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Abstract

:

In this article, we describe the design of a method for measuring walkability and its application in two medium-sized cities in Germany. The method modifies the established Walk Score with regard to the needs of older people. While the original Walk Score takes a 2D approach by calculating the reachability of service facilities on a flat road network, we include 3D information by taking into account slopes and stairs. We also pay attention to the longer walking times of the elderly and adjust the selection and weighting of supply facilities according to their relevance for elderly people. The implementation results in a concentric walkability pattern, with a high Walk Score in the inner-city area that is decreasing towards the periphery, but with many anomalies resulting from local inhomogeneity in population and facility distribution and topography. The study shows that it is possible to refine the Walk Score to meet the needs of older people, as well as to implement the methodology in Germany using a combination of voluntary geographic information and high-quality official datasets. We see our research as a step forward on the way to more realistic walkability metrics for senior-sensitive urban planning.
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1. Introduction


Urban planning and policies increasingly place emphasis on different models of urban living, which leads to a greater focus on residents’ active mobility and the idea of proximity. The discussion about 20 min neighbourhoods or the 15 min city are tangible implications of this trend (cf. [1,2]).



Walkability plays an essential role in such concepts, which have a long-standing tradition in urban planning [3]. There are many good reasons to strive for the ideal of a walkable city. A substantial number of studies demonstrate, for instance, that walkable neighbourhoods help improve residents’ everyday mobility, and thus prevent diseases and promote healthy ageing [4,5,6,7,8,9,10].



Against this background, walkability indices are becoming increasingly popular, as they provide objective measures and allow the comparison of neighbourhoods and cities [11,12,13,14]. Yet, these studies often operate without differentiating pedestrians by age and ability and have so far been limited when addressing the needs of specific population groups, such as the elderly [8,15,16,17,18,19]. A lack of differentiation has been criticised not only with regard to demographic or social groups [20,21,22], among others, and there has been a call for greater regional differentiation when developing walkability metrics. Moreover, the authors of [23,24] point out the impact of city size and structure, which have hardly been factored into pedestrian mobility studies so far. With this in mind, this article presents work on a methodology for urban walkability that accounts for the elderly. The starting point is a generic approach known as the Walk Score, which we adjust to the needs of older people. For this purpose, we take into consideration barriers such as sloping terrain and stairways, and we calculate the walking time of older people with respect to these barriers. Furthermore, we adjust the weighting of supply facilities according to their relevance for senior citizens.



We develop and implement this walkability index based on the example of the two medium-sized cities of Goslar and Kempten, located in the north and, respectively, the south of Germany. Accessibility analyses in Germany are primarily carried out in large cities on the one hand [21,25] and in rural areas with their pressing challenges on the other [26,27]. Cities of a small or medium size tend to be less of a focus, despite promising studies in other countries [28,29]. This gap comes as a surprise in view of the fact that German planning scholars are calling increasingly more clearly for greater attention to be paid to small and medium-sized cities [30,31].



In the following, we first introduce the areas of investigation and outline our methodology. Results from applying the adjusted Walk Score in the two sample cities are presented afterwards. Subsequently, we discuss the methodology’s chances and limitations and identify priorities for future improvement.



In this way, we want to contribute to the research discourse with a method proposal that adapts the Walk Score to the needs of older people and demonstrates its feasibility in the context of German cities.




2. Study Region and Methodological Framework


2.1. Study Region


The city of Goslar is the administrative capital of the county of Goslar in the eastern part of Lower Saxony. At the end of 2020, the town had a population of just over 50,000. Immediately to the south, the Harz mountain range adjoins. The old town lies at an altitude of around 250 m, while the terrain in the Hahnenklee-Bockswiese district on the southern edge of the city rises to over 500 m. The old town of Goslar and the former Rammelsberg ore mine have been UNESCO World Heritage Sites since 1992. With the municipal incorporation of the town of Vienenburg in 2014, the area of the city grew to 163.88 km2. The former municipality of Vienenburg had an area of 71.14 km2 itself.



Kempten is a city with over 70,000 inhabitants in Bavaria close to the German border with Austria. Founded by the Romans, the city looks back on 2000 years of history. Kempten is centrally located in a hilly pre-Alpine landscape at an altitude of about 650 to 700 m above sea level (in the old town). The area of the city of Kempten is 63.28 km2. Although Kempten has more inhabitants than Goslar, the area size of Kempten is significantly smaller. The location of the two cities is shown in Figure 1.



The difference in altitude within both cities is considerable, meaning that the terrain in each case plays a non-negligible role in the mobility of the citizens. While flat areas predominate in the core of the cities, sloping terrain characterises large parts of the periphery.




2.2. Measuring Walkability: Indexes and Scores


Several metrics for measuring the walkability of a city are under discussion in planning sciences at present. The Walkability Index (WAI; [32,33]), for example, combines multiple criteria to measure different dimensions of walkability, in particular, road connectivity, land use heterogeneity, household density, and shopping opportunities. In contrast to the WAI, the Walk Score (WS) looks at the distances on the road network. The WS estimates neighbourhood walkability based on proximity to supply facilities such as bars, bookstores, coffee shops, drug stores, fitness centres, grocery stores, libraries, schools, parks, restaurants, and music stores [34,35]. The WS connects these categories using a preset weighting that “defines equal weights for most categories, except for grocery stores (sum of weights 3), restaurants/bars (sum of weights 3), and shopping and coffee shops (sum of weights 2)” [16]. Additionally, the WS includes a distance function leading to a higher weighting for facilities that are faster to reach due to their proximity than for facilities of the same category that are less fast to reach.



The WS is the “most commonly used indicator in the recent literature on walkability indicators” [36]. Reyer et al. [21] point to the advantage of the WS over approaches to measure walkability derived from urban fabric and settings. After all, network distance rather reflects the reality of people’s lives. They are more likely to answer questions such as ‘How far do I have to walk to… ?’, ‘How long does it take me to… ?’, etc., than rather abstract and indirect measures, such as those underlying the WAI. Despite these merits, the WS—just like the WAI—takes a rather generic approach that does not distinguish between age groups and their mobility abilities. Consequently, such metrics need to be adapted to the specifics of older people in order to provide reliable results for this group. We therefore use the WS as a starting point but integrate and adjust additional parameters with older people in mind.



By integrating the third dimension into the WS, we go one step further than previous studies. For example, Horak et al. [16] bring the WS closer to the needs of older people but stay in 2D by using a simple graph representation of streets. In order to meet the needs of older people more properly, these authors see a change from the mezo to the micro level as a necessary next step. Parameters such as surface, slope, and obstacles should be taken more into account. Alves et al. [7] consider such barriers. The aim of their Walkability Index for Elderly Health is, however, to calculate and identify age-friendly routes. The advantages of the WS, e.g., as an information basis for urban planning [21], are not taken into account here.





3. Walkability Index for Older People—Complementing the Walk Score


3.1. Creating a Barrier-Sensitive Network—Data and Processing


For calculating the Walk Score, a network of walkable paths and roads is a prerequisite. Recent WS studies use road data from the OpenStreetMap project (OSM) for this task [16,37]. Volunteer data collectors drive the OSM. Despite the non-official character and obvious regional differences, the quality of OSM road data in Central Europe has reached a level that can be assumed to be suitable for our application purpose [38,39,40]. Consequently, we use OSM data to create the network model consisting of all walkable pathways for Goslar and Kempten.



Sloping terrain is one of the most challenging walking surfaces for senior citizens. However, little research has addressed how walking on graded surfaces affects the performance and walking patterns of senior citizens [7]. It is, therefore, not surprising that terrain so far is hardly taken into account when calculating walkability for older people [16]. Existing walkability models that take terrain into account are not tailored to older people and tend to use low-resolution data, such as the SRTM DEM [41]. However, with a resolution of only 1 arc second (approximately 30 m at the equator) and both varying and limited height accuracy, as in the case of the STRM, many gradients on the road network remain hidden.



In our model, we calculate inclination by using a high-resolution Digital Terrain Model (DTM; German: DGM), provided by official mapping agencies. The DTM describes the terrain surface without vegetation and buildings by a grid of ground points (whose elevations are given with an accuracy of 0.15 m), which are located (in the case of the DGM 1) at a distance of one metre from each other. High-quality data, both in terms of spatial resolution and elevation accuracy, such as the DGM 1, are required to calculate reasonable gradient values for short distances (see detailed analysis in Appendix A).



In order to bring the spatial resolution of the high-precision data to fruition, a correspondingly accurate method for calculating the road segments is required. We, therefore, subdivide the road network into line segments of a maximum length of five metres. We determine the height difference by calculating the angle of inclination between the start and end vertices of the individual line segments and the length of the line between these vertices. The result of the calculation is either a positive or a negative value, which can be used to identify the direction of the gradient [42,43].



Furthermore, we integrate stairways into our network model, as these represent potential obstacles for older people. These features also stem from the OSM project, as OSM not only collects roads but also other data that serve as a topographical description of the earth’s surface. The OSM dataset even provides data on additional barriers, such as bollards or blocks, which can narrow roads and create obstacles for people with walking aids. In this study, however, we only consider healthy elderly people who can walk without the help of a walking aid. Therefore, from the spectrum of possible barriers, only closed gates were considered in addition to the stairways mentioned above. While closed gates affect all people, stairs in public spaces can be a key challenge for walkability from the perspective of older citizens [7].



The supplementary use of German census data allows the walkability estimates to be combined with the cities´ demographics. The German census provides data on the population, including the number, age, gender, or citizenship of residents. In Germany, census data are collected every ten years. For our study, we use data from 2011 [44]. All residents who are at least 65 years old are senior citizens in our model. Calculating the WS requires one start and one or many endpoints for each route. The German census data are organised in a grid structure that corresponds to Eurostat’s European population grid. We calculated the centroids of all 100 m × 100 m grid cells in our study areas and chose them as the starting point for the routing. The locations of the supply facilities serve as the endpoints and again were derived from OSM.



All datasets were processed using the GIS software package ArcMap (extension Network Analyst) by ESRI®™. The free and open-source software QGIS came into play for data preparation and visualization.




3.2. Senior-Specific Adaptations—Walking Time and Utilities


Walking time changes with the inclination. We adopted walking times based on Weidmann [45]. The average horizontal gait speed of a pedestrian is then 1.34 m/s (metres per second). For a slope of 5%, the uphill speed is estimated to be 1.29 m/s, for 10% 1.19 m/s, and for 15% 1.07 m/s. The respective downhill speed is estimated to be 1.38 m/s for a slope of −5%, 1.40 m/s for −10%, and 1.40 m/s for −15%. Weidmann’s study considers deviating terrain and was carried out in Central Europe. However, it refers to the average population and has not been customized to senior citizens in particular. Against this background, we adjust the speeds suggested by Weidmann by following Artmann et al. [46], who set the walking speed of seniors on a flat area at 1 m/s. For a slope of 5%, the uphill speed is then 0.96 m/s, for 10% 0.89 m/s, and for 15% 0.80 m/s. The figures for downhill speed are then 1.03 m/s for a slope of −5%, and 1.04 m/s for slopes of −10% and −15%. Sloping terrain is not the only obstacle that limits walkability. Stairways represent another type of barrier, which can, however, be mastered by healthy seniors. We have, therefore, adjusted Weidmann’s speed value for climbing stairs to 0.65 m/s, taking the same factor adopted from Artmann. In contrast to stairs, inclines above a given threshold (from 10% and 15%, respectively) in our model represent insurmountable obstacles that cannot be mastered.



We identified public transport, services, entertainment/leisure/sports, healthcare, social services, and dining as relevant categories of supply facilities that might serve as walking destinations for the elderly (Table 1). The selection of these categories and the weighting of the categories customises the WS through estimates of previous research on pedestrian friendliness in Germany [43,47]. Table 1 presents the list of supply facilities including their weights. We perform our analyses both for all facilities listed in Table 1 and for facilities that we consider essential for the elderly (see below). These essential facilities are marked in bold in Table 1. The core of essential supply facilities consists of supermarkets, pharmacies, physicians, hairdressers, etc.; the broader catalogue includes, for example, swimming pools, churches, pubs, etc.



From the identified categories, we calculate the walkability of supply facilities for senior citizens in four ways:




	
Walking to essential facilities (facilities marked in bold in Table 1), when the walking route may have a maximum slope of 10 percent;



	
Walking to essential facilities, when the walking route may have a maximum slope of 15 percent;



	
Walking to all facilities listed in Table 1, when the walking route may have a maximum slope of 10 percent;



	
Walking to all listed facilities, when the walking route may have a maximum slope of 15 percent.








Following [48], we set a predefined 20 min walking time limit. A standard network routing algorithm returns the number of essential/all listed facilities that can be reached within the given limits for the walking time (20 min) and 10/15 percent maximum slope of the walking route. The maximum WS value (WS = 100) is achieved when all essential/all listed facilities (see Table 1) can be reached with a walking time of 5 min or less. The WS value decreases the longer it takes to reach facilities by foot and the fewer facilities can be reached within 20 min. WS = 0 indicates that no facility can be reached within 20 min walking time. The walking time depends on the walking speed, which in turn depends on the slope of the walking route.



In more detail, the algorithm works as follows. First, we calculate the walking time for each 5 m segment of the entire walkable path network of the study area (see Algorithm 1).



	Algorithm 1 Calculation of walking time



	   for each 5-metre segment dAB (see Appendix A) of the network



	     calculate walking time td,AB, segment d,AB, gait speed g,AB; td,AB = d,AB × g,AB



	     calculate walking time td,BA, segment d,AB, gait speed g,BA; td,BA = d,AB × g,BA



	     ! td,AB ≠ td,BA, because uphill gait speed is different from downhill gait speed



	        case



	           when “slope” > 0 and “slope” <= 5 then gait speed = 1.29/1.34 m/s



	           when “slope” > 5 and “slope” <= 10 then gait speed = 1.19/1.34 m/s



	           when “slope” > 10 and “slope” <= 15 then gait speed = 1.07/1.34 m/s



	           when “slope” < 0 and “slope” >= −5 then gait speed =1.38/1.34 m/s



	           when “slope” < −5 and “slope” >= −15 then gait speed = 1.40/1.34 m/s



	           when “highway” = ‘steps’ then gait speed = 0.65/1.34 (stairs)



	           when “slope” = 0 then gait speed = 1 m/s



	        endcase



	   endfor








Second, we apply a comprehensive network analysis that breaks down the contribution of each supply facility in the study area to the adapted WS for the centres of all 100 × 100 m grid cells used as a spatial reference frame (see Algorithm 2).



	Algorithm 2 Network analysis



	   for each category ci of supply facility categories (see Table 1)



	     for each centre point of 100 m × 100 m census grid pj



	        Search for the nearest supply facility fij. The nearest facility is the one that



	        can be accessed with least cost, i.e., in the shortest walking time taking into



	        account the terrain slope of walking paths



	        Calculate contribution of fij to the total of the adapted WS



	        WSij = weight (ci) × weight (fij)



	        case



	           weight (fij) = 1 when walking time tij <= 5 min,



	           weight (fij) = 0.75 when walking time 5 min < tij <= 10 min,



	           weight (fij) = 0.50 when walking time 10 min < tij <= 15 min,



	           weight (fij) = 0.25 when walking time 15 min < tij <= 20 min,



	           weight (fij) = 0 when walking time tij > 20 min



	        endcase



	     endfor



	   endfor








In the next section, we will use the WS, adapted to the needs of seniors, as an indicator to assess the walkability of the two cities of Goslar and Kempten for the elderly population.





4. Results


The implementation in Goslar and Kempten was based on the hypothesis that both the supply facilities chosen and the assumptions about when road gradients are no longer walkable can significantly influence our results. Therefore, we provided walkability calculations firstly for the essential facilities and, secondly, for further facilities that go beyond the essential.



We have also assumed that the maximum slope that an elderly person can still manage is 10 percent. Our considerations on the accuracy of slope calculations from digital elevation models demonstrate that the calculated slope values in our study can deviate from the real values on site by up to about 5 percent (see Appendix A). To study in detail the impact of such a limited accuracy of slope values on facility accessibility, all network calculations were performed for both 10 percent and 15 percent slope limits. As shown in Figure 2 and Figure 3, the number of walkable facilities is higher in the lowest WS category (0–25) when the maximum slope is 10 percent rather than when it is 15 percent. In all higher WS categories (25–50, 50–70, 70–90, 90–100) the number of walkable facilities is higher when a 15 percent slope is permitted instead of 10 percent. It is immediately plausible that people can access more facilities if they can manage steeper gradients. This can be seen from the results for all categories except for the lowest one. The WS lower values for 15 percent compared to 10 percent slope in the lowest category (0–25) result from the fact that the higher number of walkable facilities in the other categories is compensated by the lower number in the lowest category.



From the locations that are in the lowest WS range (this includes a WS score from 0 to 25), few or no facilities can be reached within 20 min. This category makes up the clear majority of the locations in the cities of Goslar and Kempten. The highest level (“walker’s paradise”) is only achieved in a few areas, and only in the old towns of Goslar and Kempten. However, in both cities, more areas fall into this desirable WS range if only essential supply facilities are considered. The difference in walkability caused by variations in the maximum gradient or modifications in respect of all vs. only essential amenities is greater in Kempten than in Goslar (Figure 2 and Figure 3).



The pattern that emerges in Kempten (even if assumptions vary) is that the WS decreases from the city centre towards the periphery. This also applies to the city of Goslar, albeit based on two local centres, Goslar and Vienenburg (Figure 4 and Figure 5).



By additionally integrating census data into our model, we were able to link information on walkability and age. We displayed both information dimensions (accessibility and age) in a 3D visualization (Figure 6), producing complementary findings: The higher the displayed bar of a grid cell, the more senior citizens live there, according to the census. While most of the tiles with a higher number of seniors in Goslar enjoy a medium to good walkability, the Walk Scores in Kempten are heterogeneous and mostly lower than in Goslar. The high and orange grid cell in Lenzfried/Kempten in Figure 6 reveals the location of a retirement home located in this area. Walkability in the respective grid cell is only partly good (orange), as access to the retirement home is only possible via steep paths. The illustration demonstrates that the third dimension is not only important in terms of data and methodology. Even the visualization of walkability metrics can benefit from being 3D, as in this way the WS and age information can be displayed together in a single map in a way that is easy to understand despite the increasing complexity of the map´s message.




5. Discussion


5.1. Impact of City Size and Structure


The size of today’s city of Goslar, which is a result of the political decision to incorporate Vienenburg in 2014, has an influence on the spatial pattern of walkability. Within the city of Goslar, Vienenburg is a second, albeit smaller, centre—in addition to the core town of Goslar itself—which has more amenities and correspondingly better walking accessibility than the surrounding districts. This contrasts with Kempten, where walkability decreases almost concentrically from the town centre to the periphery. Thus, in both cities, comparable patterns appear to exist, which are characterised by a high walkability in the centre and a low walkability on the periphery. Yet, due to the monocentric structure in Kempten and the polycentric structure in Goslar, different framework conditions emerge for urban planning in dealing with walkability.



Further differences arise with regard to the number of staff and resources in the cities’ administration. In Goslar, the staffing in the department of geospatial information and surveying is more like in smaller cities with two people in charge, while in Kempten, four people are assigned to this department, which appears to be more like in a major city. This makes a difference in transferability and the city’s own commitment: In Kempten, our contacts had the idea of implementing our model in the city´s domain and developing it independently in the future. In Goslar, this was not up for debate and further cooperation with external partners from science was considered reasonable by our contacts there. Against this background, our research supports the observations of [23,24], who call for greater attention to be paid to the urban structure in walkability analyses.




5.2. Limitations of the Methodology and Next Steps


The proposed methodology has limitations that we intend to take into account in its future development. This refers, for example, to the chosen focus on a certain group of elderly people—namely, those who can walk independently, albeit more slowly. The mobility abilities of older people vary and stretch from people who are confined to bed to those who can still jog or cycle. In order to better reflect the reality of many people’s lives, it seems advisable to define specific mobility roles that reflect this diversity and to train the walkability model accordingly. The adaptations of our model and the need for additional datasets are likely to change significantly with such roles. For people who rely on a rollator, for example, road bollards (at too short a distance) and stairs can be insurmountable. These conditions are quite different from the ones we have set. Accordingly, a city’s WS under our model is likely to vary depending on which mobility role is addressed.



We have made several assumptions in implementing our model. Among other things, we have used previous studies to roughly adapt walking times to elderly people.



We did not further differentiate the groups of seniors, e.g., by gender. This also applies, for example, to speeds, which depend on the individual’s fitness level and whose variations could be accentuated on uphill or downhill stretches. Therefore, we believe that future studies should consider and conduct further empirical research on walking behaviour. A similar approach was taken in selecting and weighting the supply facilities for older people that were included in our model. This selection was made on the basis of previous studies and in consultation with experts in the cities, but no in-depth research was performed locally.



Further limitations arise with regard to the quality of the datasets, which deserves more attention. For instance, we used data from the 2011 census in Germany. The next census took place in 2022 and came too late for our project. At the time of the project, these data were almost 10 years out of date. Therefore, the population structure in the two cities will have changed to some extent in the meantime. Moreover, we extensively took advantage of data from the volunteered geographic information project OSM. Data from OSM have known weaknesses with regard to the completeness of amenities [49]. The OSM community is predominantly made up of younger men [50]. The resulting bias in the mapping has been criticized with regard to its lack of gender balance [51]. It is also likely to be to the detriment of facilities of particular relevance to older people. There are significant quality differences between the different supply facilities. Our checks showed that supermarkets, for example, were complete in the study areas in OSM, whereas this was not the case for nursing and care facilities. Our focus at this stage was on developing a walkability index for older people that is transferable to other cities and not on validating or collecting missing data. Therefore, we have accepted some bias in the results due to data deficiencies.



Including the third dimension into the considerations proved to be critical for the adaption of the Walk Score to the needs of elderly people. Steep uphill and downhill slopes influence the walkability of pathways and streets for elderly people largely. Our research shows that very accurate digital elevation models are needed to reliably calculate slopes for passageways of all kinds. In our study, we used digital height models with 1 m grid width and 0.15 m height accuracy of grid points. Even with such a very high-quality digital height model, we found significant differences in the calculated walkability of facilities.





6. Conclusions


In this article, we present a method for calculating walkability and describe its application for elderly people in Goslar and Kempten, two medium-sized cities in Germany. The method starts from the Walk Score approach and reframes it with a view to the distinct needs of older people. To this end, we take into account stairs and sloped surfaces that complement the two-dimensional road network. We also pay attention to the slower walking times of the elderly and adapt the selection and weighting of supply facilities according to their relevance for older people.



By implementing the model, we showed that the Walk Score can be adjusted with a view to the specific needs of the elderly and can be applied to medium-sized German cities. For this purpose, a combination of different data, both official and voluntarily collected, was successfully employed. By using high-quality digital height models, it was possible to extend the walkability model from 2D to 3D to account for the fact that steep inclines and declines greatly affect walkability for many older people. The implementation in Goslar and Kempten also revealed differences arising from the city’s size and structure that should be taken into account in walkability studies. By taking into account the third dimension, the proposed approach also helps to address a common shortcoming of supply analysis in urban planning. By this, we mean the scant attention paid to the relationship between distance and slope. For example, on the one hand, walkability may be good in terms of slope, but the distance to supply facilities may be large, ultimately making it impossible for a senior to access the facility. Conversely, a close facility may be inaccessible to seniors because of the steep terrain. By applying our method, a city planner can customize parameters such as slope thresholds or inaccessible distances to optimize the interplay of distance and slope, taking into account the characteristics of citizens and specific site conditions.



In implementing the model, we have made certain assumptions, some of which have not yet been clearly empirically substantiated. Against this background, it needs to be kept in mind that a city´s Walk Score in our model is likely to vary depending on the specific mobility capability of considered seniors. We have optimised the model for a specific group of seniors, namely those who can still walk independently, albeit more slowly. Adapting the Walk Score for all older citizens and their varying abilities presents opportunities for future research.
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Appendix A


Calculation of Slope Gradients from a Digital Height Model


Digital height models of the earth’s surface are widely available, typically in the form of a regular grid with given heights of grid points (Figure A1).
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Figure A1. Digital height model: grid width, heights, slopes. 






Figure A1. Digital height model: grid width, heights, slopes.
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For given heights h1 and h2 and grid width s we can calculate slope n from Equation (A1).


     σ   n   = σ √   q   n n        q   n n   =   f   n   t   Q   f   n   =   −   1   s   +   1   s         1   r     r   1         −   1   s     +   1   s         



(A2)







As can be seen from Equations (A2) and (A3), the standard deviation σn of slope n is a function of grid width s and correlation factor r between h1 and h2, with 0 ≤ r ≤ 1.


    σ   n   = σ    2     s   2     ( 1 − r )   



(A3)







Data sources such as the SRTM (Shuttle Radar Topography Mission) and the EU Digital Elevation Model (EU-DEM) are freely available. They provide a typical grid resolution of approximately 1 arc second. The EU-DEM is available with a grid resolution of 25 m and a vertical accuracy of +/− 7 m RMSE (https://land.copernicus.eu/user-corner/publications/eu-dem-flyer/view, accessed on 15 January 2023).



From Equation (A3) and σh1 = σh2 = σ = 7 m, s = 25 m, we obtain


σn = 0.40 or 40%, for uncorrelated heights (r = 0),

σn = 0, for fully correlated heights (r = 1).











At worst, the calculated slope values would be subject to an error of 40 percent. In practice, the correlation will range somewhere between the two extreme values 0 and 1 but is usually unknown. Another shortcoming of such coarse digital height models is the low resolution, which means that not all slope changes in a walking path can be detected.



In Germany, the national mapping agencies maintain digital height models with a grid resolution of up to 1 m and a vertical accuracy of +/− 0.15 m RMSE.



For such a high-resolution digital height model, Equation (A3) and σh1 = σh2 = σ = 0.15 m, s = 1 m yields


σn = 0.21 or 21%, for uncorrelated heights (r = 0),

σn = 0, for fully correlated heights (r = 1).











The calculated slope values n can be subject to an error of up to 21 percent, which is again not satisfactory. However, the resolution of 1 metre is not necessary for the walking direction since the slopes in urban areas do not change at such a high rate. We therefore divide the walkable paths into 5 m sections in the walking direction and assign the elevation values from the 1 m digital height model to the endpoints of each of these sections. In that way we adjust the length of path segments to the walkable network of a city (s = 5 m) while keeping the high accuracy of terrain heights (σ = 0.15 m).



From Equation (A3) we then obtain


σn = 0.04 or 4%, for uncorrelated heights (r = 0),

σn = 0, for fully correlated heights (r = 1).











To account for this uncertainty, albeit much lower, we perform the network calculations using two rounded values for the slope limit of the walkable routes, 10 percent and 15 percent, respectively (see main text).
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Figure 1. The cities of Goslar and Kempten in Germany. Kempten is located in the federal state of Bavaria and Goslar in Lower Saxony. 
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Figure 2. Comparison of walkability under different assumptions in the city of Goslar. The values on the abscissa reflect the WS and are sorted by WS range (e.g., 90–100 represents “walker’s paradise”, which is the highest WS range). 
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Figure 3. Comparison of walkability under different assumptions in the city of Kempten. 
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Figure 4. Walk Score map for essential supply facilities in Kempten. The categories correspond to standard WS ranges. Background map OpenStreetMap contributors. 






Figure 4. Walk Score map for essential supply facilities in Kempten. The categories correspond to standard WS ranges. Background map OpenStreetMap contributors.



[image: Ijgi 12 00157 g004]







[image: Ijgi 12 00157 g005 550] 





Figure 5. Walk Score map for essential supply facilities in Goslar. Background map OpenStreetMap contributors. 
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Figure 6. Walk Score and demographics in Kempten. Background map OpenStreetMap contributors. 
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Table 1. Supply facility categories.
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	Entertainment/

Recovery/Sports 1

Weight = 20
	Food





Weight = 30
	Healthcare





Weight = 25
	Public Transport





Weight = 8
	Service





Weight = 12
	Social





Weight = 5





	Bar/pub
	Bakery
	Pharmacy
	Train station
	Bank/ATM
	Seniors’ community centre



	Library/

bookstore
	Kiosk
	Doctors/

hospital
	Bus stop
	Hairdresser
	



	Church
	Supermarket
	Nursing home
	
	Post
	



	Cinema/
	Butcher
	
	
	Cleaning
	



	museum/

theatre/

gallery
	Other food
	
	
	Cobbler/locksmith
	



	Restaurant/café
	
	
	
	Tailor
	



	swimming pool/

bathing place
	
	
	
	Optician
	



	Sports centre
	
	
	
	Hearing aids
	



	
	
	
	
	Other facilities
	







1 Categories are OSM key values (https://wiki.openstreetmap.org/wiki/Map_features, accessed on 15 January 2023).
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