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Abstract

:

A park and ride (P&R) system is a set of facilities where private vehicle users can transfer to public transport to complete their journey. The main advantage of the system is reducing the congestions problem in the central business district (CBD). Thus, the notion of symmetry is particularly important in multi-criteria decision aid (MCDA) because they are basic characteristics of the binary relationships used in modelling the preferences of decision-makers. The focal point of this study is evaluating the P&R facility system location problem from the experts’ point of view. For this aim, an integrated multicriteria decision-making (MCDM) methodology is proposed to evaluate the location of the facilities of the P&R system. The questionnaire survey was designed and estimated by 10 transport experts in the related field. The famous analytic hierarchy process (AHP) was adopted in a fuzzy environment, where the fuzzy sets have an efficient ability to manage the vague concepts in a specific way; moreover, it can mitigate the evaluator reasoning during decision-making. The hierarchical structure of the problem was established to evaluate a real-life problem in Cuenca city, Ecuador. The outcomes highlighted the “accessibility of public transport” as the most significant issue in the P&R facility location problem. The obtained results provide more flexible facilities than the pure AHP method.
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1. Introduction


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 [1]. A policy proposed in the SUMPs method is the use of 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 [2,3,4]. Hence, the P&R system is seen as a transport mode that encourages an intermodal shift towards a more sustainable transport mode in the urban area [5,6]. Therefore, its location requires a detailed study to be carried out in order to be beneficial to the success of the system [7].



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 transportation stations (e.g., Light Rail Line (LRT), subway, bus), which could lead to the P&R system having a facility at each station. Therefore, a set of criteria must be taken into account that further extends the concept mentioned above. In some cases, researchers and transport planners have designated the location based on the conception that the P&R system allows the reduction of trips to the CBD [8], in other cases the P&R system is considered as a transport mode, and a criterion that has been included in some studies is the distance between the origin and the facility, as well as between the facility and the destination. Among the most known criteria is the costs to use and implement the P&R system [9]. In recent research, environmental criteria have been included, which has established the P&R system as a tool that enables the reduction of vehicle emissions [10]. As mentioned, it is also the point of connection to public transport; thus, an accessibility criterion needs to be evaluated. All of the previous criteria lead to a sophisticated analysis of the location of the P&R system facilities. In the case of emerging countries, a few studies regarding the P&R system in Ecuador and South American countries have been carried out. This study is the result of a project in which the authors are working regarding the study of the P&R system, where other publications have already been made [11,12]. Therefore, transport experts have begun to use multicriteria decision-making (MCDM) applications to solve problems and improve citizens’ quality through transport projects. According to the literature reviewed by the authors, no articles were found that have developed an analysis of park-and-ride facilities’ location by the fuzzy analytic hierarchy process (FAHP) model in an emergent country and included an elaborate set of criteria.



The study is composed as follows: Section 2 provides the scientific information used to research the facilities’ location in the P&R system and MCDM methods. Section 3 details the methodology developed in our study. Section 4 describes our case study, Cuenca-Ecuador. In Section 5, we apply the methodology that was designed for our case study. Section 6 analyzes and discusses the results provided by applying our methodology. Finally, the contributions are presented in the conclusions section.




2. Literature Review


This section presents the main results of the research according to the P&R location and the descriptions of the multicriteria method regarding the particular AHP method that is used in the methodology section. A number of studies have included the two approaches mentioned above.



Traffic saturation and pollution in cities caused by private vehicles have become commonplace in modern times. In order to mitigate these problems, some studies have proposed transport alternatives (e.g., pedestrian, bicycle, public transport, P&R) [13,14,15,16,17,18,19]. The alternative that has been poorly studied is the P&R system, in which one of the factors that requires comprehensive expertise is its location, which, through methods and methodologies, has allowed which parameters are considered to be determined. Regarding the analysis of the P&R location, several variables can be analyzed from 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. Therefore, we describe a set of variables that have been studied by researchers about the P&R system’s location. Song et al. [20] suggested a model for the location of P&R system facilities, in which the capacity of each facility is estimated; this model is known as an integrated planning framework. In addition, in recent years, interesting research has been carried out to combine other transport modes with the P&R system, among which the most interesting ones are those that combine autonomous vehicles [21]. Thus, Chen and Kim [22] studied the possibility of establishing a model for the P&R system that combines the railway system, which is based on the promotion of the use of public transport through the establishment of an environmental restriction that combines traffic assignment and modal split. Using a geographic information system (GIS), each facility’s catchment area was determined, which is the potential demand [23]. Du [24] and Ni [25] studied the potential to optimize existing P&R locations through an equilibrium multimodal choice that included three types of transport mode. Additionally, Cavadas and Antunes [26,27] extended the model of Aros-Veras et al. [28] and Holguin Veras et al. [29,30] to develop a discrete choice model to study transport alternatives, such as P&R, private vehicles, and buses. Farhan and Murray [31,32] developed an optimization model to calculate the potential number of users of each P&R facility, taking into account the following aspects: Covering as many users as possible, incorporating new P&R facilities, and establishing P&R facilities near public transport stations.



In order to analyze most of the variables mentioned about the location of facilities in the P&R system, multicriteria decision-making models (MCDMs) are studied. 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. This model has started to be studied in detail by researchers around the world by linking the mobility components with the MCDM models [33,34,35,36]. A relevant multicriteria model is the so-called AHP method, based 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 [37]. However, the AHP method has certain limitations, such as the decision criteria that the defendant 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 criterion of perception, evaluation, correction, and choice is 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 [38]. Duleba and Moslem [39] examined the Pareto optimization of AHP weight vectors. Thus, the pairwise comparison matrices were used in a real case study; the authors achieved a modification of the weight of AHP vectors. The authors demonstrated through the results that their study of the AHP method could be optimized by adding it to the use of the analytic network process (ANP) modeling and simulation-based sensitivity evaluation [40,41]. 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 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 Monte Carlo Simulation [42,43]. Meena et al. [44] employed the well-known frequency ratio (FR) together with the AHP method, with the result being a hybrid spatial multicriteria assessment (SMCE) model, and obtained more accurate results in the multicriteria models. 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. In another integration model, Ha et al. [45] used the AHP method to integrate it with fuzzy- Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS ) to prioritize the performance of their methodology. 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 to develop several studies from its results [46,47,48,49]. 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 [50,51,52], which is a more realistic approach given that several experts, who have very varied preferences and interests, are involved [53]. Few investigations have combined the MCDM methods and P&R system to explore the criteria concerning their location; for instance, Szymon Fierek et al. [54] developed research that uses multiple criteria to evaluate the location of P&R lots. The authors considered a case study of a city where 15 P&R facilities were planned and then used the VISUM simulation tool to model the locations. The result is that the final ranking was obtained. In the same research line, an interesting investigation was developed that includes aspects, such as economic, social, urban, and environmental, to determine the location of the facilities. 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 [55].



Based on the literature review concerning the P&R location and MCDM, a research gap can be clearly indicated on the topic proposed in this article. In particular, there is a lack of evidence concerning the use of advanced models of MCDM in the planning of facilities for the P&R system. This document aimed to introduce a combined model to support consensus decisions on P&R system facilities’ location. The current study is part of a research project called, “An Integrated study of Park-and-Ride Facilities for Sustainable Urban Mobility,” where a number of scientific publications have been published.




3. Methodology


This section describes in detail how our methodology is being developed and then applied to our case study. The AHP is a well-proven decision-making methodology, which was developed by Saaty [56] to simplify complex decision problems. AHP is based on an additive weighting process, in which various relevant criteria are represented through their relative importance. The AHP approach was widely used by academics and professionals in many fields and problems, mainly in engineering fields like transport engineering field [39,57,58,59,60] in the construction engineering field [61], in architecture [62,63], and many different engineering fields. However, AHP has some restrictions, and to overcome these limitations, many researchers integrate fuzzy theories with AHP for providing more reliable and robust results [47,64,65]. Vinogradova et al. [66] adopted the AHP approach in a fuzzy environment to obtain the weight of criteria related to distant courses taught for students.



FAHP was conducted in this study to prioritize and classify the criteria for the location of facilities in the P&R system in the city of Cuenca city, Ecuador. Consequently, the scale of fuzzy numbers and their linguistic scale were utilized for estimating the pairwise comparisons (PCs).



The hierarchy structure for the P&R system for Cuenca city was constructed based on experts’ opinions and the literature. The structure contains 6 main criteria in the first level and 19 sub-criteria in the second level.



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. The mathematic notion for the FAHP evaluation was adopted from [67]. The author conducted a fuzzy logic technique by developing a questionnaire survey with triangular fuzzy number scales. The following formulas are merely applications in our research for the newly created integrative decision model. We introduce the formulas in detail in order to give insight into the computational process.



A fuzzy number   A ˜   on   R   is a triangular fuzzy number if its membership function    μ  A ˜    ( x )  :   R →  [  0 , 1  ]    is equal to the consequential Formula (1):


   μ  A ˜    ( x )  =  {        x − d   m − d   ,     d ≤ x ≤ m         h − x   h − m   ,     m ≤ x ≤ h       0 ,      otherwise        .  



(1)







From Equation (1),  d  and  h  are the inferior and superior bounds of the fuzzy number   A ˜  , and  m  is the modal value for   A ˜   (see Figure 1). The triangular fuzzy number can be exhibited by    A ˜  =  (  d , m , h  )   .



The operational laws of the triangular fuzzy number     A ˜  1  =  (   d 1  ,  m 1  ,  h 1   )    and     A ˜  2  =  (   d 2  ,  m 2  ,  h 2   )    are blazon as consecutive formulas as the addition (2), multiplication (4), division (5), and reciprocal (6) of the fuzzy numbers. In our computational procedure, all formulas were applied.



The following equation shows the addition of the fuzzy number  ⊕ :


    A ˜  1  ⊕   A ˜  2  =  (   d 1  ,  m 1  ,  h 1   )  ⊕  (   d 2  ,  m 2  , h  )  =  (   d 1  +  d 2  ,  m 1  +  m 2  ,  h 1  +  h 2   )  .  



(2)







The following equation shows the multiplication of the fuzzy number  ⊗ :


    A ˜  1  ⊗   A ˜  2  =  (   d 1   d 2  ,  m 1   m 2  ,  h 1   h 2   )     for     d 1  ,  d 2  > 0 ;  m 1  ,  m 2  > 0 ;  h 1   h 2  > 0.  



(3)







The following equation shows the division of the fuzzy number  ∅ :


    A ˜  1    ∅     A ˜  2  =  (     d 1     h 2    ,    m 1    ,  m 2    ,    h 1     d 2     )     for     d 1  ,  d 2  > 0 ;  m 1  ,  m 2  > 0 ;  h 1   h 2  > 0.  



(4)







The following equation shows the reciprocal of the fuzzy number:


    A ˜   − 1   =   (   d 1  ,  m 1  ,  h 1   )   − 1   =  (   1   h 1    ,  1   m 1    ,  1   d 1     )     for     d 1  ,  d 2  > 0 ;  m 1  ,  m 2  > 0 ;  h 1   h 2  > 0.  



(5)







In the incumbent research, the computational technique was based on the sequent fuzzy numbers that are defined in Table 1 [67,68].



The employed PC matrices were constructed based on the hierarchical structure of criteria, as shown in figure on page 9. Linguistic terms were assigned to the PCs by asking which criteria are more treasured than the other with respect to the main goal. As    A ˜    is the biggest matrix (5  ×  5) in the second level as an example in (6), we demonstrate the fuzzification of the scale values for this case:


   A ˜  = [       a ˜  11      a ˜  12      a ˜  13      a ˜  14      a ˜  15        a ˜  21      a ˜  22      a ˜  23      a ˜  24      a ˜  25        a ˜  31      a ˜  32      a ˜  33      a ˜  34      a ˜  35        a ˜  41      a ˜  42      a ˜  43      a ˜  44      a ˜  45        a ˜  51      a ˜  52      a ˜  53      a ˜  54      a ˜  55      ] = [       a ˜  11      a ˜  12      a ˜  13      a ˜  14      a ˜  15      1 /   a ˜  12      a ˜  22      a ˜  23      a ˜  24      a ˜  25      1 /   a ˜  13    1 /   a ˜  23      a ˜  33      a ˜  34      a ˜  35      1 /   a ˜  14    1 /   a ˜  24    1 /   a ˜  34      a ˜  44      a ˜  45      1 /   a ˜  15    1 /   a ˜  25    1 /   a ˜  35    1 /   a ˜  45      a ˜  55      ]  



(6)




where:


    a ˜   i j   = {      9 ˜   − 1   ,   8 ˜   − 1   ,   7 ˜   − 1   ,   6 ˜   − 1   ,   5 ˜   − 1   ,   4 ˜   − 1   ,   3 ˜   − 1   ,   2 ˜   − 1   ,   1 ˜   − 1   ,  1 ˜  ,  2 ˜  ,  3 ˜  ,  4 ˜  ,  5 ˜  ,  6 ˜  ,  7 ˜  ,  8 ˜  ,  9 ˜  , 1 ,   i ≠ j     1   i = j     











To accumulate the fuzzy weights for each rater group, the fuzzy geometric mean technique was implemented [69]:


    r ˜  i  =    (    a ˜   i 1     ⊗     a ˜   i 2     ⊗      a ˜    i 3     ⊗     a ˜   i 4     ⊗     a ˜   i 5    )    1 / n   ,  



(7)






    w ˜  i  =   r ˜  i       [    r ˜  1    ⊗     r ˜  2    ⊗     r ˜  3    ⊗     r ˜  4    ⊗     r ˜  5   ]    − 1   ,  



(8)




where     a ˜   i j     is the fuzzy comparison value of dimension  i  to criterion j, thus     r ˜  i    is a geometric mean technique of the fuzzy comparison value of criterion  i  to each criterion, and     w ˜  i    is the fuzzy weight of the  i -th criterion, which is illustrated by a triangular fuzzy number,     w ˜  i  =  (  d  w i  , m  w i  , h  w i   )   . The   d  w i  , m  w i  ,    and    h  w i    emblematize the upper, middle, and lower values of the fuzzy weight of the  i -th dimension.



The consistency ratio (CR) for all pairwise comparison matrices was smaller than 0.1, which is acceptable to complete the FAHP analysis, as Saaty suggested [56]. 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, by analyzing the weights of the previous levels by using the following equation:


    w ˜    A i    =     w ˜  j    w ˜         w ˜   i j       ∑   k = 1  n    w ˜   i k     =  (      w ˜  j    w ˜      1    ∑   k = 1  n    w ˜   i k      )      w ˜   i j   ,  



(9)




where j = 1, …, m and    w ˜  =   ∑   i = 1  m    w ˜  j   ;     w ˜  j    > 0 (j = 1, …, m) describes the associated weight coordinate from the previous level;     w ˜   i j     > 0 (i = 1, …, n) is the eigenvector computed from the matrix in the present level; and     w ˜   A i     (i = 1, …, n) is the calculated weight score of the present level’s elements.



Where:



    w ˜  j    (j = 1, …, m) is the normalized weight of the first level in our case; and



    w ˜   i j     (i = 1, …, n) is the normalized eigenvector-coordinate of the current level.




4. Case Study


The case study described in this article concerns a Latin American city located in Ecuador, which is known as Cuenca. This city is located in the south of Ecuador and is the third-largest city in the country. According to the last census, the city of Cuenca has approximately 505,585 inhabitants distributed as follows: 34% in the periphery of the city and the remaining 66% in the urban area. The city has grown in multiple areas according to its economic development, particularly in the city center, which is also classified as a World Heritage Site [70]. The city has a typology that consists of the demarcation of neighborhoods separated by local roads. In addition, Cuenca’s central business district maintains the typical characteristics of medium-sized Latin American cities. The city center constitutes the historical and CBD, in contrast to European cities where the historical center and the CBD are different [71]. Therefore, the problems generated in this central area have led to traffic saturation and an increase in the undesirable effects of private vehicles. Local transport planners have implemented a 10-km light rail line that provides transport for residents and tourists to the city center. However, few solutions have been offered for those who use private vehicles and usually come from remote peripheral areas [72]. One of these solutions was provided by a study conducted by Ortega et al. [73,74], in which they proposed a set of facilities for a P&R system. We note that in 2014, a mobility plan was developed to establish more adequate transport policies for the sustainable development of the city [75]. One of them is a parking system. For a better understanding of the city, the 15 zones that compose the city of Cuenca (designated from 1 to 15) are presented, as well as the proposed P&R system (designated from A to G) and the light rail line (LRT) (see Figure 2).




5. Results


In the research, meetings and discussions were held in order to develop a model that may acquire the criteria of the P&R locations in a simple manner. Figure 3 and Table 2 below exhibits the model. Consequently, the questionnaire survey was conducted in May 2020. The sample of the participants was indiscriminately hand-picked from the park-and-ride planners (experts in the transportation field at the university and municipality) as four women with different age layers who participated in the survey, and six men participated as well. The filling time of the survey was 25 to 30 min per expert. Altogether, 25 elements of the park and ride (as depicted in Table 2) were assessed to examine the elements of the experts’ preferences and attitudes towards P&R facilities.



Further, the P&R location criteria were structured into a hierarchy, on the one hand, due to the better overview of the researchers and participants, and, on the other hand, because of the requirements of the applied FAHP. The hierarchical structure of the criteria determines the survey process, in which PCs are required from the expert evaluators among the criteria situated in the same branch of the decision criteria tree. Participants have to compare, in a pairwise manner, the criteria of the P&R facilities as all possible pairs (Figure 3).



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 PCs have to be created for all branches of the decision structure, as demonstrated below (Table 3, Table 4, Table 5, Table 6, Table 7, Table 8 and Table 9), where the results are aggregated for all evaluators. As shown in the tables below, the fuzzy weight scores of all criteria in all levels express three different scenarios as minimum, medium, and maximum values. A score below 1 indicates real evaluations between zero (expressing a neutral relation between the two decision criteria) and 1, which means a slight superiority of one criterion over another and so forth.



Afterward, the final scores were computed by conducting the eigenvector method of the AHP technique. Deriving eigenvector scores and then computing the weight scores enabled us to determine the importance of each element in the decision structure in the decision, in our case, in the location of the facilities of the P&R system of the respondents. The higher score means the higher importance attached to each element. The order of scores implies a ranking of importance, which is significant support of the 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 9 and Table 10.




6. Discussion


The survey conducted on transport planners that work in the municipality and local universities about the location of the facilities in the P&R system allowed evaluating fundamentally what the planners take into account when locating a facility. Using this evaluation, it is possible to determine which criteria they consider most relevant, as well as that the planners agree with the goal of the P&R when it is applied in an urban environment.



According to the criteria chosen by the transport planners regarding the location of the P&R system’s facilities, the following criterion classification order is presented. The most important element for the location of P&R facilities is C3 “accessibility of public transport” (see Figure 4), 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 in Cuenca. A less critical criterion for planners is C6 “environmental”, as it is considered that its location could diminish the undesirable effects caused by a private vehicle. However, based on recent research [76], 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 transport. For instance, the number of transport lines connected to the P&R system, which is defined as the accessibility. The C5 “economic” is a mid-range consideration for planners throughout to develop a project 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; thus, the location depends highly on the budget, mainly because local authorities develop these projects. Continuing with the lower-rank 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 CBD or in the urban environment of a city. We mentioned that it is the traffic on the P&R route (percentage of trips by private vehicles and a percentage of trips by public transport). 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. In our case, this is an LRT system that does not circulate along with the city traffic, thus allowing 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 makes the planned transportation line longer if the P&R system is situated more distant from the CBD.



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 was 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 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-criteria C1.1 is ranked 5, and C1.2 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 hardly 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: C2.3, C2.2, and C1.1. The reason is that the traffic or total time when using the P&R system is the most relevant because the success of any transport system depends on the traffic conditions or the time that it takes to complete the trip. The criterion C3 and its sub-criteria in order of importance are C3.1, C3.3, and C3.2. Within this main criterion, two of its sub-criteria are relevant for the location of the facilities of a P&R system. For example, 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: C4.2, C4.1, C4.3, and C4.4. In other words, the demand produced by the P&R system is covered by a larger number of transport routes.



Consequently, 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 range of importance: C5.2, C5.1, C5.3, and 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 in the order of importance in the sub-criteria is as follows: C6.1, C6.2, and 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 implemented, and concerning criterion C6.3, using the assumption 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 (ITSs) 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 5). 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 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, and C6.2, which are criteria based on the traditional P&R system approach, which 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 us understand the difference between transport planners’ priorities in Latin America and European transport planners. 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, which 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 carried out 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. Additionally, it is possible to stipulate a set of criteria, C4.3, C6.3, C2.3, and C5.2, as 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, as an alternative to a more friendly transport mode. It has been possible to determine a set of criteria considered to be of lower importance, which is the costs of implementation since as it depends 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 and 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 less important 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, which is through public transport, as more relevant. In our case, it is by LRT.



A sensitivity test was applied to all levels. In fact, the scores for the other criteria were adjusted to maintain a value of one for the total weight scores. In the sensitivity analysis, the ranking level was maintained, and the change in ranking was studied according to the ability of the planners to select a criterion. This means that planners select location criteria based on their experience in implementing a P&R system.



The Cuenca municipality has developed several transport projects, including the implementation of a new transport system, the LRT, which is the most ambitious system presented by the city and is considered a symbolic project. In addition, a mobility plan was developed that considers the parking system in the city.



Our study goes further by considering the P&R system and which criteria are relevant for medium-sized city planners when they implement the P&R system. Using the P&R system, this scientifically proven system reduces trips to the city center and provides incentives for private transport users to switch to more friendly transport modes, such as public transport. One of the most important considerations or criteria is the accessibility of public transport. However, moving to a more critical point from a technical point of view, we can state that it is also necessary to update and inform the authorities of P&R’s purpose, which becomes a fundamental tool within transport planning. This system is relatively new in Latin America. It would be beneficial to apply this same criterion to researchers and local authorities that have already developed the P&R system and to make a comparison between Latin American and European cities.




7. Conclusions


This document aimed to introduce a new approach to determining the criteria of transport planners when establishing a set of P&R system facilities through a multicriteria decision model (MCDM) that integrates the attributes related to the P&R system. Since the current study integrated attributes, such as environment and traffic, the usual AHP methodology was selected. The application of the verified model allowed valuable information to be acquired through a survey and then the AHP method was applied, aimed at transport planning specialists, to find out which parameters are taken into account for location.



The results proved to be realistic, reflecting decisions that are taken into consideration by mathematical studies about the variables considered for the location of the P&R system, such as the cost of implementing a transport project, and the accessibility of public transport. This approach also showed that the P&R system is relatively new in certain Latin American cities and that certain technical aspects taken into consideration as part of the scientific evidence of the P&R system to reduce traffic are secondary. For example, a new approach would be to apply this system to cities that have already had a P&R system for several years, so that these criteria can be seen to vary.



The presented model can be suitable for the study of different transport problems in cities of any magnitude. However, it should be noted that, given various PCs, the survey process is considerably demanding and needs a considerable amount of time and effort on the part of the evaluators; thus, collecting the responses of several interviewed transport planners could be problematic. This is a limitation of the current model, and therefore, for a larger sample size, an alternative may be more convenient than the AHP method.



Furthermore, there are more new types of AHP models listed in the literature, for instance, those called fuzzy models and models combined with other MCDM techniques (e.g., TOPSIS, machine learning, ELECTREE). Besides, in the future, the combination of this model with another large group of models, for example, the optimization, geographical, and mathematical models, for the location of P&R system facilities could lead to a much more efficient study of the criteria that transport planners take as a priority for the location of facilities of the P&R system.
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Figure 1. The membership functions of the triangular fuzzy number. 






Figure 1. The membership functions of the triangular fuzzy number.



[image: Symmetry 12 01225 g001]







[image: Symmetry 12 01225 g002 550] 





Figure 2. The city of Cuenca Ecuador with the urban areas, Light Rail Line (LRT), and Park and Ride (P&R). 
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Figure 3. The hierarchical structure of the P&R facility location. 
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Figure 4. Priority ranking of the main criteria. 
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Figure 5. Priority ranking of sub-criteria. 






Figure 5. Priority ranking of sub-criteria.



[image: Symmetry 12 01225 g005]







[image: Table] 





Table 1. The scale of fuzzy numbers and their linguistic scale.
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	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)
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Table 2. The applied P&R facilities’ location elements and their short explanations.
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	Criteria Code
	Explanation
	Description





	C1
	“Distance”
	One of the main parameters for the location of an installation in the P&R system is the distance.



	C1.1
	“Distance from the zones to the P&R system.”
	The city is divided into zones that are the origin of the trips through the P&R system. This criterion refers to the distance from the zones to the P&R system.



	C1.2
	“Distance from P&R system to Central Business District.”
	Among the distance criteria, it is relevant to consider the distance from the P&R system to the CBD.



	C2
	“Traffic conditions on the route (origin-destination)”
	The parameter that is considered to locate a facility is the traffic that exists from the origin to the destination in different periods and through the combination of two modes of transport that allows the P&R system as it is the private vehicle and public transport.



	C2.1
	“Time of travel by private car.”
	This is the first part of the trip through the P&R system and represents the time that a user of a private vehicle may spend on the trip.



	C2.2
	“Time of travel by public transport.”
	This criterion refers to the second part of the trip that corresponds to the time that the P&R system user spends on public transport until reaching the destination under the conditions of the route.



	C2.3
	“Time of travel by P&R system.”
	This criterion refers to the fact that a P&R system can be considered a transport mode that allows a modal shift (private vehicle to public transport); therefore, the travel time through the P&R system depends on the location of the facility.



	C3
	“Accessibility of public transport.”
	This parameter is related to public transport and represents one of the P&R systems’ goals: the second part of the trip is through public transport.



	C3.1
	“Frequency of public transport operations.”
	Public transport frequency is a factor that determines how accessible the system is.



	C3.2
	“Transfer time from P&R to public transport stop.”
	A facility is close to the public transport station; therefore, the modal shift’s transfer time ensures accessibility.



	C3.3
	“The distance of the P&R from the nearest public transport stop.”
	The concept of P&R location is that the facilities are close to the public transport stations, the distance from the P&R to the public transport station is a criterion that is considered.



	C4
	“Transport aspects.”
	This criterion refers to the P&R system in respect of its essential characteristics within the field of transport.



	C4.1
	“Reduction of trips by private car in CBD.”
	A goal that the P&R system achieves when it is implemented is that it reduces private vehicle travel to the CBD.



	C4.2
	“Increase of demand by public transport in CBD.”
	The second part of the trip to reach the destination is made through the public transport system, and therefore the demand is increased.



	C4.3
	“Number of public transport connections available.”
	The P&R system is connected to public transport, and therefore the connections or lines of public transport is a criterion that allows the success of the system.



	C4.4
	“Demand for parking at a P&R system.”
	Demand is the fundamental component to implement any transport system; therefore, this criterion establishes the demand in the P&R system.



	C5
	“Economic”
	The economic analysis as a criterion helps to identify how viable the project is.



	C5.1
	“Cost of implementation for the project.”
	The criterion refers to the total project cost to implement the P&R system.



	C5.2
	“Cost of land use.”
	The cost of land use would change the location of the P&R system. In some cases, it leads to expropriation in areas where there is already a previous building.



	C5.3
	“Cost of the implementation of the telecommunication infrastructure.”
	The P&R system needs to report the number of available spots, the connection with public transport, and the system operation; therefore, a cost is the implementation of intelligent transportation systems.



	C5.4
	“Total cost of investment maintenance.”
	Maintenance is a cost that leads to ensure that the system is functional over time.



	C6
	“Environmental”
	This criterion has emerged in recent years as an essential part of implementing a P&R system.



	C6.1
	“CO2 reduction.”
	The CO2 reduction is based on the criterion that the P&R system allows reducing the undesirable effects of the private vehicle through the decrease of the trips to the CBD.



	C6.2
	“Noise reduction.”
	The P&R system allows the reduction of undesirable effects of the P&R system, such as noise reduction.



	C6.3
	“Area occupied by existing green areas.”
	This criterion refers to the fact that most P&R systems are implemented in places that are green areas. This is a reduction in green spaces.
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Table 3. Final aggregated fuzzy comparison matrix (6  ×  6) for the main criteria in level 1.
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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
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Table 4. Final aggregated fuzzy comparison matrix (4  ×  4) for the sub-criteria in level 2 (transport aspects branch).
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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
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Table 5. Final aggregated fuzzy comparison matrix (4  ×  4) for the sub-criteria in level 2 (economic branch).
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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
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Table 6. Final aggregated fuzzy comparison matrix (3  ×  3) for the sub-criteria in level 2 (traffic conditions on the route (origin destination) branch).
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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
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Table 7. Final aggregated fuzzy comparison matrix (3  ×  3) for the sub-criteria in level 2 (accessibility of the public transport branch).
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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
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Table 8. Final aggregated fuzzy comparison matrix (3  ×  3) for the sub-criteria in level 2 (environmental branch).
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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











[image: Table] 





Table 9. The weight scores for park-and-ride facilities’ main criteria in level 1.
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	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
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Table 10. The weight scores for park-and-ride facilities’ sub-criteria in level 2.






Table 10. 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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