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Abstract

:

Nowadays, accessibility to facilities is one of the most discussed issues in sustainable urban planning. In the current research, two spatial distance accessibility measures were applied to evaluate the accessibility to amenities, services, and facilities (ASFs) from public transit (PT) by walking distance in six Indian cities. The first stage accounts for distance measures using the Euclidean distance with a new methodical approach derived from the built-up area with a spatial resolution of 30 m from Landsat data, and for the network distance method, the actual road distances using OpenStreetMap (OSM) for different threshold ranges of distances were derived. Meanwhile, in the second stage, indicators such as built-up area, network connectivity, and network density with the percentage of ASFs are evaluated and combined for normalization process for ranking the city. The present study assesses the accessibility to various ASFs from PT at city level and explores whether the actual road network access (by measuring distance) in Indian cities is contributing to a high level of accessibility. It adopts a unique approach using statistical tools while assessing both Euclidean and network distances. It models a framework for overall benchmarking in all six cities by ranking them for their accessibility. The results show various scenarios in terms of the rank of cities, which had been strongly affected by distance metrics (Euclidean vs. network) and thus emphasize the careful use of these measures as supporting tools for planning. This facilitates the identification of the local barriers and problems with network access that affect the actual distance. This unique approach can help policymakers to identify the gaps in PT coverage for reaching ASFs. Furthermore, it helps in crucial implementation by strategic planning that can be achieved using these distance criteria.
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1. Introduction


For the past five decades, accessibility has been central to physical planning and spatial modelling. Hansen (1959) defined accessibility as the ease of access to a desirable destination by linking land use and activities with the transport network [1]. Later on, researchers called for a paradigm shift from auto mobility-oriented planning to accessibility-oriented planning [2]. Evidence shows that better access to services by feasible modes with less impact on the environment is an influencing factor in achieving sustainable accessibility [3].



In recent years, public transport has become increasingly focused on improvements in sustainability [4]. Improving access to public transit (PT) can be considered as an effective way to reduce the external cost and negative impacts of motorized vehicles [5]. Better access will encourage people to use more environment friendly transportation modes, including walking and cycling. These features that promote various forms of physical activity (such as walking) can be referred to as ’neighborhood walkability’ and they often consider destinations such as retail stores and parks, and community design features such as street connectivity and sidewalk access [6,7].



1.1. Need for Accessibility in Case of India


In India over a period of time, despite significant efforts to boost public transport growth in urban areas, the share of buses in total registered vehicles fell from 11.1% in 1951 to 1.1% in 2011 [8]. Similarly, non-motorized transport (NMT) share has declined, and although walking and cycling still account for 33% in most Indian cities, the percentage is declining year after year. On the contrary, in developed nations, with leading examples from London, Berlin and Copenhagen, the renaissance of NMT is taking place, with shares of NMT of about 30% [9]. Focusing on these incumbent issues, policies in India are now highlighting the opportunity to bring people and activities closer to PT [10]; and even targeting the improvement of infrastructure for cycling, walking and the city’s overall network coverage [11]. This will help in improving NMT infrastructure, thereby increasing access to various services to reach PT.



The distance that people walk to bus stops plays a crucial role in allowing the best use of public transport. The higher the percentage of people living or working close to the transit, the greater the probability of them using the service [12]. Studies in developed nations are rapidly focusing on this issue, by measuring accessibility in various cities and metropolitan areas with spatial dimensions in reaching public transit using walk scores [4,13]. A few other studies on urban intervention for access to various kinds of facilities and services for walkable distances have compared cities globally, irrespective of their size [14], and ranked them [15]. Potential spatial accessibility measures evaluating distance to reach PT and other utility services have been little explored in cities in the Global South, especially in India. The pursuit of connecting various services and amenities to PT constitutes an important objective in recent planning in Indian cities.



Previous investigations of several studies of accessibility using geographical information system GIS were conducted at the city level, associated were dealing with accessibility to jobs, connections using public transport, reaching the nearest transit from workplace [15,16,17]. But the focus on other amenities and services connecting to PT is very rare at the city level—these studies have so far focused on the neighborhood-level [18]. Only a few studies have been conducted at the city level, such as the one conducted in Pune metropolitan area in India, which revealed that 41% of school children do not have access to public transit [19]. Many students in India are restricted to their society schools because of inadequate PT services in some parts of the city, as lower-income families cannot afford private transport modes to reach schools at a far distance [20]. Implementing geospatial technologies towards health access in numerous developed nations has become widespread, but the use of these approaches in India has been fairly slow [21]. Only a small amount of research has been carried out in spatially connecting access to health care infrastructure with residents and the road network in India [22].



There are many methods to measure cities’ accessibility, but they cannot be generalized for all cities and towns around the world, since accessibility is affected by the local network, data quality and local context [23]. An alternative approach is needed to tackle unique and specific issues concerning settlements in India. Accessibility is well established at the neighborhood scale, but often a city is not a homogeneous entity in terms of dynamics, considering land-use patterns and network. In this study, a comprehensive cumulative accessibility score and index of cities is conducted. Additionally, spatial mapping of the city network and built-up area is taken into consideration, along with discrete interventions.



The present research is conducted in six Indian cities with a population of more than 1.5 million. Therefore, the scope of the present study is to assess the accessibility to various amenities, services, and facilities (ASFs) from PT at the city level and to explore whether the actual road network access (by measuring distance) in Indian cities is contributing to a high level of accessibility. The method in this study is more flexible and easier to use, and it helps to provide useful information for decision-making on improving accessibility to ASFs from PT. It also provides efficiency from a spatial perspective and thus assists policy makers.




1.2. Research Question and Hypothesis


Access to various services and amenities is recognized as an important facilitator and it becomes a primary concern in any accessibility plans. To integrate various services, geographic access plays an important role worldwide. In order to understand this importance, three research questions were studied: (1) what is the role of various indicators of spatial accessibility? (2) how can spatial accessibility in Indian cities be measured using combination of various indicators? and (3) how is accessibility between ASFs and PT measured? This study is an attempt to understand whether Indian cities have high access level, particularly in cities with a population of more than 1.5 million, i.e., million-plus cities in India. The components that relate to accessibility, such as built-up area and network density, were also included in this study. It is necessary to understand whether cities have better accessibility and whether the accessibility of ASFs to PT is high and can be measured at the entire city level. Indicators such as built-up area, network density and connectivity are combined to know the levels of cities’ accessibility. Two hypotheses were framed to identify levels of spatial accessibility based on distance criteria in the case of Indian cities: (1) distance of ASFs from PT plays a crucial role in defining cities accessibility. (2) Spatial accessibility in a city can be measured and evaluated based on various indicators.



This paper is organized into six parts—introduction, literature review, case selection and data collection, data analysis, results, discussions, and conclusions. The introduction presents the importance of accessibility planning and factors influencing accessibility. It further states the need to conduct the study in Indian cities for measuring accessibility, particularly to ASFs from PT. The second section describes the literature review by identifying various measures of accessibility with reference to cases of developed nations, which helps in the selection of indicators. The third section elaborates on the selection of cities and data collection. The fourth section presents the data analysis based on parameters including a data quality check, measuring accessibility by distance measures, detour index, normalization, etc. In the fifth and sixth sections, the results are presented, followed by a detailed discussion on the output of study. The last section makes the concluding remarks for the study.





2. Literature Review


There are various approaches for achieving sustainable urban development through a city’s form. One of the key aspects of sustainability focused on nowadays is accessibility, namely how accessible green spaces, jobs and services are to communities and how interconnected they are with walking and cycling facilities [24]. Accessibility mostly depends on density and transport linkages, which in turn depend on land use distribution [25]. It is necessary to develop accessibility for reasonable walking distance in cities of developing countries, because of a high level of mixed-use development patterns [26]. Cities which are well designed allow people to have high levels of access to services and facilities, encouraging proximity and social interactions. This permits a range of public transport services and is less consumptive in terms of resource use per person [27]. Evidence shows that better access to services by feasible public transport has a less negative impact on the environment [3]. Therefore, the availability of public transport must be made close to the activities, whereby accessing them becomes much easier [28]. Many cities concentrate on improving access to PT, which often involves some walking or cycling interventions to connect from the origin to destination of the trip, and this leads to improved last-mile connectivity [29]. It interlinks the accessibility of one parameter to another, as shown in Figure 1, for example improving accessibility towards walking and cycling to provide more local access. It will have a direct impact on public transport’s access and indirectly affects commuting distance for jobs, services, and recreation and health facilities. Overall, it requires policies for improving mobility with mode, road and pathway network, design and encouraging non-motorized vehicles in an urban area.



2.1. Measuring Accessibility: Methods and Techniques


Measuring accessibility is an essential component in many transport and accessibility plans, as it gives evidence for preparing guidelines and policies while also creating accessibility index [30]. Accessibility measures often focus primarily on one specific mode or a limited set of destination types, such as jobs. Accessibility measures are classified based on two main aspects, i.e., travel behavior and potential availability of opportunities [31]. These are divided into four important categories of active measures: (i) gravity-based, (ii) topology-based, (iii) distance-based, and (iv) utility-based [32]. All these measures are now currently focusing on the growing interest in spatial data technologies and are expected to have many precise results [33]. Studies are now widely carried out using geographical information system (GIS)-based mapping of accessibility to public transit [13,32,34]. Moreover, studies focusing on access to health care and travel time to hospitals are now widespread, and the distance to shops and cultural facilities were found to be an important factor [35].



Measures are described by a set of parameters concerning (1) a population-based spatial unit, (2) an accessibility measure, and (3) a distance measure chosen for measuring accessibility [36]. While assessing geographic accessibility, the use of these criteria may produce different results depending on the distance measure selected. Some researchers explored the geographical accessibility of health facilities by calculating the accessibility to the nearest facility using the shortest Euclidean distance, (extension of Minkowski distance measures), network distance or a combination of distance types [35,36]. Whereas few studies used the choice of Manhattan distance and Euclidean distances [37], but investigations later concluded that comparing Euclidean distance and network distance is more reliable [38,39]. Moreover, considering network distance measures further helps in the decision-making process for resource location and construction of new facilities [40].



Furthermore, in various countries, accessibility is tested using multiple accessibility instruments (AI). One such is Spatial Network Analysis for Multimodal Urban Transport Systems (SNAMUTS) in Australia, where it uses geographical information systems (GIS) tools to assess the linkage between the public transport network by clustering land use and visualizing its strengths and weaknesses across the metropolitan areas by spatial mapping. Spatial Network Analysis of Public Transport Accessibility Systems (SNAPTA) in the United Kingdom contributes to identifying barriers and creates an accessibility index to integrate NMT with PT. It was developed with an idea to identify "whether, at a reasonable cost and with reasonable ease, one can reach to services and activities". A few studies, such as Isochrones Maps to Facilities (IMaFa) in Spain and Method for Arriving at Maximus Recommendable Size of Shopping Centre (MaReSi) in Norway, measure accessibility to activities such as shopping centres. The IMaFa tool calculates services in a buffer area using Euclidean distance and travel times along a network performed in GIS. MaReSi calculates services by using walking and bicycle distances from dwelling to shopping center within 1–2 km by road distance to the site [41].



Land Use and Public Transport Accessibility Index (LUPTAI), developed in Australia, aims to quantify access by walking and the public transport network to destinations such as education, health shopping, jobs. LUPTAI considers walking in two ways: whether it is a single mode of access for a destination considering walking distances, i.e., (400, 600, 800, 1000 and 1200 m) or a mode of access to public transport i.e., (0–20, 20–40 and 40 plus min) [42]. Tools like Walk Score® (www.walkscore.com) developed in the U.S.A tests access to the nearest public transit and services such as shopping and educational resources (schools and libraries) by walk scores and this tool is available in the public domain [6]. All these instruments are known for interventions that cover the aspects of physical distance, travel time and travel cost.



By comparing all these AI tools irrespective of their strength and weakness, a study showed that instruments using spatial separation measured by an existing network rather than gravity measures have a high level of communication value on ground level, meaning that even non-expert users can easily interpret network flows or link connectivity [43]. Therefore, the presented study adopts spatial accessibility measures used by researchers in the past [36,37,44]. However, these studies have not often been conducted in developing nations like India. Hence, there is little quantitative work on the accessibility of Indian cites done previously. This study uses spatial data for developing an index to compare accessibility in Indian cities, by excluding cost and time factors, as they create complexity for comparing various cities. Here, the distance from ASFs is investigated using both Euclidean and network distance, and we compare both techniques within and among the cities in the Indian context.




2.2. Selection of Indicators


In a few studies, the macro-scale evaluation considered land use and land cover, job density and population density [44,45]. However, Indian demographic information corresponds to the 2011 census, and authoritarian land use plans are more than a decade old. This study, therefore, only includes built-up area extracted from Landsat 8 images, and thus the ASFs mapped are from year 2018–2019.



A comprehensive spatial accessibility assessment would help policymakers to take appropriate actions for improving overall accessibility in cities. Relevant indicators are selected from various literature regarding mobility/walkability [46,47,48], for land cover [49], and for network density, connectivity [50,51], as shown in Table 1.



The selection of diverse and multifold opportunities will provide a viable option to assess accessibility plans in a much better way. Education, health care, leisure, entertainment activities, and commuting capabilities are commonly seen as the leading demands of urban contemporary life. Unlike economic development infrastructures, social infrastructure includes the facilities and places that primarily serve the specific needs of everyday life [52]. With this understanding, various utilities in developed nations were identified as relating to accessibility to a specific infrastructure, such as health [39,52], parks and green spaces [38,53], schools [54,55], transit [32,56,57,58]. A common goal for these studies was to limit the usage of private vehicles and encourage access to public transit by walking and bicycling. Based on this, various sectors are categorized as ASFs (Table 2). In India, as per guidelines, policies and a few research studies have identified recreation activities as “Amenities” in the urban local bodies act, (Government of India, 1992) [59], while police stations and post offices are considered in the category of "Services" [60]. Education and health are considered in the category of "Facilities" in the 83rd Constitutional Amendment Act (Government of India, 2002), which focuses on universal access [61].




2.3. Identifying Reliable Walking Distance


To measure accessibility using distance, researchers used standard walking distances similar to the planners’ thumb rule, i.e., 400 and 800 m [62,63]. Even the World Bank suggests that bus services should be made available for less than 400 m distance to encourage pedestrians [64]. A few other recommended distances from different literature reviews are shown in Table 3.



Indian policies which encourage accessibility specify ideal distances to access urban facilities and services. The Urban and Regional Development Plans Formulation and Implementation-2015 (URDPFI) guidelines [72] dictate that the ideal distance for facilities and transit must be available within 600 to 800 m. The colour code used for mapping and identifying Euclidean and network distances is shown in Table 4.





3. Methodology


This paper introduces a framework to assess accessibility at a macro level with the help of derived indicators from literature studies for various ASFs from PT, as shown in Figure 2.



3.1. Selection of Cities in India


India’s urban population continues to grow at an unprecedented rate. The majority of new development is occurring in major cities such as the metropolitan (over 4 million inhabitants) and million-plus cities (over 1 million inhabitants), popularly known in India as tier-2 cities [73]. As per Wilber Smith Associates’ report, two types of accessibility indices are developed: (i) Public Transport Accessibility Index and (ii) Service Accessibility Index. Public Transport Accessibility Index is formulated as the inverse of the average distance (in km) to the nearest bus stop/railway station (suburban/metro). The Service Accessibility Index is computed as the percentage of work trips accessible within 15 to 30 minutes for each city. For both the indices, medium category cities, i.e., those that fall in Tier 2 cities, have better accessibility compared to low and high category cities [74,75]. However, even this study only addressed a few tier-2 cities, as shown in Figure 4. Moreover, studies in India are very rarely conducted specifically for accessibility to each ASF in a broader perspective and how it influences the city’s accessibility.



Previously in India, studies conducted at city level focused on accessibility assessment to jobs through public transport. These studies are mostly conducted in tier-1 cities, or cities with a population over 3 million as per the 2011 census, such as Mumbai, Delhi, Kolkata, Chennai, Hyderabad, Bengaluru, Ahmedabad, Surat, and Pune. Only a limited number of studies have focused on issues of access by walking to public transit at the city level to educational facilities [70,76]. However, these studies were limited for tier-2 cities. Most of the Indian tier-2 cities with a population of 1.5 to 3.0 million have an average trip length of less than 6km and the urban radius (which is determined as population distribution by distance from the center of the city) is within 15 km from the center, as shown in Figure 3a,b [77,78].



For the current study, large cities with a population of over 3.1 million were ignored, as these cities exhibit unique characteristics in comparison with the million-plus cities in India. Moreover, limited studies were conducted for the shortlisted cities, on the accessibility of PT (PT in this study considers only bus stops). Therefore, confining this scope, the present study attempts to assess the accessibility to various ASFs from bus stops at the city level. All these cities were shortlisted based on population size and presence of a public transportation facility in the city as shown in Figure 4. For this paper, out of the 11 shortlisted cities, only 6 were considered (Visakhapatnam, Nagpur, Bhopal, Jaipur, Lucknow, and Indore), as shown in Figure 4 with blue colour bar, and they are mapped accordingly in Figure 5.



The average mean distance between bus stops in all the selected six cities was almost below 500 m, as calculated using the average neighborhood tool in ArcGIS 10.5.1. This is the reliable distance between bus stops (<500 m) as per the World Banking Group [64]. The shape of the city is identified from a study wherein it considers dynamic growth, density and development patterns along with the road network [77], and is mentioned in Table 5.




3.2. Data Collection


Secondary and spatial data were collected from various sources, as shown in Table A1 in Appendix A. Data are mapped using OpenStreetMap (OSM) in Google Earth (GE) and imported into ArcGIS 10.5.1 for analysis, as shown in Figure 6. For built-up area, the Landsat 8 image of datum WGS84 was used shown in Table 6. Bands 4, 3 and 2 were combined to create true-colour composite images. For analyzing the land cover, supervised classification was performed by a pixel-based supervised classifier, in which other land covers such as forest, agriculture, and water bodies were excluded from this study and only built-up area was delineated and used. The data from OSM in GE were overlapped with built-up area, as accessibility is crucial for identifying geo-located features and labels. The combination of earth observations with OSM features is a tool for large maps and offers significant opportunities for the creation of ideas [81].





4. Data Analysis


The analysis aims at developing a step by step assessment method. Initially, the quality and accuracy of data were checked by testing them for one city and secondly data processing and mapping were carried out by measuring accessibility by Euclidean and network distance for various indicators in six cities. From the literature, network connectivity, network density and detour index were calculated using the relevant equations. Lastly, the cumulative accessibility score (index) was calculated by combining the relevant indicators through the process of normalization.



4.1. Data Quality and Accuracy


Research quality may be defined by the reliability and credibility of information and data. Precision and error-free data are the key characteristics of data accuracy [82]. This study uses built-up area extracted from Landsat 8. Initially, the study examines the accuracy assessment of land cover classification using GE with Nagpur city for the year 2018. The supervised classification was used to classify the image of Nagpur city for projected coordinate system of “WGS_1984_UTM_Zone_44N”. Under land cover categories, built-up and non-built-up were classified (refer to Figure A1 in Appendix A). After classification of land cover types, 20 random points were generated in ArcGIS 10.5.1 and random points were converted to KML for opening in GE. Each random point’s value was verified from GE for accuracy assessment. GE was used to measure the number of correctly classified ground truth pixels, as shown in Equations (1) and (2). Since GE has a high resolution, it is an important source of information, especially in an urban area where the pattern of land cover is a complex mosaic of different land uses [83]. The source of data is open, and therefore, a manual visual interpretation approach on the GE interface was carried out for 26 November 2018. The result shows that the overall accuracy of land cover for 2018 is 80% and Kappa (K) is 0.84, which is acceptable in both overall accuracy and Kappa accuracy (Refer Figure A2 in Appendix A).



Secondly, data acquired from various government sources were mapped using OSM in GE. To check accuracy, ground truthing was conducted randomly in the city of Nagpur for three areas in the year 2018 with a buffer ring of 800 m from the main bus stop in each area, as shown in Figure A3 in Appendix A. In general, the Kappa coefficient is performed to understand the plots’ mismatch and is mostly used in land cover classification, which was done initially. In this case, the data point for schools, playgrounds and recreation etc. was vpresumed in OSM, and ground truthing was done by directly visiting the site and checking the existence of ASFs by using GPS coordinates. Mismatch is mainly seen in playground and recreational areas, where it is verified by reaching out to the precise location. Where a few locations are rarely inconsistent, and when one or two locations are found, these are drawn into other services in the evaluation process. The results are shown in Table A2 in Appendix A for the individual area, and the overall accuracy within all the areas is shown in Figure A4 in Appendix A. The accuracy results confirm that the overall accuracy is above 90.0% and Kappa (K) is above 0.85 in all the cases. Studies showed that accuracy higher than 75% is reliable and acceptable [83]. Previously, a study in Nagpur conducted on validation georeferenced Google Earth imagery (GEI) with ground truthing for recreation and playgrounds had a confirmed 95% accuracy, with a kappa value of 0.93 (i.e., 93%), which followed the same method [84]. Other studies in Indian cities compared Landsat 8 images with GE and OSM data, resulting in 87 percent total accuracy in large scale land utilization [85]. This shows that OSM data in Indian cities are sufficiently reliable for analysis.


   Total   Accuracy  =    Number   of   correct   plots       total   number   of   plots       



(1)






   K   observed   accuracy    =    observed   accuracy  −  chance   agreement    1 −  Chance   agreement     



(2)








4.2. Data Processing


Initially, the distance from bus stops to the grids is considered and as per various levels of accessibility indices distance, colour-coding is assigned to the grid. Furthermore, this grid is overlapped with the existing built-up area (This is done to categorize levels of accessibility as per distance), as shown in Figure 7, for the city of Bhopal. A similar process was adopted for the other five cities and the percentage of built-up area is observed in Figure 8. A high association of built-up area to PT will help in reducing travel distance and vice versa [4].




4.3. Measuring Accessibility


Two measures of accessibility are selected (i) Euclidean distance and (ii) network distance—both of these measures have a single component. The first measure is proximity distance, while the latter one is actual distance calculated using the existing ground network. Furthermore, network connectivity, density and detour index are analyzed accordingly.



4.3.1. Euclidean Distance Measure Using a Near Tool


Near-tool is used to calculate the distance in ArcGIS 10.5.1. This tool calculates the distance from each point in the class to the next point in a different feature class (ESRI, 2018). Here, the origins are ASFs and destinations are bus stops. The process is based on the Pythagoras theorem Equation (3).


    a =      (  x 1 − x 2  )   2  +    (  y 1 − y 2  )   2         a  =  |  x 1 −  x  2  |  +  |  y 1 −  y  2  |     



(3)




from Equation (3) a = shortest distance between two points (ASF and bus stop)



x1, y1 are the geographic coordinates of the centroid of each ASFs.



x2, y2 are the geographic coordinates of each bus stop.



Euclidean distance accessibility levels are considered up to 2400 m; above this range of distance, bus stop facilities are considered not available. Initially, the distance from the bus stop is measured to the nearest ASFs. For example, in Figure 9, for hospitals and clinics, the distance is measured from the bus stops. Depending on the range of distance, every hospital and clinic will be designated a color and symbol, intersecting the built-up area with the same colour (Figure 7). Similarly, this process is repeated for the remaining sectors of ASFs in all the six cities. As all the ASFs are represented as a point, moreover for recreation and playgrounds the points are considered at the entrance. Here, the ASFs percentage for very high access range (0–400 m) is shown in Table 7, and the total percentage of ASFs combined (average of recreational places, playgrounds, cinema halls, other services, hospitals and clinics, schools and colleges), noted for Euclidean distance for entire range (0–2400 m) in all the six cities, is shown Table 8.




4.3.2. Network Distance


A network layer was first created in ArcGIS 10.5.1. Using the Network Analyst tool, the origins and destinations are determined. The shortest part to reach the bus stops from ASFs is measured in network analysts. The ArcGIS network analyst tool makes use of Dijkstra’s algorithm to find the shortest path between two points along a network. One-way restrictions are ignored, while U-turns are permitted at junctions because no mode was considered, and no barriers were assumed restricting movement along the roads. The ArcGIS 10.5.1 Network Analyst allows all points that are used in the analysis to snap to the nearest orthogonal position and measure the distance. Different colour codes are given based on distances from 400 to 2400 m.



In this case, the OSM’s network data are more accurate and up-to-date relative to the available urban development plans in selected cities. A topology analysis tool in ArcGIS 10.5.1 is used for necessary inspections and modifications to OSM’s road system. Accordingly, it modified pseudo nodes and dangles errors.



The distance was calculated from the closest bus stop to ASFs. Here, for example, hospitals and clinics are mapped by considering the entire network distance to a bus stop and assigned a different colour according to the range of distance, as shown in Figure 10. Similarly, distance is measured for the remaining sectors of ASFs in all the six cities. Here, the ASFs percentage for very high access range is shown in Table 9, and the total percentage of ASFs combined is noted for network distance in all the six cities, as shown in Table 10.



In all the cases of Table 8 and Table 10 for Euclidean and network distance, it is observed that over 68% of ASFs are in the moderately high level of accessibility. Thus, network connectivity and density have been examined for the very high accessibility range 0–400 m and moderate-high range 0–1200 m. The entire city network is examined to identify the network condition affecting the percentage of accessibility.





4.4. Network Connectivity and Density


“The connectivity of a network may be defined as the degree of completeness of the links between nodes” [86]. The greater the degree of connectivity within a road network, the more efficient that system is. While examining any road network, one should investigate connectivity associations with links and nodes. Studies have shown that in response to the addition of any new links in the future, or the improvement of the existing links, changes to the structure of a road network will have a greater impact on physical accessibility. If there are a greater number of links connecting nodes, the chances of having the shortest part influences accessibility in a better way [51]. Considering the same criteria, this study uses a beta index to identify which city has an efficient ratio of links to nodes that influences connections between ASFs and bus stops.



The beta index is expressed as shown in Equation (4), where E is the total number of edges and V is the total number of vertices in the network. A highly connected transport network will have a high value, and a simple network will have a low value [50]. As the number of edges (links) increases, the connectivity between the vertices (nodes) rises, and the beta index changes progressively.


    β = E / V  



(4)




where E = Edges, V = Vertices.



Here, in this study, the entire city’s edges and vertices are calculated for distance range of 0–400 m and 0–1200 m from bus stops to the network directly. This is done using buffer tool in ArcGIS 10.5.1. The ratio of total edges to vertices is calculated in the segments of 0–400 m and 0–1200 m and likewise for the entire city within the flat buffer area. The edges to vertices ratio is calculated overall and not at a single junction, as shown in Figure 11, for Bhopal city, and similar analysis is done for other cities as summarized in Table 11.



Similarly, network density is calculated using Equation (5), for all six cities at various levels, as shown in Figure 12. The density of the road network is the total amount of the road network length to the size of the city multiplied by 100 [87,88]. Here, in this case, the total area in the range of 0–400 m, 0–1200 m and the entire city is calculated accordingly, the road lengths are considered and summed.


  D =  (  ∑ L / S  )     ∗  100  %     



(5)




where D is the the density of the roads network, ∑L is the summation of the total road’s length, and S is the city area (square kilometers).




4.5. Detour Index


The detour index (DI) is a measure of the amount of detour from the shortest route that connects two points, as shown in Equation (6) [89]. The detour index sums up a relation in a single index between network distance and the Euclidean distance. A higher detour index value means that the network distance deviates to a greater extent from the Euclidean distance and vice versa.


  D I =    Network   Distance       Euclidean   Distance      × 100  



(6)







(Here, road network distance of all ASFs to PT/Euclidean distance of all ASFs to PT and then multiplying by 100).



As predicted, calculated average network distances are longer than the average Euclidean distances for all the six cities, as shown in Table 6. The detour index values for the six cities are presented in Figure 13.




4.6. Normalization and Benchmarking for Comparing Cities


Different units of indicator values such as distances, density percentages have been standardized as a common unit in a standard form. Such normalization is necessary to prevent inconsistencies, as one indicator value may be between 0 and 200 and other indicator value may be within the range of 0 and 50. In this study, vector normalization is used based on Equation (7). The different dimensions of attributes are transformed into non-dimensional attributes that allow comparisons between criteria [90]. Since different criteria are generally measured in different units, thus it brings into a single unit ranging from 0–1. It creates an evaluation matrix consisting of m alternatives and n criteria, with the intersection of each alternative and criteria given as Xij, therefore, have a matrix (Xij)m × n [91]. Generally, this normalization technique is used in studies of Multiple-Criteria Decision Analysis such as TOPSIS, AHP [92,93]



The matrix (Xij)m × n is normalized to form R = (rij)m × n


    r ¯   i j   =    X  i j        ∑  i = 1  m   X  i j  2       



(7)




where i = 1, 2, ……, m and j = 1, 2, …, n.



Benchmarking is used to compare the level of performance of the indicators that are used to measure the performance of cities. This is further comparable between countries and allows verification for others in the targeted level [21,93].



Sensitivity Analysis


Sensitivity analysis is a study of how uncertainty in the output of a mathematical method or system (numeric or otherwise) can be divided and assigned to unique sources of uncertainty in its inputs. Sensitivity analysis tests the robustness of the results, i.e., whether the results produced using a certain method are accurate and identical to those obtained by other methods, not skewed or affected by a certain phase involved in the above normalization process [94]. Here, this analysis is performed only to check whether the ranks produced by both normalization methods are similar. Although in this study the vector method is adopted to rescale the indicators score, the resultant for all ASFs is also compared with results obtained using another rescaling method (minimum-maximum) of normalization. Here the transformation is based on a range of values Equation (8)


  N o r m i l a z a t i o n =    Actual   value  −  Minimum   Value     Maximum   value  −  Minimum   Value     



(8)










5. Results


The outcomes drawn from the analysis are put into two stages. Initially, in the first stage, the study compares the difference between the Euclidean and network distance for all ASFs from bus stops by evaluating it for all six cities. The first stage includes four assessment criteria—(i) the percentage of ASFs available within the various range of distances 0–400, 401–800 and 801–1200 m, (ii) correlation between Euclidean and network distances for entire city, (iii) mean of Euclidean and network distances for entire city, (iv) difference between Euclidean and network distances within various range of distances for ASFs sector-wise (0–400, 401–800, 801–1200 m). In the second stage, the discussion is carried out by relating the criteria (v) built-up area, network connectivity, network density with the percentage of ASFs in the range of 0–400 m, and the detour index. Finally, (vi) normalization is done by merging the results of the two stages.



	(i)

	
The percentage of ASFs available within a various range of distances, 0–400, 401–800 and 801–1200 m







The comparison between Euclidean and network distance (0–400 m) for very high-level ASFs is shown in Figure 14. The result shows 50% to 69% of combined ASFs are easily accessible through Euclidean distance of 0–400 m range, but through network distance, the combined ASFs percentage for the same range is nearly half of the Euclidean distance in all the six cities. This observation suggests the presence of local natural and humanmade physical barriers; undesirable location of bus stops and bus routes; and network issues, which tend to increase the distance and lower the accessibility to ASFs.



The percentage of ASFs across the identified individual sectors (example hospital and clinics) is observed by comparing Table 7 with Table 9 for the (0–400 m) very high accessible range. In Visakhapatnam city, for hospitals and clinics, the low difference (9.77%) between Euclidean and network distance indicates high accessibility by using the network. In Nagpur city, for playgrounds the high difference (26.31%) between Euclidean and network distance indicates low accessibility by using network in 0–400 m range. For other services, the percentage difference is 44.44% between Euclidean and network at a 0–400 m range which is high when compared to other sectors in Bhopal city.



The results from Table 8 and Table 10 are compared for the range of 0–400 m combined ASFs. It is observed that Indore city is having the highest percentage by Euclidean distance while Jaipur city is having the lowest. This scenario is entirely different in case of network distance, where almost 30% of combined ASFs are inaccessible in the case of Indore city as shown in Figure 14. It is observed that almost 70% of combined ASFs are accessible within 1200 m range of network in all the cities (Table 10). Above all, hospitals and clinics, other services have high accessibility to bus stops in all the cities in the range of 0–400 m compared to the rest of the ASFs through Euclidean as well as network distance.



	(ii)

	
Correlation between Euclidean and network distance







The overall Euclidean and network distance correlation is performed for entire ASFs in all the cities using Pearson’s correlation method to find the relationship. First, evidence shows high correlation at very similar rates in all the cities except Indore city as shown in Table A3 in Appendix A. It has been verified at a 0.01 (2-tailed) significant level. Since, the R2 variance only shows the relationship between Euclidean and network distance, hence descriptive statistics analysis is performed to identify the difference between Euclidean and network distances in meters.



	(iii)

	
Mean of Euclidean and network distance







Descriptive statistics are performed in the Social Sciences Statistical Package (SPSS 16.0) for the selected six cities, and the combined mean average of ASFs for every city is given in Table 12. It provides scope for identifying the average difference in the city. The difference is very less in Nagpur city with 212.4m compared to other cities while it was higher in Jaipur city.



	(iv)

	
Difference between Euclidean and network distances within various range of distances for ASFs sector-wise (0–400, 401–800, 801–1200 m)







The correlation, mean difference between Euclidean and network distance for ASFs were observed, as they influence the identification of network connections in the city for reaching bus stops. While considering the entire city, high correlations were found among all the cities as shown in Table 11. Now, by considering it for different threshold ranges 0–400, 401–800, 801–1200 m for ASFs by sector wise in all the six cities, as shown in Table A4 in Appendix A. For the range 0-400 m, the observed correlation is 0.02 to 0.86, p < 0.001, for 401–800 it is 0.09 to 0.79, p < 0.001; and for 801–1200 m it is 0.25 to 0.91, p < 0.001. These values show significant correlations when comparing all sectors of ASFs, and the range varies as high as R2 = 0.91 and as low as R2 = 0.02 in all the six cities. Even in this case, very low correlation is observed in Indore city compared to the other five cities. The average difference between the Euclidean and network distances within each range in all six cities is as high as 50% in each sector for all ASFs. The resultant difference between Euclidean and network distances vary which is very logical as it is based on ground reality.



	(v)

	
Relating built-up area, network connectivity and network density with a percentage of AFSs in 0–400 m range:







The relationship between built-up and network connectivity and density is one of the important characteristics for identifying the city’s accessibility [56]. In all six cities, as shown in Figure 15, it is observed that Indore city has the highest built-up area percentage and Visakhapatnam city has the lowest.



Despite less network density and built-up area, Visakhapatnam city has the highest percentage of combined ASFs accessible using network distance from bus stops compared to other five cities. ASFs are accessible using network distance from bus stops. In the case of Jaipur city, even though it has both high network density and better connectivity, as shown in Table 11 but has a low percentage of combined ASFs present in this range which in turn affects accessibility. For Lucknow city, the network density is very high compared to the other five cities.



Visakhapatnam has the lowest detour index for all combined ASFs 0–400 m range of accessibility, as well as for the entire city network, shown in Figure 13. The length of edges within the road network connecting bus stops from ASFs is lower compared to the rest of the cities. While it is upturned in the case of the city of Jaipur, where the edge length is 0–400 m high. In the case of Indore, the detour index is very high, which indicates that the edge length is substantially large in the city connecting bus stops from all combined ASFs compared to rest of the city. It is evident from the findings that a few cities are strong in one dimension and weak in another. To generate consistent results from the different analyses, normalization is done.



	(vi)

	
Results of Normalization and Sensitivity analysis







The results of Euclidean and network distances are separately evaluated, and ranks were given to the cities accordingly. The performance was evaluated for the high range of accessibility considering 0–400 m and 0–1200 m for both Euclidean and network distance. For Euclidean distance, the percentage of ASFs accessible (Table 7), built-up area (Figure 8) and the average distance from Appendix A Table A4 were considered and normalized as shown in Table 13 and Table 14. Similarly, for network distance, percentage ASFs accessible (Table 10), network connectivity (Table 11) and the average distance from Appendix A Table A4 were considered and normalized and the results are shown in Table 15 and Table 16.



The results of vector method are compared to the minimum-maximum method for the same indicators as those produced by vector method from Table 13. By rearranging them rank wise, it is observed that scores of both ways vary, but the order of ranks was quite similar, as shown in Table 17. In the vector method, the division of metric units is more precise compared to min-max method.



From the overall results of normalization, it is observed that within 0–400 m and 0–1200 m range of Euclidean distance, Indore city ranks first compared to other cities, as shown in Table 13. However, when considered through the network distance, it is ranked lower. When considered through the network distance, Bhopal city ranks first for network connectivity, and the mean distance to reach ASFs from bus stops is high. In the case of Visakhapatnam city for Euclidean distance, it is poorer because the built-up area is very low in the 0–400 m range. However, when compared by network distance, it ranks second. This is because a large amount of combined ASFs are accessible in this range refer (Table 10) compared to cities of Lucknow, Jaipur, and Indore.




6. Discussions


In this section, the choice of apt indicators to measure accessibility is discussed elaborately. The distance approaches used to evaluate accessibility levels and the ranking of the cities are considered in the following section. Limitations and data constraints for the present study are debated. Overall, how the results can be applied for planning is discussed in detail as follows:




	(i)

	
Choice of indicators and methodological concerns









The prime focus is the selection of the most appropriate indicators for defining the accessibility to ASFs from PT. This may depend on several factors, such as the aim of the research or application, the number, and types of data available, the methodological assumptions and the choices (type of distance) made. The evaluation of ASFs is performed as the study aims to understand variation in accessibility in various cities from PT, and particularly which ASFs (such as hospitals and clinics) are more accessible



Using simple distance measures such as Euclidean and network may be most appropriate [38], as they are localized and easy to evaluate ASFs from PT. The choice of built-up area for evaluating the distance in this study becomes crucial for identifying geo-located features and labels. It acts as a background to categorize levels of accessibility as per distance using the grid-based method. In several developed nations, the importance of accessibility instruments in planning practice has increased [41]. But with developing nations, this is still in the commencement stage. However, nowadays, availability of data in OSM has facilitated GIS implementation with the transport module (e.g., ESRI Network Analyst Extension) [39]. The possibility of focusing on city level accessibility using various parameters for spatial assessment in this research became easier in comparing various cities. Hence, the assumption made in the hypothesis was proved, as this study consists of various indicators (based on physical elements such as built up, connectivity and density of ASFs). Although the accessibility of each ASFs differs, grouping as per various accessibility level by evaluating combination of influencing indicators, various scores and ranks are assigned.



	(ii)

	
The distance approaches







Euclidean distances are easy to measure in ArcGIS 10.5.1 software and are used in planning applications traditionally [39]. They do not need a network street layer when measuring the distance between ASFs and PT. However, while measuring by network measures, some additional work is normally needed when setting, such as manually snapping points to the network. Euclidean distances do not adequately represent the actual distances. Accessibility can be measured by different methods as discussed in the literature but measuring accessibility by network distance method is an essential tool for any study and at any scale (city, area and neighborhoods) as it focuses on ground reality [48]. This helps to identify the problems at a deeper level, making it easier for both municipal and local authorities to provide recommendations for improvement in preparing a master or regional plan. The network distances used are more accurate and closer to the actual distances. Since they are calculated using road segments, they represent the actual distances that the user has to walk/drive to reach ASFs, which is very well understood from the literature [40]. However, network distances could minimize this effect because, when generating the network in the ArcGIS 10.5.1, ASFs centroids are moved to the nearest element of the street network before the distance is calculated. Although there may be opportunities to use network distance and accessibility points, researchers may prefer Euclidean distance to reduce computation time, when accessibility measures are considered if there is no availability of accurate network data.



	(iii)

	
Limitations and data constraints







Data in research play an enormous role while choosing elements for assessment usability, mentioned in the literature analysis, this study uses secondary data. In such cases, there is no choice but to use what one has. However, the quality and accuracy of the data are determined. In all the cities, indicators were measured within the municipal area. Since no spatial data of ASFs outside the city are considered; for this reason, the ’border effect’ may exist and influence the result of Euclidean and network distances which is reported by similar studies of Apparicio [36,37].



	(iv)

	
Implications of results in planning







The findings of this study encourage that almost 70% of ASFs are present within 1200 m of bus stops through network distance in all the six cities. However, it is also suggested to increase density of the ASF’s within 400 m in areas nearer to bus stops. This will lead to a higher percentage of ridership by bus. The method of statistical assessment to perform linear regression is easy to understand. The analysis shows a significant correlation for various indicators. In particular, a strong correlation has been found between indicators measured with Euclidean and network distances at the entire overall city level (higher than 0.55, p < 0.001) in all the cities. Significant spatial variations in geographical accessibility were observed across six cities. The analysis demonstrates that regardless of the usage of travel mode and population density, the majority of ASFs in the cities of Lucknow and Jaipur have low access to PT through network distance. Meanwhile, it is high in cities of Visakhapatnam and Indore which is significantly different from results of Euclidean distance. Moreover, the entire data are represented in percentages, which helps in decision making and can be used in further studies that encourage public transportation, NMT infrastructure and high priority bus lanes. The red colour marked on grids and network maps stands out as a challenge, showing the implementation of upcoming bus stops in the future.



There is an uneven distribution of ASFs, where most are concentrated only at the center of the city like for Visakhapatnam. This hampers the availability of the nearest bus stop to a few ASFs at other locations, particularly in newly developed areas. Consideration of built-up area and network density will help to improve the number of additional ASFs within the high access level that are closer to the bus stops and targets in improving the network condition where development would occur in the future. This is provided by the spatial metrics studied in this research.



The location of bus stops used to assess the reliability of bus services have a direct impact on the performance of the transit system and services. However, this study does not evaluate errors in the choice of distance types with aggregation method [36], cost and time [58], and population [38]. Such limited exactitudes could be combined for future studies to automate demand-based bus stop locations which emphasize land use distribution and demand for the service. The results suggest policy and design implications in all the six cities, such that in the initial stage, new regulations of existing guidelines must be implemented at the policy level. The upcoming infrastructure of ASFs must be planned as per consideration by measuring the distance to any nearest PT. Pedestrian planning guidelines in Indian code IRC: 103-2012 should be revised to include distance factor along with the quality of pedestrian infrastructure [95]. The new network should be planned by providing a more significant number of links connecting the nodes. Comparing cities develops a common framework to identify the level of access to each town and issues in those cities [9]. Application of this kind in similar studies will help in comparing cities with benchmarked cities globally and will surely pave a new way. This study focuses on city level assessment, due to its scale/density of activities, it will further hamper the accessibility of the city in future. The ranks are assigned to understand the position of the city by comparing its performance with other cities and to compete to stand as a benchmark and become a target for other cities to achieve and improve PT. Summarizing the nature of ranking in this study shows city of Bhopal, Indore, Visakhapatnam has high rank which stands out as a benchmark, whereas Nagpur, Jaipur, and Lucknow scores low rank for network distance 0–400 m range. In general, the higher the rank, the better it encourages accessibility for ASFs from bus stops.




7. Conclusions


The study adopts a unique approach as it integrates several ASFs and evaluates spatial geographic access to ASFs from bus stops by using both Euclidean and network distance measures in six Indian cities. The study tries to identify the level of accessibility to every ASFs sector-wise connecting the bus stops. Some ASFs from a place of residence may have high accessibility at the neighborhood level but still they do not have a decent bus stop connectivity. Sometimes, people going to the nearest ASFs in a neighborhood may be debated, as they may prefer to move to other ASFs further from home. This study considers the links for the walkable distance between bus stops and ASFs to encourage people to use public transport. The grid map overlapped with the built-up area helps in identifying areas with no transit at all and areas with only a few bus stops. The present work proposes and discusses a set of indicators that can be used in urban planning further. Measures are divided into two major categories: Euclidean and network. First accounts using straight line distance while the second calculates distance by using road network. More precise and accurate results are obtained when using network distance, although using network distance requires more data and analysis (e.g., a network layer). The results obtained by using Euclidean distance overestimate the distance. The results of this research indicate the necessity of land use planning by increasing the density of ASFs in areas close to bus stops, concentrated within 400 m of transit, which in turn leads to a higher percentage of ridership by bus.



In India, current policies on accessibility target on building up new infrastructure, but they do not define how accessibility is achieved in cities and assessment measures required for accessibility planning. In this research, various ASFs are identified based on levels of accessibility and combined with other indicators for ranking. Overall, the percentages at various levels and scores can be considered for further studies and will help researchers and planners in terms of the methodologies used, accepted assumptions, and limitations.



In any context, indicators used for the assessment of the accessibility of ASFs from PT represent very important tool for planning of urban areas in India. They may provide a framework for developing different public transit policies in municipalities and in metropolitan areas (regions, metropolitan areas).



Further research might include the refinement and addition of indicators so that they can further strengthen the integration of various land uses connecting to PT with relevant factors that affect accessibility. A similar methodology can also be adopted in other cities in India for evaluating accessibility. This research explores the possibility of including some of the factors such as slope, elevation and road condition that affects accessibility to reach PT irrespective of shortest distance. These methods can be further applied to other transit such as metros in future, as the choice of origins and destinations may influence interpretation differently for a city.
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Table A1. Data from various government and non-government organizations.






Table A1. Data from various government and non-government organizations.





	
Sr.No

	
Data Type

	
Visakhapatnam

	
Nagpur

	
Bhopal

	
Lucknow

	
Jaipur

	
Indore






	
1

	
City base map

	
Greater Visakhapatnam Municipal Corporation

	
Nagpur Improvement trust

	
Bhopal Municipal Corporation

	
Lucknow Nagar Nigam

	
Jaipur Nagar Nigam

	
Indore Municipal corporation




	
2

	
List of hospitals and clinics (GIS shapefile)

	
Office of the Directorate of Medical Education

	
Information collected from NMC health office

	
Information collected from Directorate of Health Services Government of Madhya Pradesh, Smart city cell

	
Central Government Health scheme list Lucknow.

	
Department of Medical Health and welfare, Jaipur

	
Information collected from Directorate of Health Services Government of Madhya Pradesh




	
3

	
List of education Institutes (GIS shapefile)

	
District Education Officer (Secondary Education)

	
Information collected from Nagpur divisional education board

	
Information collected from Madhya Pradesh District School Education Portal, Smart city cell

	
Basis Education Department (Schoolgis.nic.in) Higher Education Department

	
Board of Secondary Education, Rajasthan,

	
Information collected from Madhya Pradesh District School Education Portal




	
4

	
List of parks /gardens and other services (Police station, Post office, community halls)

	
Information collected from Land use maps (City development plan), smart city maps




	
5

	
Built-up area (GIS shapefile)

	
Extracted from USGS Landsat Look




	
6

	
Road layer

	
OpenStreetMap (OSM)
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Figure A1. Generating random points in ArcMap and opening point in Google Earth. 






Figure A1. Generating random points in ArcMap and opening point in Google Earth.
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Figure A2. Accuracy assessment of land use land cover: 2018. 






Figure A2. Accuracy assessment of land use land cover: 2018.
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Figure A3. Overlapping ASFs on Google Earth; for accuracy assessment in 3 areas by ground truthing. 
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Table A2. Accuracy assessment and Kappa coefficient for Trimurti Nagar area (ASFs).






Table A2. Accuracy assessment and Kappa coefficient for Trimurti Nagar area (ASFs).

















	Number of ASFs Mapped in a Particular Area (n)
	ASFs
	Recreational Places
	Playgrounds
	Other Services (Post Offices Police Station Community Halls)
	Hospital and Clinics
	Schools
	Colleges
	Row Total
	Ind. ACC (%)





	5
	Recreational Places
	4
	1
	0
	0
	0
	0
	5
	80.0



	4
	Playgrounds
	0
	4
	0
	0
	0
	0
	4
	100.0



	8
	Other services (Post offices Police station Community halls
	0
	0
	8
	0
	0
	0
	8
	100.0



	14
	Hospitals and clinics
	0
	0
	1
	13
	0
	0
	14
	92.9



	16
	Schools
	0
	0
	0
	0
	16
	0
	16
	100.0



	4
	colleges
	0
	0
	0
	0
	0
	4
	4
	100.0



	
	Total
	4
	5
	9
	13
	16
	4
	51
	95.5



	
	(%)
	100.0
	80.0
	88.9
	100.0
	100.0
	100.0
	94.8
	



	
	Overall accuracy
	0.961
	96.1
	
	
	
	
	
	



	
	Kappa
	0.92
	92.6
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Figure A4. Overall accuracy assessment and Kappa coefficient results for 3 areas. 
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Table A3. Correlation for overall city Euclidean and network distance.






Table A3. Correlation for overall city Euclidean and network distance.





	
ASFs

	
Visakhapatnam

	
Nagpur

	
Bhopal

	
Lucknow

	
Jaipur

	
Indore




	

	
R2

	
p-Value

	
R2

	
p-Value

	
R2

	
p-Value

	
R2

	
p-Value

	
R2

	
p-Value

	
R2

	
p-Value






	
Recreational Places

	
0.87

	
<0.0001

	
0.8

	
<0.0001

	
0.78

	
<0.0001

	
0.88

	
<0.0001

	
0.87

	
<0.0001

	
0.55

	
<0.0001




	
Playgrounds

	
0.72

	
<0.0001

	
0.84

	
<0.0001

	
0.92

	
<0.0001

	
0.74

	
<0.0001

	
0.81

	
<0.0001

	
0.53

	
<0.0001




	
Cinema Halls

	
0.9

	
<0.0001

	
0.84

	
<0.0001

	
0.96

	
<0.0001

	
0.86

	
<0.0001

	
0.7

	
<0.0001

	
0.54

	
<0.0001




	
Other services (Post offices Police station Community halls

	
0.74

	
<0.0001

	
0.92

	
<0.0001

	
0.86

	
<0.0001

	
0.78

	
<0.0001

	
0.76

	
<0.0001

	
0.57

	
<0.0001




	
Hospitals and clinics

	
0.9

	
<0.0001

	
0.83

	
<0.0001

	
0.84

	
<0.0001

	
0.75

	
<0.0001

	
0.8

	
<0.0001

	
0.7

	
<0.0001




	
Schools

	
0.71

	
<0.0001

	
0.87

	
<0.0001

	
0.9

	
<0.0001

	
0.78

	
<0.0001

	
0.73

	
<0.0001

	
0.57

	
<0.0001




	
colleges

	
0.89

	
<0.0001

	
0.91

	
<0.0001

	
0.85

	
<0.0001

	
0.86

	
<0.0001

	
0.87

	
<0.0001

	
0.56

	
<0.0001
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Table A4. Correlation and average distance difference for ASFs sector-wise in all six cities, for ranges (0–400, 401–800, 801–1200 m).






Table A4. Correlation and average distance difference for ASFs sector-wise in all six cities, for ranges (0–400, 401–800, 801–1200 m).





	

	
Visakhapatnam

	
Nagpur

	
Bhopal




	
ASF’s

	
Distance in Meters

	
Average Euclidean Distance

	
Average Network Distance

	
Difference in Percentage

	
R2

	
Average Euclidean Distance

	
Average Network Distance

	
Difference in Percentage

	
R2

	
Average Euclidean Distance

	
Average Network Distance

	
Difference in Percentage

	
R2




	
Schools

	
0–400

	
193.9

	
310.0

	
62.5

	
0.35

	
214.6

	
379.2

	
56.6

	
0.21

	
223.5

	
353.8

	
63.2

	
0.53




	
401–800

	
573.4

	
749.8

	
76.5

	
0.48

	
541.6

	
771.8

	
70.2

	
0.25

	
547.2

	
805.7

	
67.9

	
0.39




	
801–1200

	
1013.9

	
1532.9

	
66.1

	
0.50

	
908.4

	
1509.0

	
60.2

	
0.59

	
935.2

	
1226.2

	
76.3

	
0.16




	
Colleges

	
0–400

	
240.2

	
339.2

	
70.8

	
0.43

	
319.6

	
670.5

	
47.7

	
0.79

	
223.5

	
353.8

	
63.2

	
0.35




	
401–800

	
572.2

	
814.2

	
70.3

	
0.69

	
539.3

	
804.8

	
67.0

	
0.18

	
547.2

	
805.7

	
67.9

	
0.10




	
801–1200

	
953.4

	
1181.4

	
80.7

	
0.59

	
949.2

	
1269.6

	
74.8

	
0.15

	
981.0

	
1594.8

	
61.5

	
0.17




	
Hospitals and clinics

	
0–400

	
181.6

	
275.9

	
65.8

	
0.30

	
216.0

	
332.1

	
65.0

	
0.39

	
194.1

	
317.4

	
61.2

	
0.35




	
401–800

	
524.5

	
675.5

	
77.6

	
0.51

	
537.9

	
714.6

	
75.3

	
0.45

	
525.7

	
750.2

	
70.1

	
0.18




	
801–1200

	
992.4

	
1417.1

	
70.0

	
0.40

	
896.5

	
1125.9

	
79.6

	
0.32

	
494.3

	
764.4

	
64.7

	
0.54




	
Other services

	
0–400

	
196.7

	
297.3

	
66.2

	
0.10

	
211.0

	
331.4

	
63.7

	
0.48

	
199.6

	
363.1

	
55.0

	
0.28




	
401–800

	
571.6

	
853.5

	
67.0

	
0.60

	
545.7

	
734.6

	
74.3

	
0.28

	
547.5

	
830.4

	
66.4

	
0.25




	
801–1200

	
984.3

	
2061.9

	
47.7

	
0.19

	
927.6

	
1317.0

	
70.4

	
0.65

	
1084.5

	
1284.3

	
84.4

	
0.11




	
Playground

	
0–400

	
279.0

	
879.5

	
31.7

	
0.45

	
231.5

	
427.8

	
54.1

	
0.33

	
234.8

	
420.7

	
55.8

	
0.35




	
401–800

	
552.7

	
869.5

	
63.6

	
0.28

	
578.7

	
796.4

	
72.7

	
0.47

	
540.7

	
873.1

	
61.9

	
0.76




	
801–1200

	
1085.1

	
1254.7

	
86.5

	
0.79

	
986.5

	
1234.6

	
79.9

	
0.29

	
387.7

	
646.9

	
59.9

	
0.91




	
Recreation

	
0–400

	
217.1

	
346.2

	
62.7

	
0.24

	
219.5

	
380.5

	
57.7

	
0.35

	
250.7

	
427.9

	
58.6

	
0.43




	
401–800

	
525.6

	
680.6

	
77.2

	
0.63

	
541.0

	
814.3

	
66.4

	
0.19

	
765.1

	
1145.2

	
66.8

	
0.14




	
801–1200

	
899.6

	
1210.4

	
74.3

	
0.22

	
927.6

	
1317.0

	
70.4

	
0.25

	
969.6

	
1336.7

	
72.5

	
0.08




	
Cinema

	
0–400

	
247.3

	
297.2

	
83.2

	
0.86

	
139.1

	
431.3

	
32.3

	
0.36

	
174.6

	
276.1

	
63.2

	
0.56




	

	
538.9

	
758.7

	
71.0

	
0.10

	

	

	

	

	

	

	

	




	

	
Lucknow

	
Jaipur

	
Indore




	
ASF’s

	
Distance in Meters

	
Average Euclidean Distance

	
Average network Distance

	
Difference in Percentage

	
R2

	
Average Euclidean Distance

	
Average Network Distance

	
Difference in Percentage

	
R2

	
Average Euclidean Distance

	
Average Network Distance

	
Difference in Percentage

	
R2




	
Schools

	
0–400

	
226.7

	
476.7

	
47.6

	
0.12

	
257.5

	
554.7

	
46.4

	
0.14

	
233.4

	
433.3

	
53.9

	
0.3




	
401–800

	
590.6

	
880.0

	
67.1

	
0.12

	
579.4

	
875.2

	
66.2

	
0.29

	
545.9

	
864.2

	
63.2

	
0.1




	
801–1200

	
927.0

	
1242.0

	
74.6

	
0.21

	
958.1

	
1310.0

	
73.1

	
0.39

	
967.9

	
1331.7

	
72.7

	
0.3




	
Colleges

	
0–400

	
227.0

	
405.0

	
56.0

	
0.29

	
224.3

	
434.3

	
51.6

	
0.14

	
204.8

	
416.9

	
49.1

	
0.1




	
401–800

	
574.0

	
813.0

	
70.6

	
0.21

	
582.4

	
940.7

	
61.9

	
0.32

	
534.8

	
781.4

	
68.4

	
0.1




	
801–1200

	
932.0

	
1243.0

	
75.0

	
0.20

	
981.5

	
1367.9

	
71.8

	
0.36

	
869.82

	
599.133

	
61.7

	
0.1




	
Hospitals and clinics

	
0–400

	
200.0

	
394.0

	
50.8

	
0.22

	
235.2

	
511.9

	
45.9

	
0.50

	
195.7

	
388.9

	
50.3

	
0.1




	
401–800

	
554.0

	
808.0

	
68.6

	
0.40

	
579.1

	
813.0

	
71.2

	
0.40

	
544.4

	
765.3

	
71.1

	
0.1




	
801–1200

	
939.0

	
1226.0

	
76.6

	
0.25

	
998.8

	
1360.8

	
73.4

	
0.15

	
964.1

	
1274.0

	
75.7

	
0.5




	
Other services

	
0–400

	
208.0

	
390.0

	
53.3

	
0.29

	
208.0

	
438.1

	
47.5

	
0.18

	
138.9

	
350.4

	
39.6

	
0.0




	
401–800

	
571.0

	
798.0

	
71.6

	
0.36

	
579.0

	
808.0

	
71.7

	
0.35

	
567.9

	
764.9

	
74.3

	
0.6




	
801–1200

	
897.0

	
1106.0

	
81.1

	
0.41

	
990.0

	
1452.0

	
68.2

	
0.25

	
1038.5

	
1454.2

	
71.4

	
0.6




	
Playground

	
0–400

	
267.0

	
513.0

	
52.0

	
0.41

	
266.4

	
522.5

	
51.0

	
0.15

	
210.1

	
455.2

	
46.2

	
0.2




	
401–800

	
641.0

	
949.0

	
67.5

	
0.55

	
575.7

	
896.8

	
64.2

	
0.23

	
524.4

	
760.9

	
68.9

	
0.3




	
801–1200

	
963.0

	
1342.0

	
71.8

	
0.50

	
956.9

	
1334.91

	
71.7

	
0.43

	

	

	

	




	
Recreation

	
0–400

	
238.0

	
465.0

	
51.2

	
0.19

	
286.6

	
496.4

	
57.7

	
0.25

	
247.5

	
453.0

	
54.6

	
0.1




	
401–800

	
576.5

	
864.0

	
66.7

	
0.28

	
570.5

	
1016.5

	
56.1

	
0.24

	
536.6

	
805.1

	
66.7

	
0.3




	
801–1200

	
929.0

	
1302.0

	
71.4

	
0.37

	
957.0

	
1334.2

	
71.7

	
0.59

	
940.9

	
1332.3

	
70.6

	
0.8




	
Cinema

	
0–400

	
174.0

	
315.0

	
55.2

	
0.60

	
210.8

	
417.6

	
50.5

	
0.40

	
166.3

	
362.5

	
45.9

	
0.3




	
401–800

	
447.0

	
749.0

	
59.7

	
0.39

	
571.5

	
731.1

	
78.2

	
0.50

	
540.8

	
838.2

	
64.5

	
0.4




	

	
801–1200

	
1007.0

	
1313.0

	
76.7

	
0.71

	
846.9

	
1002.4

	
84.5

	
0.32
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Figure 1. Interlinking of accessibility parameters. 
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Figure 2. Framework of the study. 
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Figure 3. (a) Average trip length vs. population; (b) Average trip length vs. urban radius. Data source: [77,78]. 
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Figure 4. Percentage of public transport users in shortlisted cities with population less than 3.0 million according to 2011 census. Data source: [77]. 
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Figure 5. Selected six cities for this study. 
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Figure 6. Illustration of methods for data collection. 
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Figure 7. Overlapping of built-up area with accessibility indices grid. 
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Figure 8. Built-up area percentage in six cities. 
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Figure 9. Spatial evaluation of hospitals and clinics from bus stops using Euclidean distance in six Indian cities. 
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Figure 10. Spatial evaluation of hospitals and clinics from bus stops using network distance in six Indian cities. 
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Figure 11. Delineating road network of 0–400 m and 0–1200 m from bus stops in Bhopal city. 
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Figure 12. Network density at various levels in all the six cities. 
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Figure 13. Detour Index for six cities. 
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Figure 14. Comparing ASFs percentage for Euclidean and network distance in 0–400 m range. 
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Figure 15. Relating built-up and network density with percentage ASFs. 
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Table 1. Identified indicators and measures for the study.






Table 1. Identified indicators and measures for the study.





	
Parameter

	
Indicator

	
Measure






	
Land cover

	
Built-up area

	
The total average percentage of Built-up area in grids




	
The density of ASFs (Amenities, Services, and Facilities)

	
Number of total opportunities present in the city




	
Network

	
Road Network

	
Length in road network (meters) connecting the closest PT stops to ASFs (shortest path)




	
Network Density

	
Total road length for each level of accessibility (Square kilometers)




	
Mobility

	
Availability of PT

	
Number of PT stops present in the city




	
Walkability

	
Proximity

	
Distance between PT stops from ASFs

(Length in meters through road network shortest part, Euclidean distance)




	
Connectivity

	
Beta Index

	
Total number of street segments divided by the total number of street nodes
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Table 2. Identified amenities, services and facilities (ASFs) for the study.






Table 2. Identified amenities, services and facilities (ASFs) for the study.





	
ASFs

	
Identified Sectors (Mapping)






	
Amenities

	
Recreational (Gardens/Parks)

Playgrounds Cinema hall




	
Services

	
Other services (Post offices, Police station, Community hall)




	
Facilities

	
Hospitals and clinics




	
Schools




	
colleges
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Table 3. Summary of studies to identify walking distances.






Table 3. Summary of studies to identify walking distances.





	City/Country
	Distance in Meters

For Reaching Amenities/Services
	Distance from
	Reference





	Montreal, Canada
	Within 1000 m (preferable)
	Resident
	[65]



	New York, Boston, Chicago (U.S.A)
	400, 800, 1600 m
	Resident, Transit
	[6]



	Japan
	800, 1600 m
	Resident (neighbourhood)
	[66]



	Glasgow, Scotland
	400 m (high-level access)
	Resident
	[67]



	Athens, Greece
	500 m < (high-level access)
	Resident
	[68]



	Melbourne and Perth Australia
	400 m (high-level bicycle accessibility)
	Resident
	[69]



	Catania, south Italy
	300–600 m
	Recreational area
	[39]



	Nagpur, India
	400 m (walking Distance)
	PT
	[70]



	Ahmedabad, India
	400 m (walking Distance)
	PT
	[71]
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Table 4. Colour code used for mapping Euclidean and Network distance.
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	Accessibility Indices in Meters
	Colour Code for Euclidean/Network Distance
	Accessibility Levels





	0–400
	
	Very High



	401–800
	
	High



	801–1200
	
	Moderate-High



	1201–1600
	
	Moderate



	1601–2000
	
	Moderately poor



	2001–2400
	
	Poor



	>2400
	
	Extremely poor
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Table 5. Secondary information for six cities.
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Visakhapatnam

	
Bhopal

	
Nagpur

	
Jaipur

	
Lucknow

	
Indore

	
Source






	
Population In million (2011)

	
1.7

	
1.75

	
2.45

	
2.98

	
2.81

	
1.9

	
[79]




	
Estimated Population in million (2018)

	
1.98

	
1.99

	
2.75

	
3.7

	
3.5

	
2.6




	
Density (per Sq. km)

	
3364

	
11,057

	
6024

	
11,143

	
8100

	
9718




	
Area (Sq. km)

	
530.1

	
298.48

	
217.56

	
484.6

	
350

	
135

	
[80]




	
The shape of the city

	
Rayed and Linear

	
Radial

	
Ring and Radial

	
Ring and Radial

	
Rayed

	
Ring and Radial

	
[77]




	
Average Trip length Motor vehicles (Km)

	
5.2

	
4.4

	
4.8

	
6.7

	
6

	
4.9

	
[78]




	
Distance between bus stops *

	
415 *

	
395 *

	
425 *

	
520 *

	
391 *

	
300 *

	








* Authors Calculation.
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Table 6. Extracted Landsat 8 imagery data.






Table 6. Extracted Landsat 8 imagery data.












	
	Scene ID
	Path Row
	Resolution
	Date of Acquisition





	Visakhapatnam
	LC81410482018112LGN00
	141/48
	30
	Oct 2018



	Nagpur
	LC81440452018325LGN00
	144/45
	30
	Nov 2018



	Bhopal
	LC81450442018332LGN00
	145/44
	30
	Nov 2018



	Lucknow
	LC81440412018261LGN00
	144/41
	30
	Oct 2018



	Jaipur
	LC81470412018362LGN00
	147/41
	30
	Oct 2018



	Indore
	LC81460442019038LGN00
	146/44
	30
	Feb 2019
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Table 7. Sector-wise Euclidean distance percentage for all six cities within the 0–400 m range.
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ASF’s

	
Visakhapatnam

	
Nagpur

	
Bhopal

	
Lucknow

	
Jaipur

	
Indore






	

	
% Accessible (0–400 m)




	
Recreational Places

	
53.1

	
54.5

	
50.0

	
47.2

	
43.8

	
61.5




	
Playgrounds

	
43.3

	
52.6

	
52.9

	
56.9

	
28.8

	
70.6




	
Cinema Halls

	
81.5

	
68.4

	
88.2

	
50.0

	
65.4

	
75.8




	
Other services (Post offices Police station Community hall)

	
53.3

	
63.3

	
68.4

	
53.3

	
46.9

	
74.6




	
Hospital and clinic

	
60.9

	
61.6

	
77.1

	
58.1

	
40.6

	
73.2




	
Schools

	
50.7

	
56.2

	
48.8

	
44.0

	
37.0

	
57.0




	
colleges

	
57.9

	
55.6

	
43.0

	
42.7

	
23.9

	
70.1




	
average

	
57.2

	
58.9

	
61.2

	
50.3

	
40.9

	
69.0
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Table 8. Euclidean distance percentage for ASFs combined for the entire range in all six cities.
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% Accessible

	
% Inaccessible




	
Cities

	
0–400 m

	
401–800 m

	
801–1200 m

	
>1200 m






	
Visakhapatnam

	
57.2

	
23.3

	
12.6

	
7.1




	
Nagpur

	
58.9

	
30.9

	
6.8

	
3.4




	
Bhopal

	
61.2

	
25.9

	
9.3

	
3.6




	
Lucknow

	
50.3

	
35.7

	
10.9

	
3.2




	
Jaipur

	
40.9

	
35.8

	
14.6

	
8.7




	
Indore

	
69.0

	
10.0

	
6.6

	
13.5
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Table 9. Sector-wise network distance percentage for all six cities within the 0–400 m range.
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	ASF’s
	Visakhapatnam
	Nagpur
	Bhopal
	Lucknow
	Jaipur
	Indore





	Recreational Places
	38.8
	31.0
	28.0
	29.0
	25.0
	27.9



	Playgrounds
	23.3
	26.3
	48.6
	22.4
	12.1
	33.3



	Cinema Halls
	59.3
	47.4
	70.6
	40.0
	34.6
	48.5



	Other services (Post offices, Police station, Community halls)
	40.1
	43.9
	22.8
	33.3
	20.4
	56.4



	Hospitals and clinics
	51.1
	42.1
	53.8
	38.4
	16.3
	42.4



	Schools
	34.5
	36.5
	29.6
	24.6
	13.0
	30.7



	colleges
	41.1
	31.8
	24.3
	27.1
	11.0
	39.4



	Average
	41.2
	37.0
	39.7
	30.7
	18.9
	39.8
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Table 10. Network distance percentage for ASFs combined for the entire range in all six cities.
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% Accessible

	
% Inaccessible




	
Cities

	
0–400 m

	
401–800 m

	
801–1200 m

	
>1200 m






	
Visakhapatnam

	
41.1

	
29.5

	
12.0

	
17.4




	
Nagpur

	
36.9

	
40.1

	
14.0

	
9.0




	
Bhopal

	
39.2

	
32.8

	
13.5

	
14.5




	
Lucknow

	
29.9

	
35.7

	
19.6

	
14.8




	
Jaipur

	
18.9

	
38.2

	
28.4

	
14.5




	
Indore

	
39.8

	
18.5

	
10.3

	
31.5
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Table 11. Connectivity index at various levels in all the six cities.
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	Cities
	Connectivity β = E/V (0–400 m)
	Connectivity β = E/V (0–1200 m)
	Entire City Network Connectivity β = E/V





	Visakhapatnam
	1.49
	1.45
	1.43



	Nagpur
	1.53
	1.46
	1.45



	Bhopal
	1.57
	1.52
	1.46



	Lucknow
	1.57
	1.4
	1.39



	Jaipur
	1.53
	1.4
	1.39



	Indore
	1.41
	1.39
	1.36
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Table 12. Mean Difference between Euclidean and network distance for overall ASFs in selected six cities.
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(n)

	
Mean (M)

	
Standard Deviation (S.D)

	
Range




	
Cities

	

	
Euclidean

	
Network

	
Difference

	
Euclidean

	
Network

	
Euclidean

	
Network






	
Visakhapatnam

	
525

	
566.7

	
841.1

	
274.4

	
611.4

	
998.4

	
3170.9

	
5367.1




	
Nagpur

	
1023

	
427.6

	
640

	
212.4

	
386

	
540.3

	
2376.4

	
3548.3




	
Bhopal

	
748

	
501.2

	
777.8

	
276.6

	
591.1

	
871.6

	
3890.9

	
5468.3




	
Lucknow

	
996

	
472.7

	
730.1

	
257.4

	
371

	
525.8

	
2394.8

	
3298.4




	
Jaipur

	
1103

	
596.8

	
914.2

	
317.4

	
435.8

	
616

	
2224.3

	
3380




	
Indore

	
808

	
337.3

	
566.2

	
228.9

	
262.2

	
384.5

	
1391

	
1922.6
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Table 13. The normalized score for very high accessibility range 0–400 m Euclidean distance.
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	Cities
	%ASFSs
	%Built-Up
	Mean Distance
	Average Score
	Rank





	Visakhapatnam
	0.409
	0.203
	0.536
	0.383
	6



	Nagpur
	0.423
	0.480
	0.559
	0.487
	3



	Bhopal
	0.440
	0.444
	0.625
	0.503
	2



	Lucknow
	0.359
	0.435
	0.615
	0.470
	4



	Jaipur
	0.294
	0.278
	0.578
	0.390
	5



	Indore
	0.495
	0.514
	0.650
	0.553
	1










[image: Table] 





Table 14. The normalized score for moderate-high accessibility range 0–1200 m Euclidean distance.
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	Cities
	%ASFSs
	%Built-Up
	Mean Distance
	Average Score
	Rank





	Visakhapatnam
	0.415
	0.286
	0.610
	0.437
	5



	Nagpur
	0.428
	0.429
	0.634
	0.497
	2



	Bhopal
	0.432
	0.435
	0.535
	0.467
	4



	Lucknow
	0.433
	0.433
	0.596
	0.488
	3



	Jaipur
	0.349
	0.371
	0.508
	0.409
	6



	Indore
	0.387
	0.469
	0.695
	0.517
	1
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Table 15. The normalized score for very high accessibility range 0–400 m network distance.
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	Cities
	%ASFSs
	Connectivity
	Mean Distance
	Average Score
	Rank





	Visakhapatnam
	0.478
	0.401
	0.615
	0.498
	2



	Nagpur
	0.429
	0.412
	0.587
	0.476
	4



	Bhopal
	0.452
	0.422
	0.647
	0.507
	1



	Lucknow
	0.348
	0.422
	0.586
	0.452
	5



	Jaipur
	0.220
	0.412
	0.527
	0.386
	6



	Indore
	0.462
	0.379
	0.599
	0.480
	3
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Table 16. The normalized score for moderate-high accessibility range 0–1200 m network distance.
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	Cities
	%ASFs
	Connectivity
	Mean Distance
	Average Score
	Rank





	Visakhapatnam
	0.401
	0.412
	0.581
	0.465
	3



	Nagpur
	0.443
	0.415
	0.608
	0.488
	2



	Bhopal
	0.416
	0.432
	0.642
	0.496
	1



	Lucknow
	0.414
	0.398
	0.557
	0.456
	5



	Jaipur
	0.416
	0.398
	0.550
	0.454
	6



	Indore
	0.354
	0.395
	0.622
	0.457
	4
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Table 17. Comparison of normalization results between min.






Table 17. Comparison of normalization results between min.





	

	
Min-Max Method

	
Vector Method




	
City

	
Score

	
Rank

	
Difference

	
Score

	
Rank

	
Difference






	
Indore

	
1.00

	
1

	

	
0.55

	
1

	




	
Bhopal

	
0.76

	
2

	
0.24

	
0.50

	
2

	
0.05




	
Nagpur

	
0.59

	
3

	
0.18

	
0.49

	
3

	
0.01




	
Lucknow

	
0.58

	
4

	
0.01

	
0.47

	
4

	
0.02




	
Jaipur

	
0.31

	
5

	
0.27

	
0.39

	
5

	
0.09




	
Visakhapatnam

	
0.19

	
6

	
0.12

	
0.38

	
6

	
0.01












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Average trip length (k)

Ut R )
®






media/file4.png
0.86
0.84
0.82
0.80
0.78
0.76
0.74

0.83
0.78
Builtup Non-
Builtup

Individual Accuracy

Overall
Accuracy

0.84

Kappa





media/file30.png
Legend

[ ] 0-400 Road network

E 0-1200 Road network
Entire Road Network

: D City Boundary

0 125 25 5 7.5 10
Kilometers

0 125 25 5 7.5 10
Kilometers [ -






media/file18.png
. Playground
[Q] Recreation

: Schools

. Cinema Halls
®| Colleges ™ bus stops
[H| Hospitals ——— Road network

. Other services D City_Muncipal Boundary






media/file35.jpg
Percentage

czzgs233s

80400 Euclidean
0400 Network

Visakhapat

o Bhopal | Nagpur  Jaipur  Lucknow Indore
Near and network Distance

573 6042 57.06 4092 5030 6897

a5 3883 3567 183 2030 398

Cities





media/file21.jpg
Ovesayofbussopson
entine iy g

Tansering Tuiltuy lind
Covertoscemibilitygid

[rp—

Legend

= 16012000
= 20002000
—>2400
ety Boundary

Legend

-=ot00
= 401.800

- 8014200
2011600

Cacity. Boundary.

Vary High
Hon
Moderstty High
Moderstty Poor
Extromty Poor

200
s
37

089
os7






media/file26.png
N Legend

Hospitals/ Clinice Range in meters

+ 162 (0-400) Very High

+ 34 (401-800) High

+ 8 (801-1200) Moderately High

4 (1201-1600) Moderate

+ 0 (1601-2000) Moderately poor

+ 0 (2001-2400) Poor

+ 2 >2400 Extreme Poor
D City_Boundary
NEAR_DIST

2400< P e =

B >2400 (Unserved Area)

(Bhopal)

(Lucknow) (Nagpur) (Jaipur) (Indore)






media/file39.png





media/file27.jpg
Logena
MoriaGiics iatanceinmaters
s 0400 veywan
n a0 wan

ke 011201 Modertty o
e r2011000  Haserse
+3 t0012000  Moderty s
42 noram e

;2 e

Visakhapatnam)

Wudknow)

ndore)






media/file3.jpg
086
084
082
0.80
078
076
074

083
0.7

Builtup Non
Builtup

Individual Accuracy

Overall

Accuracy

084

Kappa





media/file22.png
Overlay of bus stops on
entire city grid

Transferring ‘Built up’ land

cover to accessibility grid

~ Ea

Extracted output

Legend

Distance in meters

I 0-400

% 401-800

0 801-1200

-~ 1201-1600

N 1601-2000

N 2000-2400

Il >2400

[Jcity_Boundary
¥ Bus Stops

Legend

i 0-400

% 401-800
o 801-1200
-~ 1201-1600
" 1601-2000
N 2001-2400
Il >2400

o

Accessibility

Very High
High

Moderately

Moderate
Moderately Poor

Poor

Extremly Poor

[JcCity Boundary

Distance in meter

% Built up

Indices

High

59.1
20.8
11.5
3.7
0.89
0.87
2.9






media/file19.jpg
— T
] o

Dot clected o

s Mot ot Delpmes ety






media/file7.jpg
096 098

092 093 092
I I I I I M?

Trimurti Nagar Shankar Nagar Dhantoli

mOverall Accuracy W Kappa coefficient





media/file28.png
Legend

Hospitals/ Clinics Distance in meters
+ 113 0-400 Very High
+ 72 401-800 High
<+ 14 801-1201  Moderately High
4 1201-1600 Moderate
4+ 3 1601-2000 Moderately poor
+ 2 2001-2400 e
+ 2 2400 Extreme Poor

e Bus stops
Road Network
[]city Boundary

(Bhﬂpal) 0_1 E 35 7 10.5 14

"
i

(Lucknow) (Nagpur) (Jaipur) (Indore)






media/file10.png
ACCESSIBILITY
PARAMETERS

@

LAND USE
AND






media/file33.jpg
2500
2000
1500
100.0

500

Detour Index

s

m0-400 Range
= 0-1200m range
= Entire City

Visakha
patana
m

1479
1486
1484

Nagpur

167.1
1515
1532

Luckno
Bhopal %
167.8 191.8
148.7 1448
155.2 1544

Cities

Jaipur

2000
1499
1497

Indore

167.0
1534
2041





media/file32.png
25.0

Percentage

20.0
15.0
10.0
- i I
o Visakha Luckno
patnam Nagpur  Bhopal w Jaipur Indore
M 0-400m 9.3 19.1 18.7 21.8 21.6 18.8
m 0-1200m 8.6 16.3 15.3 15.4 15.9 16.4
W Entire city 7.3 14.7 14.9 11.3 11.9 14.4

B 0-400m ™O0-1200m & Entire city





media/file14.png
Average trip length (k)

14 -

10 -

Bpelni

Bengaluu

® Hyderabad

o

’/.’
‘__,/i Chennai

14
. .
Nk : Mumbat 7 e
12 4 Bengaluru v
H 4] _,.—""‘lld
: yderabad ~-

. 10 m Kolkata 8

Kolkata F

® Chennai

Average Trip Length (km)

Population (million)
(a)

m Indian Cities‘ B Indian Cities
—— Linear fit Linear Fit
A L TR T ) T ! 1 : 1
14 16 18 20 20 25 30 35
Urban Radius (km)
(b)





media/file11.jpg
Defining Access

——

ity

« Iportance of acessblity o Publc Transit

« Newdof accessibility o various scenari in Seectionof Indicatos and measures

Indiancontext

—

« Selctonof Ciis i)
Dt colletion fom warous Recognized
organizatons by State | Central Government

T

Data Analysis

2

Measuring ditance basedon [ Normatization to comert dfferent it of || [

Evalideanined Nepwark -‘ tmdcaorsinsngle mtssingsectormebod [ | wenchmarking
dtance forallASFs T [ | evetsigung

ranks basedon

atangmmancomectty | 2o vty Ay by

vt | S| S i || e
ieaorn || ety Hormataton
J 2 » -

Discussion and Conclusior






media/file6.png
T .8
DA
% e °

.“\‘
N

=1~}
i

0 0102 0.4 06

08
Kilometers

Trimurti Nagar

colleges

¢ playground

others

P OO

schools

19

recreation
) D 400 Buffer
hospital
) "] 800 Buffer
cinema Roads
bus stops X Main Bus stop

Shankar Nagar






media/file36.png
Percentage

80

70

60

50

40

30

20

10

O .
Visakhapat Bhopal Nagpur Jaipur Lucknow Indore
nam
Near and network Distance

M 0-400 Euclidean 57.3 60.42 57.06 40.92 50.30 68.97
M 0-400 Network 41.5 38.83 35.67 18.3 29.30 39.8

Cities





media/file15.jpg
Percentage
o3B8858838

689

|||| li:ls
| |
EFEET IS IS

e

&

Cities





media/file37.jpg
s B
B
@
: 8
= 3
g &
b
g v Visak
E
rapat DR NP Lk g
& nam
S by metwork
Mk as s e w3 B w8
—buipare ) 7 92 6 v % e
——Netwrkdensy (400m) 93 187 19 ;6 28 188

Cities

U ASFs by network distance (0-400m) s Built-up area (0-400m)
e Netwark density (0-400m)

250
200
150
100
50
00

Netwark density percentage





nav.xhtml


  ijgi-09-00446


  
    		
      ijgi-09-00446
    


  




  





media/file16.png
68.9

OOOOOOO
N O IO < o N

60
1 B B

51.3
I s i

0

93eIuadId J

Cities





media/file2.png
: N
~ (h ‘--. :

Legend

| Builtup
Non Builtup

City Boundary






media/file20.png
Conceptual Model ]
’ i, .
o8
‘ Spatial data ‘ Spatial Grid ghose
.
| |

[ |

L
Built-Up Land

Amenities/Servic i I — y Built-up area
Facilitics (ASFs) g L ANDSAT-8 Image
el (Bus stops) 30m spatial resolution (15m
panchromatic band -
.' : 5 \ ., - . - F
’ Using ArcGIS
Recreational Other services (1 {?fp?t;?lsf 10.5
; : Clinics/
(Gardens/Parks) (Post offices, ' |
Play Grounds Police station, ERARY. L. AERsh
2 : Schools
Cinema hall Community hall) collesses Location
Latitude, Longitude and Address From Google
i Open street Map (OSM)
Data collected from ‘ T =k

State Government, Municipal Corporation, Development authority g

Bus stops ASFs e’






media/file23.jpg
Percentage

" 400m
=401-800m
801-1200m
© 1201-1600m
= 1601-2000m
2001-2400m
2400m

Visakhapatn
am

27
18
15
2

9
6

Nagpur

o
195
7
3
18
14
33

Bhopal

591
08
ns
38
09
09
3

Lucknow

582
28
9
3
15
1
25

Jaipur

75
259
147
77
52
4
5





media/file5.jpg
Tt Nagar






media/file24.png
o 70
ks 60
< 50
O 40
~ 30
8 -
o Ml 1 I
N | [ (N7 N | P | [ S | S (| (T | R
Vlsal;?;pam Nagpur Bhopal Lucknow Jaipur Indore
B 400m 27 64 59.1 58.2 37.5 68.5
M 401-800m 18 19.5 20.8 24.8 259 19.9
m 801-1200m 15 7 11.5 9 14.7 7
1201-1600m 12 3 3.8 3 7.7 2.8
M 1601-2000m 9 1.8 0.9 1.5 5.2 0.8
H 2001-2400m 6 1.4 0.9 1 4 0.5

M >2400m 13 3.3 3 2.5 5 0.5





media/file29.jpg
Legend
70400 Rond netwrk
7104200 Rosd motwork
ety Boundary






media/file1.jpg





media/file31.jpg
250

. 200

g 10

§ 100

| I

0 issithe Luckno
poleamn Nagpur ~ Bhopal - Jaipur  Indore

W0-400m 93 19.1 18.7 218 216 188
™ 0-1200m 86 16.3 15.3 154 159 164
™ Entire city 73 147 149 113 119 144

W0-400m ®0-1200m = Entire city





media/file25.jpg
K Lagond

ot s Rang o motars

T e o0,
L s wot.a00)
T @o1.1200)
e 2or1000,
+o (0012000,
+o (a0or2400,
+2 a0
[Empr—

WEAR orsT

B e

@opan






media/file12.png
Defining Accessibility

A
| \

e Importance of accessibility to Public Transit

e Need of accessibility to various scenario in

Indian context

Selection of Indicators and measures

1

Selection of Cities (India)
Data collection (from various Recognized
organizations by State / Central Government,

¥

Data Analysis
¥

Measuring distance based on
Euclideanand Network
distance for all ASFs,
evaluatingnetwork Connectivity

and Density

Normalization fo convert different units of

Indicators insingle unit using vector method

7

Aggregation Sensitivity Analysis by Min-
of various Max method to test the results
Indicators produced by Normalization

Benchmarking
by Assigning
ranks based on

Score

v

Discussion and Conclusion






media/file9.jpg
LAND USE
AND






media/file38.png
o 2;8 25.0
= 60 — 20.0
3 28 15.0
n
H 30 10.0
2 2 5.0
. 10 I N |
% 0 sak 0.0
+ 1sa
= Bh L
o hapat ?pa Nifp Jaipur uckn Indore
~ nam
B % ASFs by network
distance  (0-400m) 41.5 3883 35.67 183 2993 398
I Built-up area (0-400m) 27 59.2 64 37 58 68.5
Network density (0-400m) 9.3 18.7 19.1 21.6 21.8 18.8

Cities

B %ASFs by network distance (0-400m) B Built-up area (0-400m)
Network density (0-400m)

Network density percentage






media/file8.png
1.1

0.9
0.8
0.7
0.6

0.98
0.96

0.92 0.93 0.92
I I I I I :

Trimurti Nagar Shankar Nagar Dhantoli

0.5

B Overall Accuracy M Kappa coefficient





media/file34.png
250.0
200.0
150.0
100.0
50.0
0.0

Detour Index

M 0-400 Range
W 0-1200m range
0 Entire City

Visakha
patana
m

147.9
148.6
148.4

Nagpur

167.1
151.5
153.2

L
Bhopal uckno
167.8 191.8
148.7 144.8
155.2 154.4

Cities

Jaipur

200.0
1499
149.7

Indore

167.0
153.4
204.1





media/file17.jpg
Legend

% o B Cinoma Halls
@ e o Coleges B busstops
Recreation  [F] pospitals  —— Road network

2 schools @ other services [ty Muncipa Soundary






