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Abstract

:

Nowadays, city forms are changing due to rapid urbanization and increasing population. In urban morphology studies, walkable street network is examined through the city form to create sustainable cities. This study aims to examine accessibility of street network that shapes the city form by using central street line retrieved from OSM. Accessibility of the street network, one of the criteria of walkability, was evaluated in Çankırı, a micro city in Turkey. The space syntax and GIS methods were used to examine the physical accessibility of the street network. As differences in the topography are not taken into consideration in the space syntax, it was integrated with the GIS in this study. With this method, spatial accessibility, the correlation between integration and choice values of street network, was examined at first. Secondly, land slope was classified according to the standards of pedestrian accessibility and the study area was analyzed using the GIS. Finally, streets with low slope percentage and high integration value were overlaid. The results revealed that the longest, continuous, and main axes located in the area with low slope and high integration values are accessible. The accessible streets obtained by a collaborative integration of the space syntax and GIS methods are lower than the area obtained just from the space syntax method. The use of a combination of these methods is beneficial in terms of understanding the land in three dimensions, but focusing on land surface slopes is only one of the possible synergies between the two tools. The walkable street network obtained by using this method gives an idea about urban mobility. While this method works with hilly lands, other GIS data may be needed for different land types. However, it should also be extended to multi-source information and quantitative analysis methods in bigger cities, as urban walkability is at the core of the 15-minute city model, which is of high actuality of the agenda of urban planning and sustainable urban development.
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1. Introduction


With the rapid population growth and uncontrolled urbanization, cities are undergoing changes in terms of their physical structure. Recent studies focus on sustainable and accessible living spaces by creating smart cities due to the increasing population. In order to evaluate accessibility in cities, the space syntax technique is used to represent pedestrian movement pattern. There are many studies that use street networks as an important parameter in understanding urban morphology [1,2,3,4,5].



Accessibility means that no person’s right to access public space should be restricted and its usability should be ensured, and that everyone should be able to go wherever they go in daily life and participate in every public activity [6]. Accessibility refers to the ease or convenience of reaching a particular destination [7]. Analytical methods for evaluating accessibility shape mobility and urban form through the process of locational and travel decision-making.



One of the most important criteria for improving accessibility in cities is the walkability. As a determinant of livability in public spaces, walkability provides convenience to pedestrians with factors such as road conditions, land use pattern, safety and comfort [8]. The walkability is a wider and more complex concept, based on indicators such as the presence of obstacles along pedestrian paths, sidewalks’ surface, road slope, sense of safety and security, presence of pedestrian-oriented lighting, benches, shelters, sidewalk width, road equipment, land mix, vehicular traffic, building context, green space etc. [9]. The concept of walkability has qualitative and quantitative aspects. Walkability is evaluated according to the criteria of attractiveness, safety, connections between transportation types, street pattern, connectivity of the street network, open space systems, quality of pedestrian roads and access to desired destinations [10]. Access to desired destinations is divided into three types: to daily destinations, to public transit stations, and to green areas [11]. According to Time Saver Accessibility Standards, 400–800 m, which takes between 5 and 10 min, are shown as walkable [12]. Walkability assessment has several dimensions and different urban scales such as macro, meso, and micro. At the macro level, walkability assessment considers whether all street networks are accessed efficiently to create walkable urban spaces [8]. The accessibility of street networks is one of the important quantitative criteria for the evaluation of walkability at a macro scale.



Street networks, enabling social life in cities, are widely used in the analysis of pedestrian movement. There are many studies on pedestrian movement in cities. Monokrousou and Giannopoulou [13] examined the correlation analysis of integration and choice values in order to explain pedestrian movement and predict the future state of Athens. In addition, Öztürk Hacar et al. [14] evaluated space syntax measures with ordinal logistic regression analysis in the university campus, revealing that some environmental characteristics such as the land use and topography of the region are factors affecting the pedestrian density and walkability on the walkways. Andrakakou et al. [15], on the other hand, examined the configurational centralities in the Copenhagen metropolitan area created by the street network based on space syntax analysis and land-use patterns with a geographical technique using data from OSM (Open Street Map). Bill Hillier and Iida [16] investigated the correlation between graphical measurements of the street network in axes graph and observed movement patterns in space syntax studies, answering how people navigate urban grids. Jabbari et al. [17] investigated the correlation between connectivity and pedestrian movement via Angular Segment Analysis by Metric Distance (ASAMeD) analysis, and assessment of the results were showed through digital maps within GIS-based environments. Studies revealed that the result of the ASAMeD analysis is largely related to the pedestrian movement pattern [18,19,20,21]. ASAMeD determines potential streets that pedestrians use for walking [17]. Özer [22] defined the relationship of urban space with pedestrian movement in Galata, İstanbul, and the results showed the importance of using the space syntax method as a tool in urban design studies.



The space syntax method was used to determine accessibility. The accessibility is defined as the correlation between the degree of integration and choice [23]. The space syntax method helps us to understand the relationship between pedestrian movements and physical space by transforming it into a mathematical model. This mathematical model evaluates the accessibility of streets in the system by calculating and averaging the changes in direction required to reach from one place to another in urban open spaces. The Space syntax theory and techniques suggest that urban configuration affects human spatial movement patterns in the city, enabling to determine which paths will be used more than others [24]. The space syntax method, which works like a virtual brain in the analysis of urban areas, is used as a design tool. The method is useful in identifying and solving problems that occur in or after design by analyzing urban spaces with different characteristics. In the space syntax method, it is generally ignored that the view axes can be blocked due to the differences in the topography. On the other hand, land surface elevation can be integrated into the expanded Space Syntax model by use of weighted mathematical graphs and/or employment of the directed graph. In this case, visibility becomes a secondary argument for the use of data on elevation with movement speed, while walking up and down hill becomes more important. Building on the space syntax theory, Zaleckis et al. [25] introduced a four spatial indicator-designed tool, which are Gravity (Gr), Reach (Re), Straightness (St), and Population density (Pop), for city walkability assessment and comparison. Walkability comparative methods are still under development in urban studies. In this context, it is necessary to consider the land slope values by integrating the GIS technique into the space syntax method.



In many researches, it is seen that the space syntax method is generally used in the assessment of street network accessibility. Lamíqui et al. [26] calculated the accessibility of street network using the space syntax method, and their findings showed the idea that the configuration of the urban grid can affect the rate of pedestrians. Since the movement pattern of space syntax in the city, regardless of all other factors, is mostly shaped only by the topology of the road network, the space syntax method has been integrated with the GIS in order to provide good data support in recent studies. There are many studies that evaluate accessibility of street networks by integrating the GIS with space syntax at different scales of the city [24,27] In recent years, many studies have been carried out to include topographic parameters in space syntax analyses. Jiang [28] used the theory of space syntax with the GIS for the first time, and suggested that space syntax can be applied to urban road structure analysis, traffic flow prediction, and pedestrian prediction. Despite extensive studies on pedestrian behavior, studies conducted to investigate the link between pedestrian route choice and the built environment are inadequate [29,30]. Asami, Kubat, Kitaqawa, and Iida [31] developed the elevation difference of the axial lines used in the space syntax method in order to analyze the city form on a three-dimensional plan. The space syntax method evaluates the spatial organization of city plans on a two-dimensional plan. When the studies are examined, it is seen that there is a need for researches that will integrate the land slope and integration values to ensure walkable streets for pedestrians. Unlike most previous studies that employed the GIS or space syntax, this study integrated the GIS and space syntax to provide good data support for the perception of the street network.



The space syntax and the GIS-based methods are used together to contribute to the database for the development of urban morphology. Srivanit et al. [32] stated that the measurement of the integration value points will be a key factor to understand the basics of the morphological approaches and accessibility patterns within the spatial configuration of streets, and can be used for activity prediction in the area where the network has been placed. In order to understand how the pedestrian movements are integrated into urban spaces, there is a need for studies that use a combination of the space syntax and GIS methods. A collaboration of these two methods helped us to understand interaction between pedestrian mobility and land use in cities. Xing and Guo [33] also indicated that the data analysis and integration methods such as regression analysis, space syntax, and the GIS have provided essential technical and theoretical support for the analysis of urban space. Combining space syntax analysis in one model using the Geographical Information System (GIS) enabled quantitative tools to contribute to great advances in the spatial analysis of urban morphology [32].



The method was applied in Çankırı, one of the smallest cities in Turkey. Being a small city, the city has the potential to examine the walkability of urban areas. It is easy to evaluate the walkable street model in a micro city, as small cities have an impact area at walking distance from the center. This study evaluated walkability on the macro scale. At the macro level, the accessibility of street networks is one of the important parameters to evaluate walkability. The study hypothesis considers that accessibility of street networks, which is a criteria of walkability at the macro level, as an important factor in predicting the urban mobility. The aim of the study is to evaluate the accessibility of the street network in the city to create pedestrian movement model by using the morphological space syntax and GIS methods. The study suggests that there is a relationship between physical features of urban form and walkability. Walkability was evaluated in three dimensions based on the physical accessibility of street networks in the study area. The physical design characteristics that determine the accessibility of the street fabric were revealed. The space syntax method was used to evaluate the accessibility of street networks, and the Geographic Information System was used to evaluate land slope. The study explores the space syntax and GIS methods to provide evaluation tools for pedestrian-oriented environment. The research proposes the hypothesis that the sustainability of cities requires adaptation to walkability. Walkability is suitable for sustainable development, not only because of the speed of movement, but also because of lower pollution, catalyzation of interaction between buildings and streets spaces, etc. The findings of the study may be practical in terms of using measurement data in planning and design practices to improve the accessibility of the city.




2. Study Area


The study focused on Çankırı, one of the smallest cities in Turkey, making it easy to assess street networks and its impacts on walkability. This city’s population in 2022 was 195,766 [34]. The city center is located on a low slope area and surrounded by mountains. As a small city, it is in a state of development, which gives the opportunity to easily examine the walkability on streets that shape up the city form. Open Street Map data were used for the analysis of the space syntax method. Elevation groups of the area were evaluated from the Digital Elevation Model data created using raster data for slope analysis in the GIS. Literature reviews, field studies, and analyses regarding the landscape characteristic of the research area, as well as satellite images are among the other materials used in the study. The current location of the city and its street network are shown in Figure 1.



The city is growing in three directions. In the current map of the study area, the city center is located northeast of Yapraklı Boulevard, south of Ankara Street, and northwest of Kastamonu Street. The urban form and the Çankırı city segment map are shown in Figure 2.




3. Materials and Methods


3.1. Space Syntax


The space syntax theory reflects urban morphology and evaluates the accessibility of street networks. A series of primary or baseline analysis informs the design process from the outset by finding the potentials and problems that are determined via the analysis of spatial configuration in the space syntax approach [35]. Space syntax is a method that defines the relations between the formal structure of the spatial dimension extending from the building scale to the city scale and the way of use or the actions in that area; and evaluates these relations with a numerical method, allowing new formations in the organization of space by associating the social structure with the approaches it presents [36]. The space syntax method developed by Hillier and Hanson [18] analyzes how spatial pattern develops at the scale of the city and the building. This method is about defining the spatial configuration of the city and understanding its relationship with movement. The organization of the street network makes movement, and while shaping movements, it also creates a distribution of land uses [37]. Movement directions, gathering places, and directions of human communities living in a settlement are determined according to the system formed by the geometry of that settlement [38]. The space syntax method allows to analyze pedestrian mobility in urban areas that promote social interaction. In order to determine the movement areas in the urban areas, the program creates axial lines in spaces. Axial maps are obtained by combining the longest lines in open spaces. Axial maps form the urban street network. At the points where the axes intersect, each axis is segmented at a certain angle to form the angular segment map.



As one of the basic analysis of space syntax method, Angular Segment Analysis (ASA) is used to compensate the need for geometric information [39,40,41]. ASA calculates these measurements by applying values weighted between 0 “no turn” to 2 “180_ turn” by the turning angle from one segment to another [42]. Figure 3 shows the street network and corrected graph example of a part of the segment analysis symbolized by Turner [41].



This study applied angular segment analysis based on the metric radius type. The metric description of distance shows a structure of the shortest paths for integration and choice [43]. In the space syntax method, the most important factor determining the mobility in the area is the integration value [44]. Studies showed that there is a relationship between movement and the integration value [16,45,46,47]. Integration maps are important to understand how often public spaces are used and describe how both vehicle and pedestrian movements work within the urban system [48]. The value of the integration line is defined as the shortest path between one line in the segment or axial map and others in the network [48]. The integration value is calculated by averaging the changes in direction required to reach from one place to another, and how much this line is used in the system. To find the number of nodes in a radius to be analyzed, we look at the integration value. The formula for calculating the integration value is as follows [49]:



Ix = NC2/TDx (Ix: integration value of space x, NC: node counts, (TDx): total depth- the depths by each of the shortest paths between one segment and all others in a street network).



Integration is one of the important measures in space syntax, known as “closeness”. The formula calculates how likely one is to pass through a street and how easy it is to get to a street [50]. The use of the segment length and the metric radius contributes to the solution of the edge effect problem from the classic axial analyses with a radius n [51]. The global integration value at radius n was calculated to ensure that all segments are reached by using pedestrian and vehicle axes in the entire urban system. The global integration is an indicator of spatial accessibility [50]. Global integration value (R = n) defines the connection intensity of a node with all the other nodes in the system [52].



Choice value indicates the degree to which a line placed on the network’s shortest paths from one line to another [24]. The choice value of a segment is calculated by substituting the shortest paths with paths with the lowest angular cost for each potential origin and destination pair of the given segment [41]. It sets a route for how a person can get from one place to another. Choice is calculated by counting the number of times each street segment falls on the least angular change path between all pairs of segments within a selected distance in angular segment analysis [16].



Integration indicates the probability of a street segment being the destination of a route, while choice assesses the potential of movements passing through a segment [49]. In order to provide a better understanding of the syntactic properties of the measures between cities of different sizes, Hillier, Yang and Turner [53] proposed the standardization of two of the main measures of the Space Syntax: the Integration (Normalized Angular Integration-NAIN) and the Choice (Normalized Angular Choice-NACH). The values NAIN and NACH are calculated with formulas. The formulas for integration and choice values are presented in Table 1 [53].



According to Hillier et al. [23]; “The correlation between degree of the global state measure (integration) and global dynamic measure (choice) variables will indicate the degree to which the accessibility of a space as a destination from all others is a reliable guide to its likely popularity as a space to be passed through on shortest routes from all points to all other points in the layout”. The correlation between choice and integration presents accessibility, which means spaces that are likely to be the desired destination have also higher movement potentiality [54]. In order to measure accessibility, the study analyzed the correlation between Integration and Choice (INCH). A Spatial Accessibility measure, the INCH is an expression of the potential for human movement within urban spaces, resulting from the combination of two measures of centrality, NAIN and NACH [16]. NAIN and NACH provide us a better understanding of the spatial morphology of cities [53]. The maximum/mean values of NAIN and NACH describe characteristics of street networks to understand urban spatial structure from star models. The vertical points are the mean NACH (top) and mean NAIN (bottom), and the left and right points on the horizontal axis are their maximum NACH (right) and maximum NAIN (left) at the star model. The mean/max NAIN show the ease of accessibility, while the mean/max NACH index shows the degree of structure in the system [53]. The mean values are related with the background network and the maximum values related with background network for both NAIN ana NACH. The mean values represent the to-and through-movement potential of the background network, while the maximum values represent to- and through-movement potentials of the foreground network [53]. These concepts and ‘Star Model’ can be used to discuss potential movement of street networks by using the Radius n value. Therefore, the study evaluated the accessibility street network in the city system at radius n value. The spatial accessibility of the street network is analyzed with respect to the correlation (R2) of NAIN and NACH. Scatter plots, which are known as a correlation matrix, are generated in the DepthmapX software.



The evaluation of the street network accessibility can be developed with the collaboration of the space syntax and geographic information system methods. A geographic information system (GIS) can be used to promote facility management and planning of public facility spaces [27]. The GIS technology makes it technically possible to integrate large amounts of data collected from different sources into a single georeferenced model for analysis [55]. The GIS provides data for the perception of the three-dimensional evaluation of the land use. The GIS and space syntax data can be used to evaluate the accessibility of street networks on a macro city form. The space syntax method theories have contributed to the capabilities of the GIS modelling offering a different perspective to planning and design studies. With the development of information technology, more new GIS tools and other new computational techniques are used in the spatial analysis of urban studies [56]. This new research practice provides a methodological reference by using a collaboration of the space syntax and GIS methods.




3.2. Methodology


This study evaluates the spatial configuration of street networks in Çankırı city center using the space syntax and GIS methods for quantitative assessment. The 2022-year 1/5000 scale master plan was used to reveal the current state of the study area. In the first part of the study, street network data were downloaded through the Open Street Map Website (https://www.openstreetmap.org (accessed on 14 December 2022)) and used as input in a Geographic Information System (GIS) software. Street network data, which were used for pedestrians and vehicles, were imported into the ArcMap 10.5 software and merged for all streets. The two-dimensional street network was digitized and converted into ‘dxf’ format in the Autocad 2017 software, then it was imported into the DepthmapX 0.80 software.



In the second part of the study, the street network of the city was analyzed using the space syntax method. The accessibility of street networks was analyzed using DeptmapX for evaluating degree of spatial integration. Axial map was converted into the segment map. Segment map shows the length of each of all line. Angular Segment Analysis (ASA) was used in the study. Angular segment map was created in DepthmapX over the master plan of the study area and “integration” and “choice” values were examined. Angular segment analysis basically calculates the potential of movement of an axial segment map based on its configurational properties. It runs this evaluation from one segment to all other segments. As a result of Angular segment analysis, maps with integration and choice maps were created. The software classifies the analysis results from the highest level to the lowest level in five groups: red, orange, green, blue and purple. The correlation of integration and choice values gives accessibility. In order to evaluate the accessibility of street networks, the correlation between integration and choice (INCH) was calculated with NACH and NAIN formulas. The correlation of NACH and NAIN was examined on scatter plots and star model graphs. These analyses provided an understanding of the accessibility level of the street network at the macro level.



In the third part of the study, the land slope was analyzed by using a GIS-based methodology to examine the walkability of streets. The slope percentages of the streets were calculated using the GIS technique for the evaluation of pedestrian accessibility. The land slope was analyzed using the ArcMap 10.5 software over the obtained study area of raster data. Considering the accessibility standards in which pedestrians can move comfortably, slope groups were evaluated in 5 classes as 0–4, 4–7, 7–9, 9–12, >12 percent. In order to compare the values obtained as a result of the spatial syntax analysis and the results of the slope analysis in the GIS, a Likert scale classification was adapted to the study. All data were gathered in the GIS platform. A walkable street network was obtained from the intersection of high integration and low slope value. The characteristics of this accessible pedestrian movement model were examined and its contributions to urban walkability were discussed. The spatial characteristics of streets that provide walkability were assessed on the result map. The data processing flow chart is shown in Figure 4.





4. Results


4.1. Space Syntax Analysis


Integration and choice values were calculated by analyzing the metric segment map in the radius of Rn. It is seen that these values are located in the city center where public spaces are concentrated. The integration value is the highest 1721, the average 1064 and the lowest 48. The choice value is the highest 11,331,922, the average 945,561, and the lowest 0. There are 7916 line strings and 7884 node counts in the study area. The maps created according to the integration and choice values of the street network of the city of Çankırı are given in Figure 5.



According to the maps above, the integration values are high in the city center of Çankırı. On the city’s primary routes such as boulevards, both integration and choice values are high in red color. It was observed that the axes with high integration value were primary and secondary routes, while the axes with low integration value were tertiary, service, crossing, track way, etc. The main roads have very high level of accessibility in residential areas. Ankara, Kastamonu streets and Yapraklı, Org. İsmail Hakkı Karadayı, Ahmet Talat Onay and Atatürk Boulevard are the axes with red color, where the choice and integration values are at the highest level. Streets with a high integration value indicate main streets with higher density of use and activity areas in the city.



As mentioned before, the correlation integration and choice values give the accessibility level of a street network. In order to understand the accessibility level in Çankırı city, the correlation of NACH (Rn) and NAIN (Rn) were examined with scatter plots, also known as a correlation matrix showing the intelligence value (R2) in the DepthmapX program Scatter. It was determined as a result of the formula given as y = ax + b with the coefficient and the constant b. The range of intelligence value R2 is 0–0.5, showing that the spatial identifiability is weak in general [57]. The study revealed that the R2 value is 0.115. Although there is a positive relationship between choice and integration, it is seen that the accessibility value is low. The plot included in Figure 6a shows that the city is with a low degree of spatial accessibility. There is a weak correlation that defines a low use of space and movement of people in the city. The Star Model graph for Çankırı city is shown in Figure 6b.



The calculated values of the NAIN and NACH variables are given in Table 2. They represent the NAIN and NACH values of maximum, minimum, mean and standard deviation.



The values of NACH and NAIN can be scaled from −3 to +3 for comparison in a star model graph. The mean/max NAIN, which shows the ease of access, and mean/max NACH, which shows the degree of structure system, are not high level in the graph. The mean NACH index is the degree to which the background network forms a continuous grid with direct connections rather than being broken up into discontinuous sub-areas; whereas the max NACH is the degree to which the foreground grid structures the system by deformations and interruptions of the grid [51]. The system is not highly integrated in the background network and it is not strongly structured in the foreground network.




4.2. GIS Analysis


The land slope was analyzed using elevation data for the city of Çankırı. The slope is given as a percentage by calculating the angle that the topographic surfaces make with the horizontal surface. The data were analyzed, and the slope groups were classified in the ArcGIS software. One of the most important factors affecting the accessibility and walkability of roads is slope. To ensure safe use on walkways such as ramps and pedestrian crossings, slope standards for pedestrian walkability must be complied with. It is stated that if the safe slope percentage on the ramp is less than 7%, it is an accessible pathway, up to 10% can be accessed with assistance, and more than 10% is a hazard in terms of access [58]. According to the accessibility standards of the Provincial Directorate of Environment, Urbanization and Climate Change in Turkey [59], accessibility is comfortable if the slope is less than 4%, suitable if it is 5%, assistance is required if it is 8%, and hazardous if it is more than 12%. Considering these standards, slope groups were classified into five groups as 0–4, 4–7, 7–9, 10–12 and above 12. Slope values and integration values adapted to a Likert scale from the accessibility assessment chart have accessibility levels ranging from very low (1) to very high (5) in different colors (Table 3).



The accessibility of the street network and land slope were analyzed based on this chart. According to the classification of the slope groups, the slope analysis of Çankırı city with the GIS is presented in Figure 7a and the integration map of street network is presented in Figure 7b.



According to the slope analysis, the city center is at a low value with 0–7% slope. In the integration map of the streets, Ankara, Kastamonu streets, Yapraklı Boulevard, leading to the city from the city center to three separate axes, have a high integration value in the range of 1326–1721 with red color. The long and continuous streets in the city have high accessibility levels. In the other stage of the study, it was investigated whether the axes with high integration value (greater than 1153) in the area also have low slope grade (less than 7%). As a result of this evaluation, a map where the streets with an integration value greater than 1153 and a slope percentage less than 7% were overlaid (Figure 8a). The overlaid areas of the regions with high (4) and very high (5) accessibility levels in slope percentages were identified and are shown on the map in Figure 8b.



According to the results of the space syntax analysis, the street network, which has an integration value greater than 1153 or 4 (high) and 5 (very high) levels of accessibility level, constitutes 14.2% of the study area with 587 hectares. On the other hand, the land slope analysis results of the GIS, the streets, which provide easy access with less than 7% slope in the study area, is 1033 hectares, constituting 25% of the study area. When the space syntax and GIS data are overlaid, the walkable street network is 405 hectares in the master plan of the study area. The walkable street pattern is 9.8% of the city’s master plan. While the results obtained from the space syntax analysis were 14.2%, the accessible street network decreased to 9.8% by integrating the space syntax into the GIS results. When the space syntax and GIS data were overlaid, there was a 4.4% decrease in the accessible area. The results of the walkability assessment with the space syntax and GIS techniques produce more verifying data. The table of percentages and areas of walkable street network in the study area are shown in Figure 9a, and the graph of walkability assessment on a Likert scale is shown in Figure 9b.



In the assessment of street networks, it is seen that Kastamonu Avenue, Ankara Avenue Yapraklı Street and Org İsmail Hakkı Karadayı, Ahmet Talat Onay and Atatürk Boulevard are accessible. Yapraklı Boulevard has high levels of accessibility in terms of both integration and slope values. By calculating the integration and slope value, the urban form is analyzed, and urban mobility can be predicted. The axis extending to the northeast of the city also gives an idea about the development of the city. The low percentage of slope areas in the city have been effective in the formation of settlements. The city center provides high topological accessibility, as the maximum slope for people to walk is 6%. The areas on the common street texture obtained from the spatial syntax and GIS results are also shown in the pedestrian movement model. It has been observed that accessibility is also restricted in the city directions on the streets where the slope increases. In order for the urban structure to function well, the activity centers must be located on the accessible street pattern. Defining the accessible pedestrian movement model is an important factor for urban development. Based on the hypothesis that pedestrian mobility has an intense relationship with urban activity areas, a combined space syntax and GIS analysis shows areas where there is a relationship between movement and land slope. Pedestrian movement pattern offers an idea about how intensively the space is used. The analyses indicate a contrary relationship between pedestrian mobility and land slope in the city. In addition, the fact that Çankırı is surrounded by mountains is an important obstacle to the development of the city. In order to ensure the growth of the city, it is necessary to develop a pedestrian movement model in regions where the land slope is suitable.





5. Discussion


This research is about the assessment of walkability at the macro scale in the street network that forms the city form. There are many studies showing the effect of urban morphology on walking [41,60,61,62]. Walkability is a wider and more complex concept, involving more factors rather than those assessed in this study. The factors in assessing walkability on a macro scale are transportation system characteristics and land development variables [11]. Ak [8] emphasized that transportation systems indicate the street network of a city and its design, and the main value of transportation system is accessibility. Potentially, the study area analysis provides a macro level analysis of street networks while the walkability is a complex concept that is reliant on other factors such as zoning, use, attraction, open frontages, quality of sidewalks etc. High connectivity of the network provides high levels of accessibility and walkability [63].



A walkable street network was evaluated according to the integration and choice value with the space syntax method and the land slope values obtained from the GIS method in this study. It was seen that there are places where the data obtained in the slope analysis and the maps produced by the space syntax analysis method matched. The accessible areas where the data obtained by using the space syntax and the GIS method matched, are lower than the data obtained using the space syntax method. When more criteria (integration and slope) are taken into account, we have a smaller accessible area than the one obtained considering a single criterion (integration). However, this study method overcomes the limitations of other methods in terms of understanding the land in three dimensions. The space syntax method evaluates the accessibility of streets on a two-dimensional plan. Calculating the intersection points of the data obtained from both methods is also important in terms of producing more accurate results. By developing assessment chart in a Likert scale that evaluates the accessibility of the street network and the data obtained from the GIS and space syntax method in the same platform, the study proposes evaluating methods. However, it should be developed with different methods consisting of multi-source information and quantitative analysis. On the other hand, the findings show that the common results of integration and slope analysis give correct results in terms of pedestrian accessibility. The study revealed that the factors that determine the pedestrian movement model are not only dependent on the integration and choice values of the streets but also affected by the topography. Özbil et al. [46] revealed that the main factor affecting the pedestrian distribution is the angular level of the street network. This study showed that the main factor affecting pedestrian movement model is the angular level of the street network as well as the land slope values. The results of the study showed that the accessibility features of the street network can be determined, and the urban form can be developed by using this method model. The correlation of integration and choice values (INCH) showed that the accessibility level of street network is low. Calculating the choice value in the study not only allowed us to understand the accessibility level, but also helped us to make comparisons with the walkable street area. The study revealed that the accessibility level of the street texture is low, and the walkable street area percentage is low as well. Integration and choice with radius n are not the best indicators for walkability analysis in the selected case. There is a need to validate the comparison of syntactic data with other available information that could be either directly or indirectly related to walkability. The use of radius n was the reason for choosing a small city but, if angular segment analysis with local metric radius is used, then even walkability of a big city can be successfully examined. Even though small cities are more suitable for the evaluation of urban walkability, the method should be applied to bigger cities as it has more actuality.



The assessment of accessibility levels also provides insights into improving city accessibility in the future. The fact that there is a positive and significant relationship between the choice and integration values showing that the accessibility of the city is open to development. If these values work well in one city, they may not automatically apply to situations. Additional validation of the model would be needed as the predictability of a city may differ from case to case. On the other hand, determining the potential level of accessibility provides an idea for developing suggestions for proposals. It can also contribute to determining the change before and after a design work that will be carried out in the city in the future.



The space syntax approach provides an alternative understanding to examine the relationship between pedestrian movement and spatial configuration through the analysis of how spaces are integrated or connected within an urban space [64]. Bielik et al. [65] measured how street network configuration affects the way people move in space in a case study in Weimar, Germany, and they found that street network configuration alone is significant and is the strongest predictor of accessibility to walking attractors. In their Lanzhou, China case study, Li et al. [66] explored the influence of street network accessibility and its structure on spatial vitality via space syntax and hotspot analysis. When we look at the development of methods examining the accessibility of the street network, we see that space syntax, the GIS and quantitative analyses (regression, hotspot etc.) are evaluated together. Unlike other studies, this study integrated the GIS with space syntax to provide multisource data support but it needs visual and quantitative analysis of walkability-related spatial information data. To define an indicator for walkability that integrates space syntax in the macro scale, land use and transportation system parameters could use a weighted index approach based on their relative importance in the modelling process. The space syntax analysis can be used as a component of the index, providing insight into the spatial configuration of the area and how it affects pedestrian movement and accessibility. The space syntax method was designed to understand the potential of the settlement layout to bring people together [67]. Areas where people come together in the cities will be a guide in the choice of the land uses in open spaces in the development of city plans. The development of the transportation system such as the creation of public transport stops or bicycle paths in the streets and practices that will reduce vehicle traffic will benefit the city. The research method can evaluate the effectiveness of different interventions designed to improve walkability and cycling. It can test practices from other cities or regions that have successfully implemented walkability and cycling initiatives. The research findings can also contribute further to walkability and cycling planning by engaging stakeholders and providing evidence-based recommendations for planners. It is also important to integrate technologies in street network design. Developing street walkability will create livable spaces in cities. It is necessary to create an inclusive public space with high accessibility values in street patterns. New concepts of urban planning have been developing 15-minute city models, which allow city dwellers to access their vital needs in about a quarter of an hour by walking, cycling, using public transport or a shared micro-mobility service [68]. Carra et al. [69] indicated that a space-time and GIS-based methodology, which was applied to evaluate walkability scenarios in public open spaces, underlines how urban design produces different spatial–temporal effects on pedestrian accessibility and proximity connection in 15 min. Since the 15-minute city model is one of the priorities of urban planning and sustainable urban development, the study is of high actuality. By using a collaboration of these methods, a 15 min city model should be designed in cities. Evaluating street accessibility at the neighborhood scale in big cities and developing design guides can contribute to urban sustainability as another option.




6. Conclusions


This study found that streets with low slope and high integration values were the most accessible in the walkability assessment with a combination of the space syntax and GIS methods. The areas where geographical and topological measurements of the street have high level of accessibility in Çankırı city. It has been revealed that the longest, continuous and main roads located in the study areas with low slope values have high accessibility. The spatial configuration variables of the pedestrian movement model give an idea about the urban mobility of the city. Increasing integration and choice values in the northeast of Çankırı city showed that the level of accessibility also increased in this direction. In this study, the relationship between spatial structure and functions is explained by combining the results of space syntax analysis and the data in the GIS. In addition, using ArcMap, the three-dimensional perception of the land and the potential for change of the street network were examined from OSM. It is seen that the space syntax method, which is an assessment tool in the creation of social and accessible spaces, remains only at the plan scale. Although it is seen that the space syntax results give correct results in many areas, the accessible areas decrease when they are integrated with the GIS method. It is thought that the combination of the GIS and the space syntax methods will guide many studies in the future. This method will also benefit urban studies in understanding the relationship between urban form and walkability. In order to obtain objective results other than observation or user opinions in identifying areas with high usage potential in cities, it is essential to evaluate the mathematical structure of the streets that shapes the urban form.



As a result, since the space syntax method provide us to find the areas with the most intensive use at the plan scale, it is seen that there is a need to associate it with the land slope, which allows three-dimensional evaluation. The inability to use multi-source information and quantitative analysis methods with the space syntax and GIS applications is the limitations of this research. The evaluation of the results of the two methods (GIS and space syntax) on the same program is a suggestion, while this method needs to be developed with quantitative and qualitative analyses in other studies. The use of different methods can effectively improve the systematicity and scientificity of the research, ensuring that urban space research is no longer limited to field research and qualitative analysis. Because of limitations of the study method that evaluates walkability in line with parameters of a small city, its scope should be expanded in future studies on the street network of bigger cities. The analytical data obtained contribute to foreseeing the possible effects of design proposals in cities, solving transportation problems or urban design guides produced by local governments.
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Figure 1. The geographical location of the study area. 
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Figure 2. Çankırı City Segment Map. 






Figure 2. Çankırı City Segment Map.



[image: Ijgi 12 00216 g002]







[image: Ijgi 12 00216 g003 550] 





Figure 3. (a): Angular segment analysis of streets, (b): streets justified graph sample [41]. 
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Figure 4. Data processing flow chart. 






Figure 4. Data processing flow chart.



[image: Ijgi 12 00216 g004]







[image: Ijgi 12 00216 g005 550] 





Figure 5. (a) Integration map (Rn), (b) choice map (Rn). 
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Figure 6. (a) Correlation between NAIN (Rn) and NACH (Rn) (b) Star model graph. 
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Figure 7. (a) Slope analysis in study area, (b) Integration map of street network in study area. 
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Figure 8. (a) Streets with high integration and low slope values in study area (b) Walkable Street network in the study area. 
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Figure 9. (a) Percentages and areas of walkable street network (b) Accessibility assessment graph. 
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Table 1. Formulas of the NACH and NAIN.
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	Parameters
	Integration
	Choice





	
	The values of the normalized segment integration (NAIN) are calculated as follows:

           NAIN =       NC     1.2       TD + 2    
	The values of the normalized angular choice (NACH) are calculated as:

            NACH =     log   ( CH + 1 )     log ( TD + 3 )     



	Description
	NC: T1024 Node Count Rn metric

TD: T1024 Total depth Rn metric
	CH: T1024 Choice Rn metric

TD: T1024 Total depth Rn metric
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Table 2. The values of NACH and NAIN variables (R = n).
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Radius

	
Value

	
Mean

	
Minimum

	
Maximum

	
Std. Dev.






	
n

	
NAIN

	
0.597057

	
0.226461

	
0.951577

	
0.152991




	
NACH

	
0.996885

	
0

	
1.49308

	
0.303643
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Table 3. Accessibility assessment chart for study areas.
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	Likert Scale
	Color
	Accessibility Level
	Slope (%)
	Integration Value





	1
	purple
	Very low
	>12
	48–802



	2
	blue
	low
	10–12
	802–1001



	3
	green
	medium
	7–9
	1001–1153



	4
	yellow
	high
	4–7
	1153–1326



	5
	red
	Very high
	0–4
	1326–1721
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