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Abstract: A Park and Ride (P & R) system is a set of facilities located throughout an urban area that
can serve as transfer points for travelers that would like to utilize their private vehicles for one part
of their journey and a more sustainable transport mode, such as public transport, for another part
of the same journey. 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, a method denominated as 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 in respect to the area of major business activity or central business
districts (CBDs). In fact, the research presented in this article 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. A case
study that portrays the application of our method is given that is focused on the medium-sized city
of Cuenca, Ecuador, where we determine which approach to the parabola’s orientation is the most
suitable. In conclusion, the second approach proposed in this research reflects in a more realistic
form the operation of the catchment area of the P & R system, considering a better distribution of the
coverage area of the P & R system in the urban environment.

Keywords: park and ride; catchment area; GIS environment; accessibility; urban mapping

1. Introduction

A Park and Ride (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 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 [1-3].
One of the main components for a detailed study of the P & R system is the catchment area [4-6].
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.

The study and analysis of a catchment area of the P & R system are carried out through geometrical
methods such as the circle, parabola, and hyperbola. The most used is the parabola method; basically,
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this method consists of creating a parabola around a facility that is drawn by the use of a geographical
information system (GIS) tool. Therefore, this geometric method involves the use of a GIS tool and
the parabola’s mathematical formulas [7,8]. 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 have been carried out on the P & R system that applies this method [9,10].
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 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.

Our case study is Cuenca city in Ecuador, in which a sustainable mobility plan (SUMP) was
developed by the local authorities and stipulates parking policies such as a P & R system. The facility
location has been previously stipulated in a study carried out by Ortega [11]. This study includes
seven P & R facilities near the light rail transit (LRT) stations. Hence, the catchment area study is
part of a comprehensive study of the P & R system, and future research needs to determine the
parabola’s orientation.

The authors have contributed to research on the Park and Ride system in a project called
“An integrated study of Park and Ride (P & R) facilities for sustainable urban mobility”. The previous
research already published corresponds to the interaction of conventional and autonomous vehicles
with the Park and Ride system [12], in addition to the development of an integral model of the P & R
system that allows for the determination of which facility is the most attractive based on the potential
demand [13]. Moreover, multi-criteria methods were used to determine a facility location problem
and in which experts determined that the criteria of accessibility to public transportation is the most
important when implementing a P & R system [14]. Hence, this research is a significant contribution to
the project that is being developed. The authors contributed to this research by conducting a detailed
study of the parabola method for the catchment area of the P & R system. In order to do this
research, a software script was developed in a GIS tool to map the catchment area. Thus, two parabola
orientation approaches were utilized. The first parabola orientation was based on the traditional
concept, which was according to the area of major activity center or the CBDs. In the second approach,
the parabola orientation stipulated that potential users reach the facility by the principal road. Finally,
a comparative overview of which approach covered the areas of the city more widely helped determine
which approach was the most suitable to carry out.

This research is structured in the following sections. Section 2 describes the literature review
according to the methods used to define the catchment area of P & R systems. Section 3 explains in detail
the development of the methodology that applies the parabola method. Section 4 describes the case
study where the methodology described is applied. Section 5 presents the results in detail. Section 6
discusses the advantages and limitations regarding the parabola’s orientation to each approach used.
Finally, the conclusion section describes the limitations, main results, and future research.

2. Literature Review

As is widely considered, P & R systems have played an essential role in the encouragement of the
shift of passengers from private vehicles to public transportation [12,13,15-21]. 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 [22-24]. Thus, in the literature review, a component that is part of the P & R system’s transportation
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planning is the catchment area [25]. The following narrative describes the research carried out in the
catchment area of the P & R system.

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 [26]. Cabrera-Barona et al. [27]
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. [28] 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 [29]. Noskov et al. [30] used Web-GIS to collect maps that
serve 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 [31]. 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 [32,33]. 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. [34,35]. 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 principles 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 [29] 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
the directrix that represents the station of a public transport system. Thus, a third element is added
called the vertex, which is equidistant from the P & R and the public transport station. Furthermore,
given the focus and directrix, the parabola equation can be found [36].

The parabola’s orientation is a fundamental part of this research. Through the literature described,
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
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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, therefore in
order to identify the coverage area, this catchment area needs to be visualized, and its position in
the urban area 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 [37-41]. Thus, Farhan et al. [42—44] 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).

In our review of the scientific literature that concerns the use of the parabola method in
transportation engineering of P & R systems, we found several studies that have been done using
its equations, its elements, and how these elements have been made visible through a GIS tool.
Nevertheless, at the same time, the studies use a common approach to the parabola’s orientation.
Therefore, by developing a more in-depth approach to the parabola orientation, it would be possible to
understand whether the catchment area varies in its coverage radius and also whether the location
of the facilities is not overestimated. Thus, identifying the parabola orientation implies developing
a comprehensive study that includes the equations and the elements to be drawn in a GIS tool.

Our study aimed to develop a software program within a GIS tool that includes the use of the
parabola’s equations and elements. In addition, it aimed to modify the parabola orientation based
on two approaches: first, the parabola orientation using the Turnbull concept, which is according to
the center of major commercial activity area or CBD; and second, the parabola orientation approach
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.

3. Method Description

This section describes the main points and the steps that constitute the modeling of a geometric
figure, such as 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:

(i)  the first is based on the parabola’s orientation according to the major commercial activity
(CBD), and

(i)  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.

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 argument 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 1:
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e  Focus: This is the fixed point. In our model, these are the coordinates of each installation of the
P & R system.

e  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 equations.

e 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.

e  Directrix. The directrix is perpendicular to the axis of symmetry of a parabola.

A
S ins i . aeke () 2otk > - Park and Ride (Focus)
Vertex
<->» Axis
v <«<—> Directrix

Figure 1. Illustration of the elements of the parabola.
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)* = 4p(y—k) 1)

(y—k)* = 4p(x—h). 2)

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 1 shows the variables and the
set of equations used to model a parabola.

Table 1. Collection of equations and variables that define the parabola.

Equation (y—k)*=4p(x—h) (x—h)*=4p(y—k)
Vertex (h, k) (h,k)
Focus (p+hk) (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
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3.3. Orientation of Parabola

The parabola’s orientation is based on two approaches. On the one hand, the traditional approach
is described in the literature review in which the parabola is oriented according to the major business
activity at CBDs. The second approach and according to 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 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 describes the parabola’s orientation as symmetrical to the central
business district (CBD) and reached through public transportation.

Park and Ride (P&R)
Gims  LRT Line

Central Business District

Figure 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 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.

Finally, a comparison of the approaches to the parabola’s orientation is presented in Figure 4.
Using these theoretical concepts, programming code was developed that allowed us to express it in
areal 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.
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Park and Ride (P&R)
LRT Line

Central Business District
/ \ == Main Access

—— Secondary Access

Figure 3. Illustration of the parabola’s orientation based on the main access to the facility.

Park and Ride
Giam  LRT Line

Central Business District

Main Access
Secondary Access

® First approach to the

\ parabola's orientation
/ \

Second approach to the
parabola's orientation

Figure 4. Illustration of the parabola’s orientation based on comparing both approaches.
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 GIS software, a flow chart
including the software program is shown in Figure 5.
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Mathematical

> Initial Data Source

Formulation
Assignament of \ 4
Struiture Declared variable (h,k,p)
- Coordinates of the l -
P&R system Read variable (h,k,p)
v
City shape v
l 7 Read Coordinates of
__| Output | Street network P&R system
shape file| " shapes. |
A Setting up equations
.| Output.xls file
A 4 A 4 v
Parabolas .| Parabola . /Computation ‘ \ Mathematical
Evaluation "|orientation /  of Results ‘ / formulation
A A
m Visual output

Figure 5. Representation of the flow chart for the parabola method.

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.

Data Handling: This section is described as the data input of the methodology. This data is input
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 input in 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.

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.
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4. Case Study

In order to apply our approach to the parabola’s orientation, a real case was chosen, which is
the city of Cuenca in Ecuador. Cuenca is the third-largest city in Ecuador in terms of population
and is located in the south of the country. It is considered one of the best-managed cities in Ecuador
and South America in the field of transport. The most notable project that has been developed is the
Mobility and Public Spaces Plan, which outlines the transport policies for the coming years. In addition,
one of the established projects is implementing a new transport system such as the LRT. This system
will connect some urban areas to the CBD. As general information, Cuenca is formed by 15 urban
areas, and each area is divided into neighborhoods separated by local streets. The historical center
is typically Latin American, where it serves as a commercial center, in contrast to European cities,
where they are generally separated. One of the problems is the high level of congestion in the city
center, which is classified as a World Heritage Site by UNESCO. Some policies have been developed to
alleviate this problem. Orellana et al. [45] conducted several studies in the area of mobility. The author
contributed with studies on the effect of the spatial configuration of the street networks on the mobility
of the users of bicycles through a tracking application, using information from the multiple sources of
OpenStreetMap and Strava Metro. Furthermore, Hermida et al. [46] conducted studies on the influence
of the built urban environment on the pedestrian flow in the intermediate Latin American city, Cuenca,
Ecuador. The author analyzed how the physical and spatial characteristics of the streets, sidewalks,
land use conditions, and occupation influence the number of pedestrians. However, few policies are in
place for users who come daily from out of town by private vehicles and wish to go to the city center in
a more friendly transport mode such as LRT. For this problem, in a previous study, Ortega et al. [11]
developed a set of seven P & R facilities that establish their location through each facility’s capacity.
The P & R system’s planning process consists of determining the coverage area that these facilities
could have in the urban area. Thus, one of these methodologies is the parabola, although due to the
subdivision of the zones, each of these facilities would have the main access, which is the parabola
rotation. The authors are developing a project on the P & R system, and one of the contributions is
to determine the catchment area. For a better explanation of the P & R system (designed A to G),
the 10 km LRT system, and the city areas (designated 1 to 15), Figure 6 is shown.

2 Kilometers

Figure 6. The city of Cuenca, Ecuador, with the LRT system and P & R.
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5. Results

In this section, the results obtained show the two approaches to the parabola’s orientation
according to the methodology developed and described previously. 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 is the approach to the parabola’s orientation, according to the CBD. The second map is the
parabola orientation, 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 study by
Ortega et al. [11]. The result is the set of parabolas on the city map that also indicates 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 7 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 were
a significant number of urban areas not covered by the P & R system’s catchment area. An assumption
was made, which means that potential users of the P & R system in those areas would not be willing to
use those facilities. Simultaneously, 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.

—314000 A

CBD
Park and Ride (P&R)

=== Parabola's Orienation (CBD)

—316000 -
—318000

—320000 -

Longitude

—322000 A

—324000

—326000 -

—328000 -

-8.8025 ~8.8000 -8.7975 ~8.7950 -8.7925 ~8.7900 ~8.7875 ~8.7850
Latitude le6
Figure 7. The result of using the parabola method based on orientation according to the center of
major activity.

Figure 8 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
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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 more number of facilities.

—314000 A
CBD
® Park and Ride (P&R)
=== Parabola's Orientation (Main Access)
—316000 -
(T
_
Pz
—318000 A
—320000 -
L
°
2
=)
(=3
S
—322000 -
—324000 -
—326000 A
_328000 " T T T T T T T T
-8.8025 -8.8000 -8.7975 -8.7950 -8.7925 -8.7900 -8.7875 —8.7850
Latitude le6

Figure 8. The result of using the parabola method 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 on 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 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.
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The subsequent section discusses the results obtained using the methodology developed and the
advantages and limitations of each approach.

6. 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 means that potential
users who come from this location 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 over coverage 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 area of the P & R system is not overlapping. 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 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 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 impacts on the study of the P & R system
catchment area in an urban area. 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.

7. Conclusions

Our research about the P & R system’s catchment area indicates that the parabola method is
a methodology widely used by the authors to study the P & R system’s catchment area but with
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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 for 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. However, 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 better 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.

Our methodology in future research is appropriate for application in different configurations
regarding the types of cities that wish to implement a P & R system and also develop a study of P & R
systems, including connections to transport modes (e.g., buses, railways, subways). Transportation
planners and researchers consider that the P & R system’s catchment area is a fundamental component
for the integral development of a P & R system study. Therefore, the authors of this study are currently
working on this line of research.
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