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Abstract

:

This study focuses on the streets and spatial networks of the historic urban area in Changsha, the capital of Hunan Province, China, by mainly investigating the evolution of their geometric and topological characteristics. It draws on the theories and methods of urban morphology and space syntax, combines the digital historical maps at different times, and uses methods such as historical map spatial interpretation, geographic information system (GIS), sDNA tools, and urban morphological parameter analysis to explore and sort out the evolutionary process of the street and alley network in Changsha from the early modern period to the present. The paper constructs a parameter system for analyzing the street and alley network of historic urban areas from a geometric and topological perspective. It introduces the indicators of road density, road orientation, intersection density, and approaches such as closeness, betweenness, and intelligibility in space syntax into the parameter analysis framework of street and alley network morphology and spatial characteristics evolution. By comparing the changes in various parameters at different spatial scales, the process of the spatial order evolution of the street and alley network in the historic urban area is analyzed, and the evolutionary rules of the various periods’ morphological characteristics are extracted.
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1. Introduction


Urban transportation roads are an important texture element that reflects the urban form and structure and are considered the dominant factor affecting the current urban form changes in China. In the study of urban form and road network evolution, utilizing digital means to conduct research has become the mainstream research method and means. By analyzing the composition patterns and evolution trends of urban spatial forms at different scales, we can understand the coupling relationship between road patterns and urban vitality spaces (especially commercial spaces) and help better carry out planning and design and implement planning strategies.



The parameterization and quantification of urban morphology, as well as the formulation of its metrics, represent significant tools for characterizing urban evolution dynamics and changes in urban form features. With the emergence of the space syntax theory and its analytical software in the 1970s, space syntax analysis gradually became an essential tool and methodology for scholars in studying urban spatial structure and form. The maturation of this technology has made it possible to digitize historical maps using GIS software and extract elements through spatial interpretation. This has led to a shift in related research from qualitative descriptions to quantitative analyses, primarily focusing on the quantitative characteristics of different urban street networks over time.



The dominant research themes mainly revolve around the analysis of topological features in these networks. Representative research outcomes include the following two categories: ① Researching all urban street networks across different eras and analyzing the topological morphology of the overall network. For example, Emanuele Strano analyzed the evolution of the road network in Milan, Italy, over the past 200 years by utilizing parameters such as morphological factors, intersection count, and road segment length. The study discovered two fundamental processes in the growth of the road network: “densification” and “exploration”. Strano also examined the relationship between road length and population growth, as well as the diachronic changes in street block shape factors [1]. After digitizing the road network in the historical map, Hanae El Gouj et al. analyzed the road patterns of three French cities in three historical periods (18th, 19th, and 20th centuries) by calculating their topological and geometric characteristics and compared their topological and central characteristics [2]. Zhang He studied the use of the compactness index, spatial integration index, fractal index, and other parameters to carry out digital analysis of historical maps. Through GIS, space syntax, and other technical methods, he carried out quantitative digital simulation analysis on the spatial evolution process of typical systems such as the scope of urban built-up areas, road network structure, and block texture. He explored the self-organization law nodes in the evolution of urban spatial characteristics [3]. Shiguang Wang established a general framework and analysis process for the temporal evolution analysis of urban road networks based on network theory, analyzing the trend of urban road networks spreading and densifying in Changchun, China from 1912 to 2017. He also distilled and summarized the evolution and growth patterns of urban road networks [4]. ② This kind of research mainly focuses on Chinese scholars, focusing on the historic urban areas of historic cities as the research scope, and exploring the evolution of the internal street network. The reason is that, unlike foreign historic urban road networks, which have strong stability and continuity, most cities in China have undergone great changes in their historic urban texture and roads due to the transformation of the planning paradigm and the impact of modernization. Zhou Lin examined the evolution process of Beijing’s historic city street network at various scales using the theory of space syntax. By analyzing the integration and traversal structures of different periods from three aspects, street network overture, “local–global” hierarchical relationship, and operational efficiency, the author also discusses the “local–global” hierarchical relationship between sub-areas such as the Imperial City and the Outer City with the entire historic urban core [5]. Danjie Shen utilized space syntax, ArcGIS, and historical map interpretation techniques, among other technical tools, to analyze the evolution of the urban form of the historic city area of Chongqing from two perspectives: the perceivable urban space and map information. This study investigates the changes in the urban form of Chongqing from the late 19th century to the present, based on the urban form and land use patterns of the historic city area [6]. Zhu Shaoqing posits that the fractal connectivity of city streets should be evaluated from the perspective of humanized urban transportation. Three analytical methods were applied to calculate the fractal dimension of the urban road network in Xi’an City during four periods: 1735, 1893, 1949, and 2014. This revealed the fractal evolution trend as well as the fractal characteristics of the road network at different periods. The evolutionary reasons were explored, and three stages were determined in the process of fractal evolution [7]. Studies employing these methodologies have been conducted in a variety of cities around the world, including London [8], Zurich [9], Manhattan and Barcelona [10], Como [11], Hohhot [12], Shantou [13], Paris [14], etc. In terms of the research subject of Changsha, its historic urban area and built-up area in recent years have also been the subjects of some articles that have utilized Space Syntax from various perspectives such as urban design, historical geography, and urban image perception. For instance, Lu Zheng utilized the subjective evaluation method of combined cognitive imagery from cognitive maps and cognitive understandability of Space Syntax to analyze the spatial composition mechanism of the historic urban area of Changsha from the aspects of “depth” and “understandability” [15]. Jinyu Fan employed the method of complex network analysis to explore the evolution characteristics of the accessibility of the road network in the historic urban area of Changsha City during the four historical periods, utilizing metrics such as network degree centrality, node density, and k-core to investigate the intrinsic driving forces behind these changes [16].



Corresponding to the research on the topological characteristics of road networks, quantitative studies on the geometric characteristics of urban street networks have also gradually increased in recent years. Various parameters for analyzing road networks have also emerged continuously, providing a rich set of indicators for the characterization and quantification of urban form features. Martin Fleischmann’s article systematically and comprehensively reviews the 364 parameters that can measure urban form characteristics, elaborating in detail on the 364 parameters for characterizing road networks, plots or blocks, and buildings [17]. Apart from topological shape indices, common metrics used to characterize street network geometry also include aspects such as the height-to-width ratio [18], fractal dimension [19], intersection type ratio [20], orientation of road network [21], scale hierarchy [22], and so on. Chinese scholars have likewise proposed novel metric parameters such as network density [23], interface density [24], and access structure [25] in their recent research.



In general, the existing literature is primarily focused on the evolution of urban morphology and expansion at a macroscopic level at the overall city scale. The analysis tools, parameter algorithms, and overall frameworks all exhibit a relatively consistent pattern. Specifically, the classic techniques of space syntax and their integration, choice, and depth are employed as network analysis parameters to investigate and compare the evolution process of street networks across different historical periods. The overall description of the topological characteristics of the road network space is the primary focus, emphasizing the representation of urban morphology changes. However, the evolution process of urban morphology at a historic urban scale or a smaller scale within the city is not fully explored. Additionally, the underlying driving elements and interactive logic behind the spatial changes in different historical periods are inadequately analyzed and investigated. Similarly, there are certain shortcomings in the research on the evolution of urban morphology in Changsha. For example, the exploration of historical maps is not sufficiently comprehensive, covering only a limited range of historical periods. Also, the digitization process of historical map road information has not been performed for spatial alignment, leading to inconsistencies in the scale of various maps analyzed. This results in the final analysis being less precise.



Therefore, based on the research mentioned above, this paper focuses on the evolution process of the road network at the meso- and microscale in the historic urban area of Changsha City, Hunan Province, China, by digitalizing and spatially decoding representative historical maps since the Qing Dynasty till today. The study employs the sDNA software (Version 4.1.1) in the space syntax as well as GIS as analysis tools, to conduct a comprehensive analysis and measurement on the evolution characteristics of street patterns from both geometric and topological perspectives. Furthermore, it summarizes the evolution process of the urban form in the historic urban area of Changsha City, and the socio-economic interaction driving force behind it, providing a reference for the construction of streets in the historic urban area, as well as the formulation of related policies and guidelines. This will help to further understand the deep relationship between historical spatial structure changes and socio-economic activities. Moreover, this study, through multi-scale analysis of the spatial reproduction process in the historic urban area, and the summarization of the evolution characteristics of urban form, provides significant insights into the context of rapid urbanization in China. This contributes to promoting more sustainable urban renewal and historic city conservation. Figure 1 shows the overall framework and technical path of the entire article.



This study has some limitations. First of all, due to the lack of accurate historical maps, even after spatial registration and vectorization, the length, position, and orientation of the road network still have certain deviations or lead to certain errors in the analysis results. Secondly, multi-scale is an important link in the application of space syntax. Many scholars prefer to set different analysis radii when calculating the closeness degree and betweenness degree. However, this paper only analyzes the historic urban scale and pedestrian scale and should cause an increase in the discussion of the neighborhood scale and global scale in the follow-up research and compare the differences in the evolution process of global scale and neighborhood scale. Finally, the discussion of this study is mainly focused on the road network structure and lacks a discussion on land use and function, which can be further analyzed and discussed in the follow-up study.




2. Materials and Methods


2.1. Research Scope


Located in the central Hunan Province of China, the capital city of Changsha is a typical hilly city, with its advantageous geographical location and water transport making it a significant commercial city in the Yangtze River basin since ancient times. It is also a historically and militarily important city. As one of the earliest Chinese cities with a continuous history of over 2600 years and a complex urban evolution process, Changsha’s urban construction can be traced back to the Spring and Autumn Period in the Warring States Era (6th century BCE), with a history of over 2600 years and a profusion of layers of construction during different periods. From the early feudal era’s closed-loop evolution to the urban development influenced by Western municipal planning under modernization; from socialist construction influenced by the Soviet Union since 1949 to the marketization of real estate after the reform and opening up, which brought a transformation and impact on the city structure and its development mode, the historic urban area of Changsha has experienced ups and downs over two millennia and the accumulation of multi-faceted historical development traces and urban textures (Figure 2).



In China, the Law on the Protection of Cultural Relics stipulates that a “historic and cultural city” refers to a city with particularly rich cultural relics and great historical and cultural value and revolutionary significance. At present, China has approved and announced four batches of 143 national historic and cultural cities approved by the State Council, and Changsha is one of the first batch of national historic and cultural cities announced in 1982. In the protection system related to historic and cultural cities, the practice of demarcating different protected areas is mainly adopted to protect and control at the planning level. Historic urban areas are those that encapsulate the evolution of their towns or represent the distinctive character of a particular era. These areas, particularly within renowned historical and cultural cities, possess a well-defined historical context and retain a relatively intact layout and architectural features that warrant comprehensive protection and management. Their boundaries encompass what we commonly refer to as the ancient city centers and older urban districts. Historic districts are areas where historical and cultural relics are relatively abundant, can more completely and truly reflect the traditional features or local characteristics of a certain historical period, and retain certain cultural relics, historic buildings, or traditional buildings, while historic and cultural areas are historical districts that should be protected by the government, and there are relatively specific requirements for the number and area of heritage.



Based on the scope delineation in the “Plan for the Protection of Historic and Cultural Heritages in Changsha City”, the boundary of the historic city area in Changsha is determined as north to Xiangchun Road, southeast to Jianxiang Road, Furong Road, and Baisha Road (former railway line during the Republic of China), west to the Xiang River. The entire area covers the built-up areas of Changsha during the Ming Dynasty, Qing Dynasty, and the major urban areas during the Republic of China, with a total area of about 5.6 square kilometers. Within this area, there are also two historic districts and three historical and cultural areas (Figure 3) [26]. Throughout multiple historical periods of urban construction and renovation since the Han Dynasty, the historic urban area is the most extensive region of historic cityscape with the longest history, frequent updates, and the most obvious and dramatic changes, in the city of Changsha. Therefore, this study focuses on the range of the historic city area in Changsha.




2.2. Stage of Research Division


Historical events play a pivotal role in the transformation of urban form and structure. This study, by reviewing prior research, historical documents, and historical maps, and dividing the stages of the development of the historic urban area in Changsha based on major historical events, has categorized the following four phases:




	
Feudal Period (from the founding of Changsha during the Chu-Han period toward the end of the Qing Dynasty)








During the feudal period, Changsha mainly served political and military functions, with a limited scale of urban development. The architectural style was dominated by traditional Chinese buildings, reflecting the typical characteristics of ancient cities such as city walls, administrative offices, temples, etc. The city spread in a concentric manner, with the city wall serving as the boundary for urban development, indicating an expansion style based on the convenience of water transportation facilitated by the Xiangjiang waterway and the Yangtze River. Changsha benefited from its convenient access to the Xiangjiang River and relied on water transportation on the Xiangjiang River as its primary external communication and economic support.



	2.

	
The Republican era (1911–1949)







During the period of the Republic of China, the urban construction of Changsha began to have the embryonic form of modernization, with the emergence of new government institutions, schools, and commercial buildings. At the same time, the city suffered devastating damage due to the war and the Historical Wenxi Fire. Changsha’s modern industry is rising gradually, but its development is slow, and its economy is still dominated by agriculture, handicraft industry, and commerce. Although the development of Railways and highways had played a certain role in promoting Changsha’s economy, and the urban area had expanded, the spatial structure and shape of the central area of the City have not changed much from that of the Ming and Qing Dynasties due to the restrictions of the Xiangjiang River, the ancient city walls and railways. This also caused some damage to the traditional urban landscape, including the demolition of city walls and gates and the disappearance of some streets and alleys. Western-style buildings and buildings of the Republic of China style have gradually replaced traditional buildings.



	3.

	
The initial stage of socialism (1949–1978)







After the founding of the People’s Republic of China, the historic urban area of Changsha entered an active period of development focusing on the construction of socialist places. During this period, Changsha’s urban construction mainly focused on industrial development. The city gradually broke through the construction scope of the historic urban area and expanded rapidly to the surrounding areas, with the emergence of new industrial areas and residential areas. Urban construction gradually got rid of the traditional mode and began to move toward modernization. The main urban area was still limited by the old railway line and Xiangjiang River in the space of the old urban area. Although the relocation of the new Beijing Guangzhou railway line and the construction of the new Changsha railway station have expanded the whole urban structure eastward, the whole society is still in the era of planned economy, and the development of infrastructure has not greatly changed the spatial structure and morphology of the city.



	4.

	
The Reform and Opening-up Era (1978 to present)







With the advent of reform and opening up, Changsha’s economy and society have developed rapidly. Urban construction and planning have also entered a new historical stage. The construction of roads, bridges, subways, and other transportation facilities had accelerated. The commercial function and central position of historic urban areas have been continuously strengthened, and large-scale and modern urban renewal has been ushered in after the reform of the land system and tax-sharing system. The contradiction between historic and cultural protection and urban renewal has further intensified. The preparation and revision of the master plan for the new period and the protection plan for famous historical and cultural cities have made the historical urban areas gradually open and inclusive in the game of protection and development.




2.3. Data


For the study of urban evolution, historical maps serve as a critical source of information, offering rich geographic elements such as terrain, waterways, and man-made landforms such as buildings and roads. Based on the aforementioned development stages and factors such as the accuracy of historical maps, the study utilizes historical maps from the years 1872, 1912, 1935, 1986, and 2023 as a foundation, and employs sDNA to create space syntax line diagrams. Streets are considered the fundamental geographic units for analysis.




2.4. Method


To gain a deeper insight into the inherent urban spatial organization and the patterns of road network evolution within the road networks of the historic urban core, we chose five distinct historical maps, each from a different epoch. These maps serve as our analytical specimens, embodying snapshots of the road network during varying socioeconomic eras and under divergent planning and design philosophies. We used the interpretation method based on historical maps for spatial vectorization and utilized the ArcGIS software (Version 10.3) and its NetworkGT (Version 0.1) and sDNA(Version 4.1.1), two open-source toolboxes, for geometric and topological analysis, respectively. We also calculated several indicators that reflect the spatial order and entropy change of the road networks, respectively.



2.4.1. Historical Map Interpretation


To accurately depict the spatiotemporal characteristics of road networks, we need to perform digital spatial interpretation of the road segments on historical maps. This process involves overlaying mapped segments from different areas that have been digitized and aligning them spatially to systemically track their morphological evolution over time. Specifically, historical map interpretation refers to the process of extracting historical spatial information elements from traditional, paper-based historical maps through digital processing and converting them into digital maps that can be identified and utilized by modern Geographic Information Systems (GIS). This involves not only the digitization of maps but also the accurate interpretation and reproduction of historical geographic information, as well as providing a new approach for analyzing and understanding the spatial patterns of historical elements and the urban socio-economic development process (the transfer of commercial centers and the relationship between urban road grid bureaus and the transformation of transportation modes). It provides powerful technical support for reconstructing the spatiotemporal distribution patterns of historical elements at different times and locations. Since historical maps differ from modern topographic maps in terms of drawing methods, scales, and so on, this study adopts three steps for historical map interpretation: the first step involves the collection and sorting out of historical maps at different stages; the second step involves the spatial calibration of historical maps in GIS, and the third step involves utilizing historical documents and other spatial information to verify and correct the calibrated maps, improving the accuracy and reliability of the translated maps. This study utilizes GIS as the technical platform, integrating data such as ancient gazetteer maps from historical records, modern surveying maps, and remote sensing imagery, to spatially align and digitally interpret the road information from five representative historical maps. Quantitative and qualitative analysis is conducted on the evolution process and morphological characteristics of the streets in the study area over the past century and more using this information. Table 1 shows the origin of historical maps and spatial interpretation results of the map at different times.




2.4.2. The Parameter Selection for Geometric Morphological Characteristics


The geometric characteristics of road networks mainly manifest in their structure and layout, reflecting the history, function, and planning ideology of urban transportation planning. Specifically, the geometric characteristics of road networks include the spatial distribution characteristics of point, line, and surface types, as well as the quantity characteristics of different geometric forms. Point-type characteristics refer to the types, numbers, and spatial distribution of intersections of different types in the road network. Line-type features are mainly determined by the length, density, and form factor of the road network. Surface-type features are formed by a combination of multiple roads that form a neighborhood, residential area, or administrative management zone. These surface structures have a significant impact on the functional zoning, land use, and traffic organization of the city. This paper will primarily focus on the proportion of intersection types, the line density of the road network, the distribution of orientation, and the form factor of the street block as four quantitative parameters for the analysis of the geometric characteristics of road networks at different scales (Table 2).




2.4.3. Space Syntax and Variable Parameters for Topological Morphology Based on sDNA


As early as the late 70s of the last century, Bill Hillier proposed the concept of space syntax, after three stages of theoretical development, methodological development, and extended application, space syntax derived and developed a set of mature theoretical and quantitative analysis methodological frameworks and specialized spatial analysis software technology, which has become a very important and international research field in the study of urban morphology [27]. At the theoretical level, space syntax believes that space is not only the background of socio-economic activities but also an important part of socio-economic activities. It is concerned with the laws or characteristics of the composition of the space itself, and how these characteristics affect people’s activities. The basic concept of space syntax is that the diachronic process of creating, transforming, and using space reflects the laws or characteristics of space itself, and the way space itself is built reflects the laws or characteristics of the socio-economic culture of a certain time and place. At the methodological level, the core of the space syntax methodology is to treat the architectural space as a network, in which the nodes represent the spatial units (such as rooms, halls, etc.), and the edges represent the connections between these spatial units (such as doors, corridors, etc.). In addition to the spatial analysis of the building, the space syntax constructs a set of computational methods and parameter systems for road networks based on the principles of topology and graph theory, aiming to quantify and explain the impact of spatial layout on human behavior and social interaction. By quantifying the topological properties of space, such as accessibility, centrality, connectivity, etc., researchers can evaluate and predict how spatial design affects people’s flow patterns, frequency of interactions, and efficiency of space use. These attributes are essential for understanding the function and efficiency of a space.



Space syntax, having evolved over many years, has given rise to a variety of models, among which the axial model and the line segment model are extensively utilized in urban scale modeling and analysis. The emergence of new models and algorithm improvements for urban morphology space syntax analysis, as well as the diversification of parameter systems, provides support for more accurate predictions and evaluations of road network accessibility and the relationship between morphology and socio-economics. In recent years, the advantages of the line segment model based on road center network have gradually emerged. This model considers factors such as actual distance and street deviation angle, enabling it to better capture the changes in geometric forms, and it exhibits a higher modeling efficiency.



Traditional space syntax analysis relies primarily on the Depthmap series software developed by the University of London in the UK. However, this software is not compatible with GIS and has relatively weaker stability when analyzing large-scale data. sDNA, similar to traditional space syntax, is based on mathematical concepts such as graph theory and analyzes the interaction between objects from the perspectives of geometry and relatedness. The sDNA software model improves its analysis methods and software algorithms through iteration and improvement, making the software more user-friendly, compatible, stable, and efficient (Table 3). Additionally, it sets the search radius in terms of spatial morphology parameters, while also considering the impact of distance and angle weights on the network. This software exhibits relative advantages and superior fitting results, which facilitate a deeper understanding and analysis of urban space (Figure 4) [28]. Therefore, this paper selects sDNA as the analysis tool, utilizing the three major parameters in spatial road network analysis—closeness, betweenness, and intelligibility—for analysis.



	
Closeness






Closeness represents the difficulty of a road network to access other road networks within a search radius, and high closeness networks typically have a higher level of accessibility and centrality, attracting more traffic flows in the area. The closeness measure in the sDNA model is similar to the integration degree in the spatial grammar segment model, which reflects the relative position and connection density of spatial elements within a given range or radius. In other words, it measures the overall or local level of traffic accessibility. In the traditional spatial grammar segment model, the closeness is calculated by the total topological depth of nodes in the network within the specified range, while in the sDNA algorithm, the calculation method has been substantially improved. Although the complexity of computation is higher, the results obtained using continuous spatial analysis are more rigorous. The sDNA recommends using NQPD (Network Quantity Penalized for Distance) to measure the closeness index. The advantage of the calculation formula is that it simultaneously considers both the quality and quantity of the network:


  N Q P D A  ( x )  =   ∑  y ∈   R   x        W ( y ) P ( y )   d ( x , y )      



(1)




where x represents the segment to be computed; Rx is the set of other segments within a given radius R that can be reached from segment x; W(y) represents the weight of segment y, which can be represented by segment length or the number of interest points, etc. The distance d(x, y) represents the distance between the segment x and y, including Euclidean distance or angle distance, etc. P(y) represents the proportion of the segment y in segment Rx. In a discrete space, P(y) = 1, when y ϵ Rx; P(y) = 0, when y ϵ Rx. In a continuous space, P(y) represents the proportion of the segment y within a radius R.



	2.

	
Betweenness







The Betweenness index is typically used to measure the likelihood of traffic flow passing through a road network within a search radius. The higher the permeability, the stronger the viability of the road network, and correspondingly, it bears a relatively large number of traffic flows passing through. On the other hand, the lower the permeability the lesser the likelihood of the traffic flow passing through the network. The possibility of choosing a particular segment in a certain search radius is usually calculated based on the minimum travel time. This method is similar to the standardized permeability parameter (NAchoice) proposed by Hillier (2012) [29]. The calculation of the shortest travel path typically uses physical distance or angle distance as measurement methods. In the sDNA algorithm, the parameter is standardized using the number of nodes within the search radius. The two-phase permeability (TPBt) parameter is obtained. This paper utilizes the angle distance as a weight for the selection degree. The selection degree is defined as follows:


  T P B t  ( x )  =   ∑  y ∈ N       ∑  z ∈   R   y      O D  ( y , z , x )    W ( z ) P ( z )   t o t a l   w e i g h t ( y )      



(2)




where n is the collection of all road sections in the study area; Ry is the set of other road sections that can be reached within a given radius r starting from road section y; W (z) is the weight of road section Z; P (z) is the proportion of section Z in Ry; Total weight (y) represents the total weight of all sections within a given radius r starting from section y; OD (y, z, x) is the assignment rule of the shortest path under different conditions.



	3.

	
Intelligibility







In space syntax, “Intelligibility” (or “Understandability”) refers to the clarity and ease of understanding of a space’s structure. It measures the ease with which one can grasp the spatial structure of a single space, and whether it contributes to establishing a coherent picture of the entire spatial system. Intelligibility is typically measured using a single street line segment as the analysis unit, with the global accessibility value being the X-axis and the local accessibility value being the Y-axis. After performing a regression analysis, the R-square value is taken as the characterization parameter, and the degree of difficulty in comprehending and understanding the local space in relation to the overall network is obtained. Since the sDNA model cannot perform linear regression analysis, the parameters obtained from the analysis of X and Y need to be imported into Excel for further regression analysis. The scatter plot is then used to illustrate and calculate the R2 value. A larger R2 value indicates a higher level of matching and compatibility between the local space and the overall network, indicating a clearer structure that allows for easy understanding of the layout and relationships between different parts of the space. Conversely, a smaller R2 value indicates a complex or chaotic structure, making it difficult to comprehend.






3. Results


3.1. Geometric Characteristics of Street Network Evolution Based on Morphological Parameters


3.1.1. Road Length and Density Characteristics


Table 4 shows the Road Link Length and Density change of the whole area in the four periods, the length of streets increased the most in more than 20 years from 1912 to 1935, and the length of new streets was 40.41 km. This period is a period of rapid urbanization and urban sprawl development, so the number of streets in the study area had soared due to the large-scale expansion and reconstruction of the urban area. By 1935, this figure had increased to 108.56 km, an increase of 64.16 km over the end of the Qing Dynasty. The total length, width and construction quality of the road had been improved. The street density was 19.39 km/km2, about 2.45 times that of the end of the Qing Dynasty. The streets changed slowly from 1935 to 1986. In the late Republic of China, due to the devastating destruction of urban construction caused by the Wenxi fire in 1938 and the overall unstable social environment, urban construction almost stagnated and was in a state of reconstruction and repair for a long time. After the founding of New China in 1949, with the restoration of urban construction in the primary stage of socialism and the increase in population, the density of streets and alleys within the scope of the study further increased. During this period, the urban population gradually increased, and the scope of urban construction began to break through the original railway boundary and expand rapidly to the east and south.



However, in terms of the historic urban area, the length of the road network increased slightly, and the road length increased by only 21.4 km during this period. After the reform and opening up in the 1990s, the preparation of the new overall urban planning was started and the requirements of the new road design specifications were issued. The pace of urban road construction and reconstruction was accelerated. The newly planned road system was constructed according to the system of trunk roads, secondary trunk roads, and branch roads. Therefore, affected by the construction of a modern urban road network, many curved and narrow streets and lanes in the historic urban area were replaced by main roads and secondary roads from 1986 to 2023; the existing street and lane system was transformed, widened, and straightened; and the total length of the road decreased by 14.44 km compared with that in 1986. We also analyzed the length of all road links (Figure 5). On the whole, with the continuous evolution of the road network, the changing trend of the overall length shows a law of first decreasing and then increasing, which is just opposite to the change in the number of road intersections.



Since we cannot visually observe the changes in local density from the overall data, we also conducted a smaller scale level data analysis and its spatial distribution. By constructing a 100 × 100 m fishing net grid within the study area, we measured and statistically analyzed the road density within each grid across different years and within four periods (Table 5). The results indicate that road density had increased and decreased in all four periods, with the first three periods showing net positive values, indicating that road density had generally maintained an increasing trend, while the last period shows a net negative value, suggesting that the overall trend is one of decreased road density. Additionally, Figure 6 reveals that the median values of road density changes across the first period are generally close to 0, with the median values of the middle two periods remaining positive, while the median values of road density changes in the last period are negative.



Figure 7 illustrates the spatial variation of the changes in road density and their inter-period density increments. From the perspective of the spatial distribution of road density changes, the first period is characterized by a central decrease in road density and an increase in the periphery, which is primarily associated with the adjustment of roads in the central area and the gradual formation of roads, docks, and connections between the city and the inner city. The second period is mainly concentrated on the southern part of the research area, indicating an increase in population and urbanization expansion to the south. The third period mainly follows the east side of the railway line for road expansion, while the area within the original city wall presents a difference between the east and west sides, with the west side displaying a dominant increase in density and the east side a dominant decrease in density. This characteristic is related to the large-scale cluster-style development construction brought about by the construction of public buildings and residential complexes on the east side after the establishment of the country. In the fourth period, the spatial representation shows a significant contrast with the changes in the third period. Most grids present a decrease in density, with the grids with relatively large changes mainly concentrated on the two sides of the grid road system composed of main roads at the city block level. Here, many high-rise and super-high-rise commercial and office buildings were densely built, gradually replacing the road network of low-rise and multi-story buildings.



Overall, significant changes have occurred in both urban landscapes and road infrastructures across the four periods, with the cumulative absolute value distribution largely centering on the western bank area of the river and the central and peripheral areas of the main urban road network (Figure 7c1–c3). Overall, there were 631 grids with relatively small changes in absolute density, with the green, yellow, orange, and red grids comprising 149, 310, 143, and 29 grids, respectively, accounting for 23.61%, 49.13%, 22.66%, and 4.60% of the total grids. It is evident that the spatial distribution of green and yellow grids aligns somewhat with the current locations of historically designated areas or historic districts.




3.1.2. Number and Spatial Characteristics of Road Intersections


From the number and spatial distribution of different types of intersections (see Table 6; Figure 8), the numbers of different types of intersections during the first two periods (1872–1935) maintained an increasing trend. At the same time, the roads around Imperial City were gradually densified in different street profiles, which reflects the densification process under the property right plot to some extent and represents the bottom-up self-organizing property right plot subdivision and delimitation mode. In the latter two periods (1935–2023), the number of Y-type intersections basically remained unchanged and decreased by 15.7% in the later period, while the number of broken end roads decreased by about 51.3%, and the number of X-type intersections showed a trend of first increasing and then decreasing. The road network structure at this stage began to consciously transform into grid roads, trying to connect with the internal closed roads. This also reflects the process of replacing informal land under the top-down cluster development mode, resulting in the gradual reduction of the number of broken-end roads.



From the perspective of quantity proportion, the proportion of y-intersections had been occupying a large portion and rapid increment in the whole evolution process (Figure 9). Some studies show that many y-intersections seem to have the typical characteristics of self-organized or “organic” urban networks while the grid layout has the unique characteristic of cities such as Barcelona or New York, and its urban shape is the result of large-scale top-down planning [1]. Therefore, we can draw a conclusion that the historic urban area of Changsha presents a process of mutual coupling, embedding, and game between the self-organization system from the bottom up and the spatial planning system from the top down.




3.1.3. Road Orientation Characteristics


Drawing on the synchronic comparative study of the orientation differentiation and orientation entropy of road networks in different cities by Boeing, we analyze the diachronic changes and evolution laws of the orientation of road networks in historic urban areas (Figure 10). The original road data were interrupted at the break point, and the orientation angles of all road segments were calculated and counted by GIS. The rose chart in Figure 4 provides another perspective on the analysis of the growth and change in the overall street network. Each polar histogram represents the direction of the street segment (compass direction), and each box in the front and back groups of diagrams represents 10 degrees and 5 degrees on the compass (in order to better compare the relationship between the two, two different standards are used here for visual comparison). The strip length represents the superposition statistics with the road length and the number of road segments as the cumulative weight. In the rose chart of the historic urban area of Changsha in five periods, we can see the changes in the growth and disappearance of the overall road network and the cumulative number of road segments. The growth of roads mainly depends on the orthogonal vertical east-west and north-south road expansion, which basically conforms to the above orthogonal development trend, and the total proportion of the cumulative number and length of non-orthogonal roads is always small. In addition, the comparison of the area occupied by the circle in the two figures in the same period can also roughly reflect the change in the average length of the road route. There are fewer branch roads and dead-end roads, and the average length of the North-South roads of the road network in the late Qing Dynasty is longer. With the development of the road densification process, the number of branch roads and intersections gradually increases, making the number of roads gradually increase and finally maintain a relatively balanced state.




3.1.4. Morphological Characteristics of Road Block


We conducted area statistics for each year of the block and performed a diversity analysis of morphological factors. Figure 11 indicates a transition trend from large-area blocks to small-area blocks. This trend is consistent with the trend of road length change. The underlying reason is the densification process of the road network and the relative stability of property plots.



From the diversity analysis of morphological factors, a greater value of shape index corresponds to a block with a larger number of polygon edges and a more circular shape, whereas a smaller value represents a block with fewer polygon edges and a more triangular or elongated linear shape. Figure 12 shows that the shape index curves for street grids formed from 1872 to 1986 all have their peak values at the 0.4–0.6 range, indicating that street grids are primarily rectangular, which aligns with the results of road orientation analysis. The street grids in 2023 are slightly different from the 486 street grids in 1986, with the number of street grids decreasing from 486 to 421. The number of street grids in the 0.3–0.6 range is decreasing by 96, while the number of street grids in the two extremes ranges (0.0–0.3; 0.6–0.9) is increasing by 30. These morphological changes reflect the impact of hierarchical new urban road networks integrated with the old road networks on morphological factors of street grids.





3.2. Analysis of the Evolution of Space Syntax-Based Street Network Topological Characteristics


3.2.1. Closeness Analysis


Firstly, we conduct an analysis of the topological characteristics of the street network in the historic urban district, focusing on its spatial evolution of accessibility structure (Figure 13). To present the process of the evolution of topological characteristics of the street network more objectively in the historic urban district and reflect the related syntactic parameters of integration and cross-through structure at different periods, the parameters are recorded (Table 7). In terms of approachability, the reform of the market economy in the 1990s marks the turning point of the parameters’ changes. During the period from 1872 to 1986, the maximum and average values of approachability increased from 0.81 and 0.69 to 3.84 and 2.84. The overall accessibility of the street network significantly increased with the introduction of Western modern urban planning concepts and road municipal construction, making it more open, integrated, and accessible. After the 1990s, the historic urban district began to update, large-scale modern buildings were implanted, and the modern road system was integrated into the existing network. The original network system was disrupted and disconnected, and the parameters further decreased.



In 1872, Changsha was in the late Qing Dynasty and basically continued the road grid Bureau of the Ming and Qing Dynasties. Based on the space syntax of sDNA in 1912, the entire road network is in a closed state due to the existence of the city wall. The highly accessible roads in the city form a square ring and a central axis connecting the north and South gates. In the local accessibility analysis, the road network where the high accessibility is located roughly reflects the location and road of the former Ming Dynasty Jiwangfu Palace, which is located in the geometric center of the whole city. After the demolition of the Ming Dynasty imperial city by the Qing Dynasty, the accessibility of the original inner city road network improved, and it still maintained the central position of the whole city. It can be seen that the construction of the Ming Dynasty imperial city had a far-reaching impact on the overall centrality of the city during the Ming and Qing Dynasties.



In 1912, the revolution of 1911 led to the collapse of the Qing Dynasty, and Changsha entered the period of the Republic of China, opening the process of urban modernization. This map is also the earliest modern map of Changsha. Compared with the road network in 1872, the road network in the whole city had been further densified and increased. From the analysis results of global closeness, the distribution of high-accessibility roads is not different from that before. The difference is that the original high accessibility road network expanded northward, the accessibility of East-West roads in the north-south direction of the city was strengthened, and the accessibility of the original Jiwangfu Palace began to weaken. From the perspective of local accessibility, the location of the pedestrian accessibility center began to shift from the center to the south of the city. Currently, the city still retains the city wall and the moat outside the wall as the boundary. At the same time, the east side of the city on the map is marked with the words “scheduled Guangdong Hankou railway”. The city began to survey and build the external railway from Changsha to Hankou, which was opened to traffic in September 1918, becoming a new urban development boundary. In 1920, the Changsha City Hall was established and became a specialized agency for urban planning and management. It began to prepare for the demolition of the ancient city wall and the construction of the ring road until the demolition was completed in 1924.



In 1935, the original city wall was demolished and the road around the city was built. The 17 m wide Zhongshan Road, completed in 1929, became the earliest east-west trunk road and the first asphalt road in Changsha and achieved a high degree of closeness. The accessibility of many roads connected with it also greatly improved. The overall accessibility of the road network had been improved a lot, especially for the north-south roads along the river near the wharf. The relatively balanced and symmetrical accessibility core had obviously shifted to the west. From the perspective of local accessibility analysis, the walking accessibility center of the overall network returns to the west of the original geometric center. The city began to develop to the south, but the accessibility was not highly limited by the railway. The Guangdong Han railway had become a new urban boundary.



In 1986, the historic urban area of Changsha had experienced more than 30 years of socialist construction since the founding of New China in 1949, and the area and population size of the urban built-up area increased significantly. The biggest change in the topological characteristics of the street network is the construction of the cross-shaped trunk road running through the East-West Wuyi Road and the North-South Huangxing Road in the whole city. Combined with Zhongshan Road to form the most accessible trunk road, the highly accessible roads in the whole network began to gradually converge to the axis center formed by Wuyi Road and Huangxing Road. The Wuyi road with a width of 40 m is dotted with municipal administrative buildings and many landmark public buildings, which had become the new central axis of urban development. The results of local accessibility show that the range of accessibility centers is basically unchanged, and the whole center of gravity of local accessibility is still inclined to the west of the central axis. The difference lies in the fact that the high accessibility sections gradually converge to the center of the cross and extend southward along the north-south axis, and the accessibility of the southern part of the historic urban area is strengthened.



In 2023, large-scale urban renewal and the construction of modern main and secondary road networks will reduce the number of street sections in the historic urban area from 1809 to 1491, and the overall accessibility structure will also change significantly. First, the original Yuehan railway was demolished and built into a north-south Furong Road trunk road and Baisha road. The construction of several east-west roads forms an orthogonal network system with the original north-south roads, and the central structure with high accessibility based on the cross axis had been transferred to a grid structure composed of main roads. Secondly, the central scope of local accessibility analysis had shifted from the North-South equilibrium with Wuyi Road as the axis to the south of Wuyi Road, and the pedestrian attraction and street vitality in the area north of Wuyi Road have decreased (see Figure 13(b3–b5)). Compared with the local accessibility in 1986, the core area is more inclined to the east of the central axis. Looking at the local accessibility analysis charts over the years, it can be seen that the North-South Huangxing Road has been in the foreground network of local pedestrian accessibility for more than 100 years (see Figure 13(b2–b5)), carrying and continuing the flow of people and commercial places in the entire historic urban area. Therefore, this section was transformed into a Pedestrian Commercial Street in 2002 and became the core commercial center of Changsha. The ship logistics transportation function and transportation place carried by the wharf along the river in the city are gradually declining, and the vehicle-based transportation mode is gradually rising. Tunnels and bridges have become new river-crossing transportation channels at present.




3.2.2. Betweenness Analysis


The change of the betweenness degree parameter also shows a two-stage characteristic of first increasing and then decreasing. The structural characteristics of high closeness degree space and high betweenness degree space are also relatively consistent with the road, even highly coincident. From 1872 to 1935, the maximum value and average value of the betweenness degree continued to rise and reached a peak in 1935. This result shows that while the overall road network is densified, the carrying capacity of traffic flow and pedestrian flow and the traffic potential of the overall road network to attract traffic flow are continuously enhanced. This is also in line with the rapid growth of economic activity demand and the resulting traffic flow demand during the period of the Republic of China. After the construction of cities in the socialist period in 1949, the average and maximum values showed a decline. At this stage of the street network, the overall geometric grid shape and the grid characteristics of high and medium degrees are also increasingly prominent, indicating that the travel needs and links between regions are also increasingly close. It is worth noting that in the foreground network of the overall road network, although the structural representation of the high closeness degree and high closeness degree space before 1949 is similar in the spatial distribution, the number and scale of the former is significantly larger than that of the high closeness degree road network. After 1949, the structure and spatial distribution of the two became increasingly similar and convergent, both concentrated in the chessboard grid with the primary and secondary trunk roads as the network.



By comparing the results of the betweenness centrality analysis of different space syntaxes in different periods, it can be observed that the evolution trends and representation structure of high betweenness degree road networks are similar to those of high closeness networks with relatively high centrality. Before 1949, networks with high betweenness exhibited relatively central agglomeration characteristics, presenting a “ring-like” and “fishbone-like” network structure with respect to the core of the former royal city. Subsequently, networks constructed by the cross axis of Wuyi Road and Huangxing Road and the grid skeleton of main and secondary roads gradually emerged and assumed a relatively high proportion of walking frequency. The betweenness of these networks, on the other hand, displayed a uniformly dispersed characteristic. The original royal city was surrounded by roads on both the east and west sides, as well as the south, which maintained high betweenness. However, the east-west roads often experienced fluctuations in their betweenness due to changes in the functional areas and road locations. Overall, the perspective network of pedestrian activities in the historic area had experienced a transition from a central core, closed structure, and east-west symmetry to a decentralized, open, and uniformly dispersed grid structure. Simultaneously, with the implementation of the concept of road system construction centered around vehicles and the gradual shift from a network system with city walls as a closed boundary to a block-oriented, site-prioritized spatial mode, some road systems with good pedestrian space characteristics and reflecting the urban road texture have been forcibly segmented and interrupted. Consequently, the walkability of the whole area gradually declined.




3.2.3. Intelligibility Analysis


Finally, the evolution of the intelligibility of urban street networks is discussed based on the results from the sDNA model. Regression analysis was used to calculate the intelligibility of the road network in the historic urban area of Changsha from five historical periods, and the scatter plot results are shown in Figure 14. It can be observed from the figure that, in terms of the entire urban area, the intelligibility shows an “upward→upward→down→down” fluctuation process. Both the two declines occurred in the process of transforming the land system after the reform and opening up. In 1912, the city wall closure structure in the historic urban area was still in place, although the road length, number of segments, and intersection density had increased significantly. The total length of roads in the city was 1.5 times that of the road segments in 1872, but the majority of the new roads were short and crooked lanes, contributing little to the overall intelligibility. Consequently, the intelligibility value only experienced a slight increase. In 1935, following the demolition of the city wall and the construction of a ring road, the overall accessibility of riverfront roads and the global road network significantly increased. This led to a significant increase in the overall intelligibility. After 1949, the streets in the historic urban area began to prioritize the construction of urban main roads, and the embedding of a new road network system made the structure increasingly symmetrical and orthogonal. Although the road length and scale had increased significantly since 1935, the overall intelligibility value had risen slightly. However, the intelligibility of the overall road network in 1986 and 2023 decreased, even falling below the intelligibility of the road network structure in the late Qing Dynasty.






4. Discussion


By comparing the morphological characteristics and topological features of the street network in the historic urban area during the modern and contemporary periods, the spatial development process of the street can be analyzed. This region represents the most concentrated and dramatic area of urban accumulation in Changsha and traces the changes in this area since the modern era, providing a detailed study of the urban form change of Changsha’s street network.



The century-long evolution of the street space and its characteristics in the study area is the complex result of continuous changes and interactions of numerous driving factors, such as political, economic, cultural, ecological, technological, urban planning, and construction. The road system gradually formed through layer-by-layer accumulation and continuous change became the basic structure of the urban road system framework in the historic district. This area also became the commercial core and the urban center of the whole city of Changsha. However, there are still many valuable cultural sites and historic buildings with historic, artistic, and scientific value in this area, so how to balance commercial development and protection of historic neighborhoods and historic buildings remains an important conflict and relationship that needs to be properly addressed in the process of cultural heritage protection and construction.



The research attempts to put forward three suggestions for the development of historic urban areas:




	➀

	
On the one hand, the gridding and layering of the road network system has enhanced the accessibility of the vehicle-based behavior, attracting large-scale commercial buildings and high-rise office and residential buildings to be built along both sides of the high-accessibility roads, which have a great impact on the historic environment and the style of the historic district. On the other hand, the space of the streets and alleys dominated by walking has been separated into independent blocks by the main road, and the accessibility of the internal branches of the blocks has been further weakened, while the streets and alleys with high pedestrian accessibility are almost all concentrated around the Huangxing Road Pedestrian Street to the south of Wuyi Road. The commercial atmosphere and urban vitality in the areas north of Wuyi Road have gradually declined. Therefore, a suggestion is to control the height, scale, facade style, and other elements of buildings on both sides of the streets and lanes for the historic and cultural areas where the entropy of density change of the road network is small. To meet people’s coordination and unity of walkability and the overall historic environment and landscape quality, to avoid the impact on the entire historic environment, and maintain the continuity of the streets and lanes space, the proportion of commercial space in the area north of Wuyi Road should be appropriately reduced and controlled and other new functional formats should be introduced.




	➁

	
Another suggestion is to evaluate the collective memory and landscape value of the streets from the perspective of the integrity of heritage protection, based on the development process and continuity of the streets in the historic urban area. Then, the historic street system should be classified according to its value differences, and differentiated protection guidelines and measures should be formulated. The streets with concentrated historic landscapes and good continuity of historic buildings should be designated for protection as a linear historic street and cultural landscape line as a supplement to the current planning system based on building points and block faces. At the same time, urban design should take full account of the impact of the street layout on overall accessibility and pedestrian flow. By optimizing the line-spatial layout of the entire road system and creating a humanized space suitable for walking, the accessibility and walking comfort of lines with concentrated historic buildings and cultural landscapes should be improved.




	➂

	
Historic urban areas have experienced ups and downs and are facing urgent needs for renewal and restoration at this stage. It is suggested that when formulating planning strategies, we should focus on referring to the structure and evolution process of the street network, finding out the reasons for the rise and fall, and predicting the potential development direction. In addition, on the premise of ensuring the integrity of the historic texture of the area, the planning should consider the integration and quality improvement of dead-end roads in the network, increasing the perception of the internal roads of the block and the overall shape of the city, so as to improve the perceived accessibility and walkability of the area.










5. Conclusions


The evolution process of the street network in the historic urban area of Changsha can be divided into four stages, and the following patterns are presented: during the feudal period (before 1911), the city showed a closed expansion with city walls as the main boundary, and the vitality center and commercial center of the city continued the central agglomeration development structure with the original royal city as the core; during the period of the Republic of China (1912–1949), the demolition of city walls, construction of main roads, widening and connection of internal roads, and a series of changes in the road system promoted the accessibility structure of the historic urban street network, shifting from a closed structure centered on imperial power and imperial city to a commercial vitality zone with riverside dock roads as the main axis. With the growth of population, the road network began to undergo a process of densification. After the establishment of the People’s Republic of China in 1949, with the joint promotion of political needs, planning guidance, and urban renewal, the horizontal symmetry and geometric grid characteristics of historic urban area became increasingly apparent, forming a central development axis and commercial zone with the central crossroads as the core. After the reform and opening up, with the coupling of historic urban road networks and modern hierarchical grid road networks, isolated blocks of different sizes have been formed. The accessibility of the overall road network has been greatly enhanced and transferred to the grid road network, while the accessibility of buildings inside the block has gradually weakened. This structural change has attracted high-rise buildings to be built along the main roads and brought a lot of contradictions between old city reconstruction and conservation, and has had a significant impact on the architectural style and form integrity of the original historic urban area.



This paper, based on the theoretical correlation between space syntax and urban morphology, takes the street network of the historic urban area of Changsha City as the research object. By constructing a quantitative metric system for the geometric and topological features of the street network, we selected parameters to measure the process of change in the geometric and topological characteristics of the road network. We used historical maps of the urban area in Changsha City at five historical periods to create GIS data of historical streets. This allowed us to analyze the temporal and spatial evolution process, characteristics, and patterns of the street network in the historic urban area of Changsha City for nearly a century. This method can be applied to the analysis of road networks in other cities, providing a series of important empirical evidence for the evolution pattern of road networks, the relationship between geometric characteristics and topological features, and the update and preservation of historic urban areas. The main conclusions are as follows:



Throughout the evolution and development of streets in the study area in the past hundred years, the number, length, density, and spatial pattern of streets have changed significantly. In terms of geometric form, influenced by planning, urban construction, and war, the road density in the historic urban area has been continuously changing for more than 100 years, especially after the reform and opening up, the construction of high-rise buildings and large-scale commercial buildings had a great impact on the original urban form and density, while the growth and change of the direction during the road expansion had relatively maintained the continuity of the east-west and north-south directions. In terms of topology, the evolution of the structure and pattern of the street and lane system in Changsha’s historic urban area has experienced the characteristics and laws of the systematization and grading of the urban road network, the dramatic changes in the texture along the river and on both sides of the main road, the southward movement and diffusion of the pedestrian business center, and the increase in the overall complexity of the street network.
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Figure 1. The overall framework and technical path of the article. 






Figure 1. The overall framework and technical path of the article.



[image: Land 13 00738 g001]







[image: Land 13 00738 g002] 





Figure 2. Map of the Historic Urban Area in Changsha City. 
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Figure 3. The boundaries of the historic urban area in Changsha. 
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Figure 4. Diagram and topological relation comparison of four analytical methods (source: Reference [28]). 
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Figure 5. Boxplot of road link lengths at different years. 
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Figure 6. Gird change analysis diagram of road network density. 
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Figure 7. (a1–a5) Gird net density of roads at different times; (b1–b4) Gird density variatioin analysis of roads in different peoriods; (c1–c3) Cumulative value of gird density variation in all periods. 
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Figure 8. Spatial distribution of different types of intersections. 
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Figure 9. Number of different types of intersections in each year. 
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Figure 10. (a1–a5) Length cumulative weight analysis diagram of road orientation at different times; (b1–b5) Cumulative weight analysis diagram of the number of line segments facing the road at different times. 
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Figure 11. Area box map of road profile in each year. 
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Figure 12. Shape index analysis of road profile shape in different years. 
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Figure 13. Analysis diagram of global closeness degree (a1–a5), local closeness degree (b1–b5), and global betweenness degree (c1–c5) of road network in each year. 
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Figure 14. (a–e) Scatter analysis of road network intelligibility in each year. 
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Table 1. Schematic map of historical maps of Changsha City and its spatial alignment and digitalized road network after interpretation.
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Table 2. Geometric morphological feature parameter system.






Table 2. Geometric morphological feature parameter system.





	
Geometric Features

	
Parameter Name

	
Interpretation and Calculation Formula






	
Punctate elements

	
Proportion of road intersections

	
Based on the number of streets connected to road network nodes, intersections are classified into Y-type, X-type, and dead-end roads. The number of intersections and their spatial distribution are visualized.




	
Linear elements

	
Road linear density

	
The total length of roads within the Historic Urban Area and the ratio of the same to the entire scope, reflect the overall changes in road density.




	
Road grid density

	
On a 100 × 100 m grid scale, statistical analysis was conducted to observe the changes in road density within the grid over different years, and the results were visualized spatially. The cumulative changes within each grid were also analyzed to reflect the density changes at the local scale.




	
Road orientation distribution

	
By statistically analyzing the orientation of different road segments, we can reflect the overall directional changes and continuity of the road through the application of length weighting and quantity weighting [21].




	
Area elements

	
Block shape factor

	
The diversity of the street outline shape can be quantitatively characterized by the shape factor W, whose formula is   W = A / ( π   D   2   / 4  ), where a is the ratio of the street outline area and the maximum circumscribed circle area around the street outline (circle diameter d). [1]











 





Table 3. Comparison between traditional space syntax and sDNA software.






Table 3. Comparison between traditional space syntax and sDNA software.





	Features/Software
	Depthmap
	sDNA





	ArcGIS Compatibility
	Poor
	Good



	Modeling Efficiency
	Slow (axis model)
	More convenient (line model), simplified process



	3D Analysis
	No
	Yes



	Operational Stability
	Relatively weak
	Relatively stable



	Measurement parameter system
	Less
	Relatively rich, with a variety of weight and distance measurement methods










 





Table 4. Road link length and density characteristics statistics.






Table 4. Road link length and density characteristics statistics.





	Year
	Number of Road Link
	Total Road Length (km)
	Average Road Length (m)
	Road Linear Density (km/km2)





	1872
	344
	44.4
	129.07
	7.93



	1912
	741
	68.15
	91.97
	12.17



	1935
	1781
	108.56
	60.95
	19.39



	1986
	1809
	129.96
	71.84
	23.21



	2023
	1491
	115.52
	77.48
	20.62










 





Table 5. Cumulative value of density change and grid number in four periods.






Table 5. Cumulative value of density change and grid number in four periods.





	Period
	Accumulated Density Reduction (m/ha)
	Reduced Grid Number (pcs)
	Accumulated Density Increase (m/ha)
	Increased Grid Number (pcs)
	Accumulated Net Value (m/ha)
	Accumulated Absolute Value (m/ha)
	Accumulated Change Grid Number (pcs)





	1912–1872
	−10,020.7
	140
	33,756.64
	330
	23,735.94
	43,777.34
	470



	1935–1912
	−5294.81
	125
	44,809.55
	438
	39,514.74
	50,104.36
	563



	1986–1935
	−15,384.88
	244
	36,595.08
	375
	21,210.2
	51,979.96
	619



	2023–1986
	−33,601.03
	367
	20,257.04
	256
	−13,343.99
	53,858.07
	623










 





Table 6. Statistical table of quantity characteristics of road intersections.






Table 6. Statistical table of quantity characteristics of road intersections.





	Year
	Y Type Intersections
	X Type Intersections
	Dead-End Road
	Other Intersections
	Total





	1872
	150
	47
	40
	2
	239



	1912
	366
	60
	139
	1
	566



	1935
	891
	123
	382
	2
	1398



	1986
	889
	162
	266
	7
	1324



	2023
	751
	129
	186
	5
	1071










 





Table 7. Evolution of topological parameters at different times.






Table 7. Evolution of topological parameters at different times.





	Year
	Maximum of Global Closeness
	Average of Global Closeness
	Maximum of Global Betweenness
	Average of Global Betweenness





	1872
	0.81
	0.69
	57.63
	12.12



	1912
	1.60
	1.21
	165.80
	18.37



	1935
	3.60
	2.68
	461.13
	30.42



	1986
	3.84
	2.84
	348.83
	26.96



	2023
	3.44
	2.62
	233.00
	22.84
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