

  sustainability-13-04064




sustainability-13-04064







Sustainability 2021, 13(7), 4064; doi:10.3390/su13074064




Article



A Comprehensive Model to Study the Dynamic Accessibility of the Park & Ride System



Jairo Ortega 1,*[image: Orcid], János Tóth 1 and Tamás Péter 2[image: Orcid]





1



Department of Transport Technology and Economics, Faculty of Transportation Engineering and Vehicle Engineering, Budapest University of Technology and Economics, 1111 Budapest, Hungary






2



Department of Control for Transportation and Vehicle Systems, Faculty of Transportation Engineering and Vehicle Engineering, Budapest University of Technology and Economics, 1111 Budapest, Hungary









*



Correspondence: jairo.ortega@kjk.bme.hu







Academic Editor: Francesca Pagliara



Received: 24 February 2021 / Accepted: 1 April 2021 / Published: 6 April 2021



Abstract

:

A Park and Ride (P&R) system is an intermodal point where private vehicle users transfer to public transport to make a combined trip. Several researchers have measured the static accessibility of the P&R system. However, studying dynamic accessibility leads to a comprehensive model consisting of a series of elements and steps that allow for travel time analysis in various traffic conditions. Therefore, the purpose of this article is to develop an integrated model that provides a set of procedures which determine the travel origin points of the P&R system, calculate the trips in different traffic conditions (in this article, the results are shown in three scenarios: no traffic (NT), low traffic (LT), and heavy traffic (HT)), and include a hot spot analysis and correlation in order to finally be able to display the dynamic accessibility using geospatial software. The result shows that the accessibility of the P&R system varies depending on the traffic volume and the variation of the accessibility in the different areas that conform to the urban environment. In conclusion, the integrated model helps users decide on the best time to travel to the P&R system, allows transport planners to develop strategies to make the system more functional, and gives an excellent opportunity to develop a travel information system.
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1. Introduction


Accessibility in the field of transport is generally characterized as possible contact with spatially-distributed opportunities to reach a location, and is usually defined as physical access to goods, services, and destinations [1]. It is one of the essential components in the study of the transport system in the sense of urban economy and geography [2], and it is an indicator of the effectiveness of the region or location relative to other zones and regions [3]. For improved access to public transport, better accessibility to public services is a requirement [4]. In fact, accessibility has become a key concept in geography, transport, and urban planning. It has also become crucial for users to make the most suitable alternative according to parameters such as traffic, energy consumption, and travel time [5,6].



When getting a clear concept of accessibility in a transport system, accessibility can be involved or measured in the park and ride (P&R) system. The P&R system is a connection point between private and public transport, and it is mostly used by people who live in the outskirts of the city, where public transport coverage is inefficient or non-existent. However, in the urban area, and specifically in the city center, congestion problems cause these users to switch to public transport, which is directly connected to the CBD (Central Business District) through the P&R system [7,8]. Analyzing this concept, the accessibility study of the P&R system is associated with the accessibility of private and public transport from the origin of the trips to their destination [9].



Accessibility can be measured in private transport from an origin to a destination in different traffic conditions, and for the public transport, it is associated with the frequency of service and the travel time from the P&R to the destination. This means that accessibility is dynamic and varies according to the time and the day. Dynamic accessibility can determine the departure time in order to provide the P&R user adequate access to public transport [10]. However, most of the pre-existing accessibility metrics are static, which characterize the conditions of peak hours or only the daily average.



Thus, a dynamic accessibility study for a P&R system aims to develop a method to determine those origin points of the trips which a P&R system can attract. The traffic conditions under which vehicle users move from the origin to the P&R system determine which type of P&R facility they choose according to the travel time [11]. Another determinant of the travel conditions is made by public transport from the P&R facility to the destination. This includes the timetables and the level of service [12].



The development of extensive data analysis in recent years has led to the emergence of dynamic accessibility that captures temporal variations on accessibility as an important focus of research, and some researchers have achieved certain results in this area [13]. After all, residents do not require every urban area to have the same accessibility at all times, assuming that they can comfortably access relevant points of interest, especially those located in nearby areas along their usual travel routes [14]. Few studies on dynamic accessibility have addressed measurement applied to the P&R system and relevant geographical areas [15].



The main question of this study is how to compare the dynamic accessibility under different traffic conditions of the origin points of the trips to the P&R system from each zone of the urban environment of a city. Here, accessibility is measured as the sum of the number of origin points within a zone from where the P&R system is used under the given traffic conditions in a given period of time in a day. The parameter on which the comparison is based is travel time. Our study uses data from a Latin American city called Cuenca in Ecuador, where we studied seven possible P&R facilities [16]. The methodology for measuring accessibility proposed in this paper may benefit cities in developing countries with limited resources.



The article is structured as follows. Section 2 describes the work carried out by researchers on accessibility in various transport systems, and overviews the literature on P&R systems. Section 3 describes the methodology and data collection applied here to develop the model to determine the dynamic accessibility. Section 4 shows the results produced using maps and tables and includes a discussion of the findings. Finally, the conclusions section describes the principal discoveries, advantages, and limitations of the methodology developed here and identifies future research directions.




2. Literature Review


The link of the public and private transport system highly contributes to our daily life. While there are many studies on the accessibility of public and private transport systems, the accessibility of the P&R system is less researched. However, it is interesting how studies on accessibility in public and private transport through the P&R system can be illustrated. In the following, relying on numerous publications, we describe the literature on accessibility in public and private transport and the operation of the P&R system.



Accessibility research began years ago and focused primarily on the capacity and alternatives available to reach a destination [17,18,19]. The core principle of a city’s urban planning is connectivity with the various transport systems [20,21,22]. In recent decades, accessibility analysis has played an important role in studying land use and transport [23]. The recent increase in techniques that allow for high-resolution data collection has led to the rise of studying dynamic accessibility that accurately captures temporal differences in accessibility over periods of time [24]. Dynamic accessibility, measured for travel times, relies on the various modes of transport and plays a significant role in varying times with shifts in the transport network and destinations of people’s activities [25]. The outcomes of a dynamic accessibility measurement for public transport and private mode will be substantially different in different circumstances. Thus, it is more reliable to measure accessibility for each transport mode as a separate unit [26]. Deep analyses have also been done on what aspects of accessibility people have via a given means of transport, such as the train, the bus, the automobile, and the taxi [27,28,29,30]. A technique that incorporates data from current geographic information systems for the purpose of offering a real-time measurement of the accessibility and connectivity of transport modes is described in [31,32]. In addition to studying the dynamic accessibility of a mode of transport, we can measure the accessibility of the different transport modes and then compare them [33]. Accessibility to public transport in Hong Kong has proven to be much higher than that of a private car because of comparatively low monetary costs and the high standard of public transport services [34].



Private cars have created adverse effects in urban environments such as traffic and pollution. Researchers dealing with this subject have made a range of recommendations to local governments to address these issues. One of these approaches suggests a complete change from private cars to an environmentally friendly mode of travel (e.g., walking, cycling, public transport) [35,36,37,38,39]. However, this is not an option for people who own a private car and live outside the metropolitan area with limited or no available public transport service [40]. Thus, researchers and transport planners have studied and found methods and methodologies to examine the components of a P&R system and figure out the most relevant components for researchers to study [41,42]. For example, the capacity of the P&R system has been investigated, which relates to the number of parking spaces needed in the P&R system [43]. Furthermore, demand and travel times are examined by analyzing the relationship between the P&R system and the public transport system elements [44]. Travel time in the first part of the trip by a private car to the P&R system can depend on the location of the facility and the time of day analyzed. For example, traffic could be higher in the morning during peak hours and lower during the night in lower activity hours. A multimodal equilibrium model including three modes of transport was developed to analyze the locations and subsequent optimization of existing P&R facilities in order to understand the P&R system as it interacts with public transport [45,46]. Besides, the location of the P&R system is closely related to the features of the transport system, such as the possible number of users and the proximity of the facilities to public transport stations [47,48,49,50]. To better understand the components of the P&R system and the accessibility, it can be represented and studied through geographic information systems (GIS) [51].



Our review of accessibility found that few previous dynamic accessibility studies focused on the accessibility of the P&R system. Earlier studies often used a generic accessibility index to measure accessibility and effectiveness by dividing cities into small grids or transport study areas without relying on the individuals’ real origin points and related travel zones [52]. This paper suggests an analytical approach to study the dynamic accessibility of P&R facilities through real journeys. For this purpose; the methodology includes the origins of the trips known as starting points of the P&R system. Then an algorithm is applied to study the travel time in a private vehicle in different traffic conditions (non-traffic, heavy and low traffic) from given starting points, and finally a GIS tool is used to interpret the dynamic accessibility through a visual approach.




3. Data and Methodology


In this part of the study, the methodology to determine the dynamic accessibility of the P&R system is presented. The data coming from the existing mobility plan of Cuenca, Ecuador is described, and the case study is presented. Finally, it is shown how the methodology of dynamic accessibility of the P&R system was developed step by step. The final result is a comprehensive approach to measure the dynamic accessibility of the P&R system.



3.1. Study Area


The P&R system is relatively new in the city of Cuenca, Ecuador. It has rather been studied theoretically to enable intermodal transport between private vehicle users who live on the periphery of the city or where access or coverage by public transport service is limited. The city is composed of 15 zones. Light rail transit (LRT) constitutes the most modern transport system in the city, which is connected to seven P&R facilities (marked from A to G) that have been discussed in the research carried out by Ortega et al. [16,53] (see Figure 1). Regarding the connections of the P&R system, they are made through secondary road networks. The entrance to the city from the north is through zones 1 and 11. The entrance to the city from the east is in zone 15, and from the west, it is in zone 3. The entrance from the south is in zone 14.



The city has also developed a SUMP (Sustainable Urban Mobility Plan) as part of its efforts to promote sustainable mobility among its citizens. The plan chapters contain data that can be used in subsequent studies, such as division into zones and land use. Besides, chapters containing parking policies serve as a basis for future studies. The historical center is classified as a World Heritage Site by the UNESCO. One of the recurrent problems is the high level of congestion in the center of the city. Orellana et al. [54] carried out several studies in the area of mobility. The authors offered analyses on the effect of the spatial design of street networks and the mobility of bicycle users. Besides, Hermida et al. [55] explored the influence of the built environment on traffic flow.



Cuenca is officially the capital of the province of Azuay. The city has 329,928 inhabitants, making it the third most populated settlement in the country behind Quito and Guayaquil. The city is made up of rural and urban districts. The conglomerate is comprised of 661,685 inhabitants.



The Terminal Terrestre is the central bus station, located in zone 12. Its function is to receive passengers arriving from other cantons and provinces of the country. Since 2008, the city has been implementing a program called the Intelligent Transportation System of Cuenca, which includes the installation of new intelligent LED traffic lights, the modernization of buses circulating in the city, the construction of two transfer stations, as well as the Cuenca Tram. The city buses are blue and red, and are organized according to a group of numbered routes. The main urban lines are Troncal 100 and Troncal 200, which will be integrated with the tram system and transfer station feeders. The city has 3557 cabs in force that provide conventional cab service. The use of the taximeter is mandatory.



The SUMP developed by the municipality provides for origin-destination trips on different modes of transport in the city, with the CBD (zones 5, 6, 7) being the leading destination with about 600,000 daily trips. Among these, 32% are made by private vehicles. In terms of trips from outside the urban area to the city, there are 24,140 trips generated by private vehicles. From these trips, 11.89% are work-related activities and 6.2% for commercial purposes [56].




3.2. Selecting Origin Points


The selection of the origin points begins with the information available in the mobility plan of the city, in which there is a division based on zones and areas of land use and activity. This selection was made as a first step through the georeferenced information of each point of origin within each zone with respect to the following land use categories [57]:




	
Residential use;



	
Commercial use;



	
Recreational use;



	
Agricultural use.








The method aims to choose the ideal subzones that generate travel through the P&R facilities. For example, it is assumed that sub-areas characterized by recreational and agricultural land use do not generate travels to the P&R mode as the population engaged in these activities prioritize the use of other modes of transport. However, most journeys, both commercial and residential, are potential beneficiaries of the P&R mode. The selection of the origin points to create an origin and destination matrix in the P&R system was already determined in a study carried out by Ortega [16], which identified 655 origins based on the land use and activity of the potential users of the P&R system. Of a total of 982 georeferenced points, after classification, 655 origin points are considered.




3.3. Road Traffic Data Collection


Travel time is calculated between the previously determined origin and destination points and the location of the P&R facility. Thus, the travel time is calculated in three traffic conditions:




	
Travel time, without traffic (NT);



	
Travel time during low traffic on the network (LT);



	
Travel time during heavy traffic on the network (HT).








Heavy traffic is defined according to the mobility plan, as the hours when the travel time of a private vehicle driver travelling from an origin to a destination increases due to the large number of vehicles wishing to make the same trip.



Low traffic refers to a time when a private vehicle driver from an origin to a destination travels within the average travel time. Each city has a different number of heavy traffic or low traffic hours.



These metrics were chosen because they have generally been considered as indicators of accessibility. The average distances and the travel times are calculated for each origin point of the zones with the applied algorithm.



The Google Maps Address API [58] service calculates the exact travel time between sets of origins and destinations on a transport network based on an actual traffic condition.




3.4. Public Transport Travel Time


The municipality of Cuenca provided the public transport (LRT) data in terms of frequency, travel time, and distance between stops. The LRT operates from Monday to Sunday from 6:00 to 21:00 with a 10 min frequency. Furthermore, the average transfer time from the P&R facilities to the LRT station is 5 min, which means a maximum transfer time of 15 min to access public transport. Besides, the maximum travel time from a P&R facility to the city center by LRT is 20 min. This information is provided as part of the city’s LRT planning and construction study by the department of transport operations, and the municipality of Cuenca [56].




3.5. Dynamic Spatial Accessibility of the P&R System


Using the data obtained through data collection and algorithms to calculate travel time, this data can then be entered into a geospatial program to analyze dynamic accessibility. In the geospatial software used, the hot spots of the trip origins of the P&R system are analyzed, indicating the level of accessibility of these points through a set of colors. For example, a red point indicates that it is a hot spot, a blue point indicates that it is a cold spot, and the intermediate colors indicate the tendency of accessibility. In addition to calculating the correlation, this method allows for ensuring that the origins of the trips be calculated according to their functionality. The final result of the methodology will provide a map for each traffic condition of dynamic accessibility and a degree of travel time fluctuation.



The hot spots analysis would start with a first analysis of the spatial aggregation of the data. To apply the hot spot analysis methodology, a specific typology has been selected in our case: travel time in three traffic scenarios. Thus, we can simulate the detailed and thorough analysis that would be carried out on a specific problem. Hot spot analysis also reveals that there are patterns of concentration of trip origin points of a transport system in different zones and specific to each subzone; in other words, they are not random. Therefore, in order to measure the accessibility of the P&R system, which is considered a transport mode in a medium-sized city where the points of origin of trips are not random, the hotspot method is the most suitable approach.



3.5.1. Hot Spots Formulation


Hot spot analysis identifies where travelers are going with high or low time accumulations and compares travel times for individual origins with travel times from neighboring origins. The following Equations (1)–(3) explain the method used to calculate the hot spots:



The Getis–Ord local statistic is given as:


   G i ∗  =     ∑   j = 1  n   w  i , j    x j  −  X ¯    ∑   j = 1  n   w  i , j     S       n   ∑   j = 1  n   w  i , j  2  −       ∑   j = 1  n   w  i , j      2      n − 1        



(1)




where    x j    is the attribute value for feature  j ,    w  i , j     is the spatial weight between feature  i  and   j ,    n  is equal to the total number of a feature:


   X ¯  =     ∑   j = 1  n   x j   n   



(2)






  S =       ∑   j = 1  n   x j 2   n  −     X ¯    2     



(3)







The    G i ∗    statistic is equal a  z -score, thus no further calculations are required.



The    G i ∗    statistic returned for each entity in the dataset is a z-score. For positive z-scores that are statistically significant, the larger the z-score is, the more intense the clustering of high values (hot spot) should be. For negative z-scores that are statistically significant, the smaller the z-score is, the more intense the clustering of low values (cold spot) should be.



The result of the study by the statistician Getis–Ord    G i ∗   , and in it, we can see how the origin points of a P&R system create a hot spot (z-positive scores), while negative z-scores create the so-called cold spots. Those zones have problems of accessibility according to traffic conditions in the city’s urban environment that have more cold spots in them.



The Hot Spot Analysis tool is part of the software used. This tool works by searching for each entity within the context of neighboring entities. An entity with a high value is interesting, but may not be a statistically significant hot spot. To be a statistically significant hot spot, an entity must have a high value and also be surrounded by other entities with high values. The software package itself gives the formula. The data needed are the origin of trips and the travel time in different traffic metrics.




3.5.2. Correlation Formulation


In statistics, Moran’s I is a measure of spatial autocorrelation developed by Patrick Alfred Pierce Moran [59]. It is characterized by a correlation in a series of indicators among nearby locations in the spectrum. The correlation equations are presented below (Equations (4)–(8)):



The Moran’s I statistics for spatial autocorrelation is given as:


  I =   n     ∑   i = 1  n    ∑   j = 1  n   w  i , j    z i   z j     s 0    ∑   i = 1  n   z i 2         



(4)




where    z i    is the deviation of an attribute for feature I from its mean (xi-  x ¯  ), wij is the spatial weight between feature  i  and   j ,    n  is equal to the total number of features, and    s 0    is the aggregate of all spatial weights.


  I =   n     ∑   i = 1  n    ∑   j = 1  n   w  i , j    z i   z j     s 0    ∑   i = 1  n   z i 2         



(5)







The    Z I  − s c o r e   for the statistic is computed as:


   Z I  =   I − E  I      V  I       



(6)




where:


  E  I  = −  1  n − 1    



(7)






  V  I  = E    I 2    − E    I   2   



(8)







With respect to Moran’s Global Index, the value P is 0, and the null hypothesis can be rejected; in other words, there is a state of spatial dependence in the distribution of values. Given a set of origin points of the P&R system and an associated facility attribute, this tool assesses whether the expressed pattern is clustered, dispersed, or random. When the z-score and the p-value indicate statistical significance, a positive value of Moran’s I-index indicates a trend towards clustering. In contrast, a negative value of Moran’s I-index indicates a trend towards dispersion.



The Spatial Autocorrelation tool outputs are five values: Moran’s I-index, the expected index, the variance, the z-score, and the p-value. These values can be accessed in the Results window. The formulation comes within the software used, and the data needed is the location of the origin points and travel time in different traffic metrics.



To understand more about the model that makes the study of the dynamic accessibility of the P&R system possible, the following diagram (Figure 2) explains the functioning of the model in which the final result is the visualization of the level of accessibility on a map.






4. Results and Discussion


The results obtained serve as the basis for creating maps that allow for visualization. Additionally, for each series of results, an extensive description has been presented, which serves as a basis for understanding the relevance of what has been generated.



4.1. Hot Spots Analysis


In the first series of maps, hot spots in the three traffic scenarios are studied (Figure 3, Figure 4 and Figure 5).



The following is a description of the maps in Figure 3, Figure 4 and Figure 5 regarding the accessibility of P&R facilities A–G, which varies according to traffic conditions. For example, Figure 2 shows the different origins of the trips determined for the P&R system that has been established in the initial part of the methodology developed. Thus, zones 11, 12, and 15 are the ones that present the most problems in terms of accessibility to the P&R system during non-traffic hours. The point is that during these hours, accessibility in terms of traffic is a result of other factors such as the form of infrastructure or the distance of the P&R facility and the origin, or the little diffusion of the use of the P&R system. Besides, each zone may have different high and low traffic hours compared to the average high and low traffic established in the city. The activity carried out in the zone may not be the competence of the potential users of the P&R system. Users may even take other alternatives depending on the time of the day, and there may be a low concentration of use.



Indeed, in all traffic conditions, zones 11, 12, and 15 have the disadvantage of accessibility to the P&R system. However, in low traffic hours, there are accessibility problems in zone 1 as well, since this zone is the northern entry of the city. The problems might even be due to the road configuration. The main road is not connected directly to the P&R C, and thus to reach the P&R, it is necessary to take a secondary road.



At those hours, the northern entrance is more occupied by a significant number of vehicles from other cities in the country, which means a larger number of cars on the road network. Thus, many cars are entering the city; therefore, this zone is overcrowded, and the result is that drivers do not use the P&R facility. Furthermore, in zone 14 of the southern entrance, there is a variation between greater and lesser traffic hours. However, we should consider that accessibility in the P&R system is optimal in the other zones from a wider perspective.



As already mentioned, the second part of the journey is made by an LRT that directly connects to the destination and is not mixed with the traffic. Therefore, LRT ensures accessibility without traffic problems in the second part of the journey.



A similar analysis can be applied to cities where the P&R system is linked to a public bus system in the second portion of the journey, which is subject to traffic conditions. Considering this complex setup, i.e., private car—P&R system—public transport leads to a more complex analysis because of analyzing the dynamic accessibility of the private vehicle and the public transport depending on traffic conditions.




4.2. Correlation Results


The correlation study is necessary since it allows us to obtain parameters z and p that will indicate if the null hypothesis is fulfilled or not—in other words, whether we should reject the null hypothesis. The range of the Moran Index is between +1 and −1.



Moran’s index is equal to +1, suggesting that the observed pattern is spatially clustered. If Moran’s index is equal to −1, it suggests dispersion or scattering. A Moran index close to or equal to zero points to the absence of autocorrelation.



p-value: it is a probability value; if this value is minimal, it means that the probability of the null hypothesis being fulfilled is minimal. The basic assumption is accepted (if p > 0.05, and it means that the data values are randomly distributed spatially. If p ≤ 0.05 and z-score is negative, the basic assumption of randomness is rejected, inferring that the high and the low values in the dataset are dispersed spatially. Similarly, the z positive score assumes randomness is again rejected, and the inference drawn is that the high or low data values are spatially clustered [60,61].



Z-value represents the standard deviations; in general, when this value is minimal (close to 0), we will not have enough statistical evidence to reject the null hypothesis.



Consequently, z takes very high values (positive or negative) when the value of p is small. When values tend to cluster spatially (i.e., high values cluster near other high values or low values cluster near other low values), the Moran’s index will be positive; by contrast, when values are dispersed (high values tend to be near low values), the index is negative (see Table 1, Figure 6).



The p-value obtained is less or equal than 0.05 for all the three scenarios, discarding the basic assumption of randomness and independence in the data values.



In all the metrics, given the high z-scores above, there is a less than 1% likelihood that this clustered pattern could be the result of random chance (Figure 6). The p-value is equal to 0, indicating that the data values are randomly distributed spatially. Moreover, as we have explained, when the p-value is minimal, z must take very high values. Since Moran’s index is positive, we can affirm a pattern of aggregate distribution of the origins of trips in the P&R system. The lower message indicates that, given that value of z, there is a 1% probability that this pattern of aggregation results from randomness. Therefore, we have enough statistical evidence to say that the origins of the P&R system are spatially clustered.




4.3. Dynamic Accessibility


The final result of this dynamic study of the P&R system is that it is possible to visualize accessibility on maps (see Figure 7, Figure 8 and Figure 9).



In Cuenca, the number of zones with good accessibility to the P&R system is higher than that of zones with poor accessibility zones. However, four specific points in the maps indicate that a more thorough examination is required: (i) the northern access to the city in zone 1; (ii) the western access in zone 15; (iii–iv) and two sites in zone 12. The northern entry to the city in zone 1 is the main accessway to the city, which is problematic in all three scenarios due to the vast number of vehicles filling the route from the outskirts. A valid argument is that the P&R area is difficult to reach, since it is not connected directly to the main highways, but rather to the secondary roads. We propose that transport planners implement intelligent transport systems to give information about the traffic conditions to potential users of the P&R system to minimize travel time from this zone.



The situation for zone 15 is similar to that of zone 1, as it is the western entry to the city. Cars on the road to the P&R system often accumulate, in addition to the general assumption that it is difficult to access the P&R system from the starting point of trips in that area. The implementation of intelligent transport systems which indicate traffic conditions allows future travelers to make the most effective journeys.



Zone 12 is very close to the city center; therefore, the routes to the P&R system are occupied by private vehicle users who do not wish to use the P&R system. Besides, the area is located near the bus terminal. All roads in this area are therefore occupied by private vehicles and buses. Future studies need to assess whether potential P&R users can access the city center on foot or through the LRT.



Figure 10 presents descriptive statistics that summarize the main characteristics of travel time during a working day from morning to evening, from a starting point to a destination in different traffic conditions, using the P&R system. Since it was decided to model the time information of the working days in Ecuador (from Monday to Friday), and there are only minor variations between the days studied, a typical working day is represented in the figure. Cuenca has three different hours of heavy traffic between 6:30 to 8:00 in the morning, 12:00 to 14:00, and 18:30 to 19:30. Therefore, the best times for users who use the P&R system are from 6:30 to 8:00, when accessibility is optimal. Figure 10 shows that at certain hours accessibility changes even though there are no traffic (NT). This suggests that during those hours there is opposite traffic. In other words, private vehicle users are leaving the CBD, making it difficult for potential P&R users to access the CBD, and increasing delays. A second hypothesis is that the city has an intelligent traffic signal system that can change according to the traffic at certain times of the day, producing the same delay effect.



In the maps explained previously (Figure 7, Figure 8 and Figure 9), it is possible to notice that the traffic affects the trips to and from the P&R system. A variation in heavy traffic can be detected. Still, it is not excessive, and this is because a medium-sized city like Cuenca does not have significant traffic difficulties, it is rather a navigable city. However, the difference can be seen at peak periods. Therefore, this methodology becomes essential for planners in determining what actions could improve accessibility in different periods of time. Besides, providing real information about the time that the potential users of the P&R system can start their journey with better conditions allows this information to be added as part of an intelligent transport planning of a journey through the P&R system. In our case study, the best time to take a trip using the P&R system is from 6:00 to 6:30 in the morning.



A limitation of this study is that it applies to a city with an LRT system with priority over city traffic. It would be interesting to use this methodology in a city with a bus system that shares in daily traffic and thus calculate the accessibility of public transport.





5. Conclusions


This study explored the accessibility of P&R facilities in Cuenca, Ecuador. The methodology included a series of components whose starting point was the location of the origin points of the trips to the P&R system. Then, an algorithm, which is part of the Google API, was applied. With this, the route from the origin to the facility could be defined, and the travel time could be calculated in different traffic conditions. Finally, an analysis was executed. The results were visualized through a georeferencing platform.



Several factors have been confirmed in this study that affects dynamic accessibility in the P&R system. One of the key objectives of the algorithm was the measurement of private car traffic in the first part of the journey, before using the P&R system. The second portion of the journey made after using the P&R system utilizes public transport, and accessibility depends on the service. Compliance with the service schedule thus makes it possible to minimize delays. In our case study, the second component of the journey through the P&R system is an LRT that has a priority over private transport.



On the one hand, each location belonging to the P&R system has different degrees of accessibility based on the place from which the passengers originate. However, this difference is not necessarily apparent, since the city of Cuenca has the same behavior every working day. To evaluate mobility, which consists of people being able to select the mode of travel they consider most appropriate, it is necessary to promote the use of P&R with the application of intelligent transport systems that stipulate the traffic conditions to reach the destination. Considering all the information in our georeferencing software, it offers a more precise level of detail for our monitoring of improvements in accessibility at each origin point. Rather, over time, this leads to an increase in incorporating the P&R system with transport planning, enabling drivers to schedule the route with technological devices and promoting sustainability to minimize travel time.



Future studies about dynamic accessibility in the P&R system may calculate the accessibility of the second part of the journey through public transport combined with traffic. Besides, this approach is interesting to extend to cities where the traffic has more notable peak and off-peak hours. We agree that the P&R system can be integrated into travel applications. In other words, from origin to destination, most implementations imply modes of transport such as public transport, walking, and private cars. It would be important to know the outcome of integrating the P&R system in such a manner that users living in areas with poor or no public transport coverage have the option in the urban area to change to public transport through the P&R system.
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Figure 1. The Park and Ride (P&R) system, light rail transit (LRT), and zonal division of Cuenca, Ecuador. 
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Figure 2. Diagram of the model to study the dynamic accessibility of the P&R system. 
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Figure 3. Hot Spots analysis without traffic. 
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Figure 4. Hot Spots analysis low traffic. 
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Figure 5. Hot Spots analysis heavy traffic. 
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Figure 6. Correlation analysis. 
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Figure 7. Dynamic accessibility analysis of the P&R system without traffic. 
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Figure 8. Dynamic accessibility analysis of the P&R system low traffic. 
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Figure 9. Dynamic accessibility analysis of the P&R system heavy traffic. 
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Figure 10. Dynamic accessibility time fluctuation of the P&R system (HT—heavy traffic, NT—no traffic, LT—low traffic). 
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Table 1. Values of spatial autocorrelation reports on different measures.
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	Indexes
	Without Traffic
	Low Traffic
	High Traffic





	Moran’s Index
	0.191937
	0.174921
	0.210636



	z-value
	7.278212 (significant)
	6.617391 (significant)
	7.914015 (significant)



	p-value
	0.0000000
	0.0000000
	0.0000000
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