 
 

Appendix Table 9 The weight scores for park and ride facilities sub-criteria in level 2 (AHP) 

Criteria Local weight Local Rank Global weight Global Rank 

C1.1 0,8294 1 0,0588 5 

C1.2 0,1706 2 0,0121 18 

C2.1 0,1095 3 0,0071 19 

C2.2 0,3683 2 0,0240 13 

C2.3 0,5222 1 0,0340 12 

C3.1 0,6957 1 0,2468 1 

C3.2 0,1063 3 0,0377 8 

C3.3 0,2232 2 0,0792 3 

C4.1 0,3267 2 0,0524 7 

C4.2 0,3794 1 0,0609 4 

C4.3 0,2197 3 0,0353 10 

C4.4 0,0906 4 0,0145 17 

C5.1 0,2266 2 0,0233 14 

C5.2 0,3471 1 0,0357 9 

C5.3 0,2176 3 0,0224 15 

C5.4 0,2086 4 0,0215 16 

C6.1 0,6355 1 0,1562 2 

C6.2 0,2244 2 0,0552 6 

C6.3 0,1401 3 0,0344 11 

 

 

 


