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Abstract

:

Villages are integral to population gathering in the Tibetan ethnic area of Kham, and their spatial formation is influenced by various factors such as topography, river and canyon direction, etc. This study focuses on the impact of urban expressways on traditional villages there. In this study, we take 18 well-preserved traditional villages in the Kham area as examples, construct an axial model and a visual field model from the perspective of space syntax, simulate the basic data required for the algorithm, and further calculate the categorized spatial measures and star model of the streets. One-way ANOVA and Tukey’s multiple comparisons test are adopted to statistically analyze the above spatial measures. The results show that villages intersecting urban expressways have high categorized spatial measures. In addition, it is found that the sample adjacent to the expressway with the lowest mean NACH value (1.396) has the highest mean NAIN value (1.703). The sample with the highest mean NAIN (0.930) intersecting the urban expressway has the lowest mean NACH (0.743). The above approach presents certain reference values for the urbanization of traditional villages in India and Nepal, where topographic and climatic conditions are similar.
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1. Introduction


1.1. Background of the Study and Its Significance


A traditional village is an integral part of the spiritual and material culture of a region, and traditional villages with ethnic characteristics are the carriers of various local cultures within a particular region and historical period [1,2,3,4,5,6]. The “Rural Revitalization Strategy” launched in China in recent years attaches great importance to the preservation and development of traditional villages [7]. However, as China’s villages and towns embrace growing the economy and accelerating urbanization, conservation issues related to these traditional villages with distinctive features continue to arise [8]. Failure of local conservation planning to meet the needs of its socio-economic development, coupled with its shortage of conservation funds and frequent mismanagement, has led to destruction of some valuable local historic street structures to varying degrees, and the villages have gradually become hollowed out [9]. Questions of how to restore the original structure of the village streets and their mapping and how to preserve their historical heritage have become the most pressing issues for researchers [10].




1.2. Research History and Current Status


Traditional village space, in terms of the physical and cultural aspects, consists mainly of overall space, architectural space, and street space [11]. Dwellings in rural settlements were thoroughly studied in Liu Dunzhen’s [12] Introduction to Chinese Dwellings and Zhang Zhongyi’s [13] Dwellings of Ming Dynasty in Huizhou in 1957. Not only have the spatial and physical forms of villages been described in detail, such as the layout of villages, their topographical environment, architectural forms, streets and alleys, indoor and outdoor spaces, ponds and watercourses, but the non-material forms, such as cultural and social norms, have been intensively studied as well. The book Landscape Analysis of Traditional Village Settlements written by Peng Yigang [14] in 1992 is also an outstanding representative of early village studies, which comprehensively and systematically analyzes the significant effects brought about by natural and socio-cultural factors on the outer form and landscape of such settlements. In 2001, Wu Liangyong’s [15] Introduction to Habitat Science systematically studied the impact of habitat science ideas on settlements. In recent years, Chen et al. [16] took Chengkan village in the core area of Huizhou as a research object to verify its rationality from the perspective of cultural ecosystems and explored its spatial evolution process, characteristics, and driving factors. Pei et al. [17] analyzed the spatial layout and inter-village spatial characteristics of the Hongguan village cluster in Wuyuan County, Jiangxi Province, via a combination of literature review and field survey, qualitative and quantitative analysis, and other research methods.



It is easy to see that most studies on the streets of traditional Chinese villages still remain qualitative, but with the rise of the theory of space syntax, we are gradually moving our attention to quantitative studies as well [18]. In 1989, Hillier introduced the concept of space syntax in his book The Social Logic of Space, describing and analyzing in detail how the various spatial patterns generated by buildings and towns have developed on the basis of space syntax [19]. In 1993, Hillier used space syntax theory to link pedestrian and vehicular movement patterns to urban morphology to study the configurational relationships of urban systems [20]. Since then, research on space syntax for cities has begun to take on a new life.



Giannopoulou et al. [21] used Depthmap software to reveal the core as well as the most important and congested parts of the city, verifying the impact of space syntactic properties of urban public space on the achievement of regeneration study objectives. Lebendiger and Lerman [22] proposed applying a space syntactic configuration approach to assist in the planning of surface BRT routes in urban areas, while providing new and rapid ideas for the rehabilitation of village street structures as well. Eldiasty et al. [23] combined the TOPSIS method with space syntactic analysis to identify the best locations for relocation of the Rosetta market in Egypt as part of the city’s architectural heritage, which is an approach that focused only on the comparison of nodes within individual villages. Liao et al. [24] proposed a method for quantitatively analyzing the spatial patterns of historic towns using a space syntactic approach, and in their study, they pointed out that past research on historic towns was biased and qualitative and that existing studies have gradually become quantitative, but are mostly limited to specific individual historic towns with unclear boundaries. This study fills in a gap in this field, but its main focus is also on historical capitals of a planned nature, which differ somewhat from spontaneous growth of village structures. Xu et al. [25] used the spatial sentence method to establish an axial model and a spatial syntax model to explore renewal of one single traditional village of Longtan in Guizhou Province, and a series of studies of the village structures were absent. Sun et al. [26] conducted a qualitative street classification and a quantitative space syntactic median analysis of the streets in the traditional village of Nanyuan in the Zhuozhang River basin and had a preliminary sense of traditional village system research, but failed to conduct research on the related street node spaces. Xu et al. [25] took Cuiwei Village in Qianshan District, Zhuhai, as an example, and conducted a survey and analysis of the village through field research to study its street scale, spatial structure, functional characteristic streets, and internal commercial distribution forms and functions.



At the same time, the special location of the Tibetan Plateau area only gained researchers’ attention in the last decade thanks to increasing urban development, and there is still room for development in the study of spatial structure and of syntactic application in traditional Tibetan Plateau villages [27,28,29,30,31]. Zhang et al. [32] studied the spatial characteristics of three Jiarong Tibetan settlements using diagrammatic language and summarized their spatial language patterns. Zhang et al. [33] used mathematical methods to study Tibetan settlements, and their results confirmed the existence of centrality in Tibetan settlements, which provided theoretical support for subsequent qualitative studies. Tang et al. [34] used GIS and space syntax to analyze and evaluate the tourism spaces in Sichuan and Tibet, while Jin et al. [35] conducted a data-based study of the distribution of villages in the Qinghai–Tibetan plateau region and pointed out that the distribution of villages featured “large scattering and small clustering”.




1.3. Research Innovation and Value


It has been found from previous studies on space syntax that most studies focus on the analysis of urban traffic, with less attention paid to the hierarchical classification of spaces. A few studies on rural villages have mostly focused on spatial nodes or more macroscopic descriptive studies of areas, and the spatial situation of villages as a whole has been skimmed over. Few space syntactic analyses of villages have been able to create a regular cognition. In general, there is still a gap in quantitative analysis related to villages, and village analysis with a large number of mathematical measures is still lacking.



This study uses space syntax to explore the influence of urban expressways on the spatial structure classification of traditional Tibetan villages on the plateau and proposes three classifications formed under the influence of urban expressways. The results of the study have practical significance for preservation and promotion of the spatial culture of traditional villages in Daofu, in the Tibetan area of Kham:




	①

	
To provide a basis and reference material for the future shaping and protection of the traditional village style of Daofu in the Tibetan area of Kham, and to avoid emergence of village forms with missing ethnic characteristics.




	②

	
Act as the supplement to and improvement of the overall and systematic study of Chinese traditional village space, which is conducive to enriching the theoretical system of traditional village space research.




	③

	
The methodology of the study provides theoretical ideas for new construction and restoration of other villages and small cities in different regions, and bears important applications and reference values in the practice of village heritage conservation.










1.4. Research Objectives and Content


In addition, based on the aforementioned previous studies, this study will explore the pattern of derivation of the spatial structure of traditional village streets by using space syntax, while unveiling several issues that need to be addressed:




	①

	
What are the metric spatial characteristics of a representative sample of villages in the Kham Tibetan region (Ganzi Prefecture)? Is there a significant relationship between them and urban expressways?




	②

	
To what extent do the different village types exhibit common and idiosyncratic characteristics for each metric?




	③

	
How does the spatial division of their street pattern and the overall shape of the street network affect the spatial metric?









Finding solutions to the above problems is useful for practitioners to improve regular awareness of Chinese traditional village forms from the technical level, to build a perfect village map, and to help village managers view the spatial pattern of traditional villages rationally.



This study aims to explore characteristics of street elements in sampled traditional villages in Daofu in the Kham Tibetan region (Ganzi Prefecture), summarizing the universality and differences of street elements according to their classification in relation to urban expressways. By enabling direct calibration, comparison, and integration, it will be used to reveal the inherent spatial logic and constructive laws of traditional village space that cannot be explained and measured by qualitative analysis, to establish a village spatial system, and to fill in the technical gap in the study of the spatial structure of traditional village streets and alleys.





2. Methodology


2.1. Research Region


Out of the main Tibetan regions, such as Nigri, Jangtang, Ustang, Amdo, and Kham, Kham is one of the most important in China, spanning Tibet, Sichuan, Yunnan, and Qinghai (Figure 1) [36]. In 2020, China made Ganzi Tibetan Autonomous Prefecture in Sichuan, where the Kham Tibetan region is located, one of the first demonstration cities for conservation and use of traditional villages in a concentrated and contiguous manner [37]. Most of the region is located on the Sichuan–Tibetan Plateau, with an extremely dry and cold climate, very complex terrain, and a very fragile natural ecological environment. At the same time, Kham of Ganzi has gradually seen Han Chinese culture integrated into the Tibetan area, forming a migration corridor that has facilitated the economic and cultural exchange of several ethnic groups, and as a result has developed its own unique form of settlement [38]. The distinctive regional and ethnic characteristics of the Kham Tibetan region of Ganzi make it of great value to study the spatial structure of its streets and alleys.



We conducted field research in Daofu County in the Kham Tibetan region of Ganzi Prefecture, Sichuan. It is situated along the Xianshui River rift zone on the southeastern edge of the Qinghai–Tibet Plateau and is classified as having a cold-temperate continental monsoon climate with an average altitude of 3245 m according to climate zoning [39].



Due to topographical and environmental factors, the local village pattern in Daofu is mostly scattered. To ensure that the sampled villages are fully reflective, 16 villages located along major roads and 2 villages along secondary roads were selected. The villages were measured via a drone, and the dimensions of the village buildings were measured via a theodolite. These data were loaded into the computer and were plotted via the graphics processing software CAD2014. By inserting raster images into CAD, an axial model and a ViewField model of the village samples were plotted, and the 18 village samples were numbered (Figure 2).




2.2. Application of Space Syntax


The aim of this study is to propose a mathematical and statistical approach to the analysis of the spatial derivation of traditional villages in the Kham Tibetan region of Ganzi. The theoretical and mathematical measures of space syntax employed are recognized to be applicable to the analysis of architectural, urban, and village spaces [19]. Its syntactic approach is mainly based on the transformation of spatial properties of a building, city, or village into a topological map, on the basis of which mathematical analyses and calculations are carried out [40]. The technical models are divided into four main categories: convex map, axial map, segment map, and visibility. The first syntactic analysis model is the convex space model, while the axial model uses the fewest and longest straight lines to cover the convex space, ensuring that all line segments intersect while forming a unique cycle of loops [19]. The above syntactic analysis model can be graphically represented, and various mathematical properties can be derived [19,40,41].



In this study, the main basic metrics applied to space syntax are depth, selectivity, integration, and connectivity, with the remaining being mathematical operations based on them.



Depth is the minimum number of connections that a space has to access other spaces. Choice indicates the likelihood that a space in the system will be traversed by the other shortest paths.



Integration is the degree to which a space in a system is clustered with or discrete from other spaces. The higher the degree of integration, the higher the accessibility and centrality of the space, the easier it is to gather people. Integration is also divided by level into global integration (Integration[HH]) and local integration (Integration[HH]Rn). Connectivity indicates the number of spaces that intersect in a given space in the system [19]. From these two metrics, the concepts of intelligibility and synergy can be extended. Intelligibility is the correlation coefficient between connectivity and integration[HH]; synergy is that between Integration[HH]Rn and Integration[HH]. Different intelligibility and synergy can be obtained under different syntactic models.



Angular segment analysis (ASA) based on the segment model uses the minimum number of angular turns to describe the relationship between the ends of each axis [42]. In short, the number of turns is a weighted topological relationship, thus introducing the concepts of NAIN (normalized angular integration) and NACH (normalized angular choice) for comparing the spatial configuration of cities without taking into account the influence of factors such as population [43].



The above basic measures of space syntax were derived from Depthmap software simulating the axial model and the visual field model, based on which the correlation measures of categorized spatial measures and star model of villages were further calculated to derive each syntactic index of the three groups of villages, and one-way ANOVA and Tukey’s multiple comparisons test were adopted to statistically analyze these indicators. The specific process is shown in Figure 3.



2.2.1. Axiality


Axiality is used to describe the extent to which village street spaces exhibit a rectangular orthogonal pattern, which is often characteristic of towns in the Han Chinese plains and new plains towns in China [24,44]. Hillier and Hanson [19] use the term grid axiality to describe such properties, as shown in Equation (1):


   G A  =  (  2  I   1 2    + 2  )  / L ,  



(1)




where I indicates the number of gaps, i.e., islands, defined by the street boundary, and L indicates the number of all axes in the street network. The final result should be a value between 0 and 1, with a value closer to 1 indicating a stronger grid axis for the village streets. Its value is related to the ratio of the number of islands to that of axes, independent of the size of the grid, and thus it can be used to compare the street grid situation with different shapes and sizes. When the axiality value of a village street is equal to or greater than 0.25, it indicates a grid-like spatial pattern, while when the value is lower than 0.25, it indicates a spatial deformation of the village street [19].




2.2.2. Synergy


Synergy is defined in space syntax as the correlation coefficient between radius-3 and radius-n degrees of integration and is used to indicate the degree to which a local street space is related to the overall street space [45]. The synergy effect is also known as axial synergy because it is an axial measurement using an axial model. In addition, higher values of synergy indicate that visitors are more likely to visit nodes in the village space and are less visually disturbed by the space [46]. For traditional villages where tourism benefits are to be developed, synergy has the potential to guide planning for public spaces of special significance, as shown in Equation (2):


  S y n e r g  y  a x i a l   =   n  ∑  l n t _  n i  I n t _  3 i  −  ∑  l n t _  n i   ∑  I n t _  3 i      n  ∑  l n t _  n i    2  −    (   ∑  l n t _  n i   )   2      n  ∑  l n t _  3 i    2  −    (   ∑  l n t _  3 i   )   2      ,  



(2)




where lnt_ni is the integration degree value of node i at the global scale, and lnt_3i is the integration degree value of node i at the local scale with a topological step of 3.




2.2.3. Intelligibility


Intelligibility is used to reflect the extent of the number of street connections that the full route has [47]. Higher intelligibility means that strangers who are unfamiliar with the village street system can explore the structure of the whole street system more easily and thus locate their own position in the village street system. The intelligibility value of this study may reflect the extent to which local villagers are aware of village construction, indicating the extent to which local managers function in the construction of villages in the Kham Tibetan region of Ganzi [24].



Intelligibility is the Pearson correlation coefficient between the space syntactic basis metric connectivity and global integration, which can be divided into intelligibility-axial and intelligibility-visual depending on the model, as shown in the Equation (3):


  I n t e l l i g i b i l i t y =   n  ∑  C o  n i  I n  t i  −  ∑  C o  n i   ∑  I n  t i      n  ∑  C o  n i    2  −    (   ∑  C o  n i   )   2      n  ∑  l n  t i    2  −    (   ∑  l n  t i   )   2      ,  



(3)




where Coni is the connectivity value of node i in the axial model or the visual field model, and lnti is the global integration value of node i in the axial or the visual field model.




2.2.4. NACH


To further exclude the influence of the number of segments on the analysis results, Hillier et al. [43] proposed the standardized series parameters of NACH and NAIN in 2012. The segment model is used to calculate the normalized angular choice (NACH) for measuring purposeful traffic, which describes the importance of the spatial units in the spatial structure of the street as traffic spaces and measures the degree of access to the space as shown in Equation (4):


  NACH =   log  [  v a l u e  (    ″  T 1024 C h o i c e   R n   m e t r i  c ″   )  + 1  ]    log  [  v a l u e  (     ″  T 1024   Total   Depth   Rn    metric ″    )  + 3  ]    ,  



(4)




where T1024Choice Rn metric is the value of segment model selectivity at a scale distance of radius n, and T1024Total Depth Rn metric is the value of the overall depth of the segment model at a scale distance of radius n. In this study, most of the village pedestrians are on foot, so the values of n in this paper are taken to be 400 m, which can be reached by pedestrians in three minutes. The results indicate a low space use efficiency when 0 < NACH < 0.3, a moderate space use efficiency when 0.3 < NACH < 0.5, and a high space use efficiency when NACH > 0.5.




2.2.5. NAIN


Normalized angular integration (NAIN), also known as the degree of penetration, is used to measure the accessibility of a space by describing its importance as a destination space in a model of the spatial structure of a street, as shown in Equation (5):


  NAIN =      [  v a l u e  (     ″  T 1024 Node   Count   Rn    metric ″    )   ]    1.2     v a l u e  (     ″  T 1024 Total   Depth   Rn    metric ″    )  + 2   ,  



(5)




where T1024Node Count Rn metric is the value of a node in the line segment model at a scale distance of radius n, and T1024Total Depth Rn metric is the value of the overall depth of the line segment model at a scale distance of radius n. The results indicate a low space use efficiency when 0 < NAIN < 0.3, a moderate space use efficiency when 0.3 < NAIN < 0.5, and a high space use efficiency when NAIN > 0.5.



Based on NACH and NAIN, Hillier et al. [43] proposed a quadrangular star model that describes the background network of the city in terms of the Y-axis associated with mean NACH and mean NAIN and the foreground network in terms of the X-axis associated with maxNACH and maxNAIN, and elaboration was made in 2016 [48]. In simple terms, the city or village is seen as a binary structure consisting of foreground and background, and the strength of the foreground and background network can be measured in order to understand the planning and organic nature of the city or village.





2.3. Data Analysis Methods


The values of axiality, intelligibility-axial, intelligibility-visual, and synergy-axial for all village samples were obtained via the above method, and detailed analysis was conducted for comparison. In addition, the values of NACH and NAIN are derived from the line model, and a star model is drawn to explore the future development pattern of traditional villages in the Kham Tibetan region of Ganzi. A one-way ANOVA was conducted via SPSS software by dividing all samples into three categories—a sample of villages adjacent to the urban expressway (Type A), a sample of villages away from the urban expressway (Type B), and a sample of villages intersecting the urban expressway (Type C), to determine whether the urban expressway would have a significant impact on Daofu villages, which were subsequently subject to multiple comparisons for finding out exactly which two differed from each other.



On the one hand, we have carried out a large number of actual surveys and mapping to establish a model of the axes and view areas of traditional villages, which provides a valid and reliable database for this paper. On the other hand, the quantitative processing of traditional villages through software to obtain threshold values of factors affecting the change of traditional village streets can also provide some reference for the government to actually protect traditional villages. The above methods make the study more convincing.





3. Results


3.1. Phase 1: Categorized Spatial Measures


Figure 4 shows the categorical spatial metrics for the three groups of case studies in the two selected categories.



3.1.1. Axiality


In the sample of Tibetan villages classified according to their relationship with urban arterial roads, villages intersecting urban expressways (Type C) showed higher axiality (mean value of 0.179), while villages adjacent to urban expressways (Type A) and villages away from urban expressways (Type B) showed small differences in axiality, i.e., 0.103 and 0.113, respectively. This may be due to the fact that villages intersecting urban expressways are often built in close proximity to urban roads, i.e., urban expressways are used as the central axis of villages, which extend around urban roads in both directions. It is also clear from Figure 5 that the Type C sample of villages is mostly from the plains, as the flat terrain is more conducive for village managers to plan the order of villages [49].



When axiality exceeds 0.25, it indicates the presence of a reticulated urban model system in the village. The mean value for the overall sample was 0.132, and of the 18 villages selected, none had an axiality above 0.25. Only Jialazong Village (0.210), Jiaba Village (0.225), and Lelunlongba (0.213) from Type C had axiality close to this. These three villages have a more compact layout and fewer redundant branching offsets on the outer edge of them than the other three samples in Type C, and they are certainly more dependent on the axial role of urban arterial roads.



It is noteworthy that only Shaowu Village from Type A had an axiality below 0.1 within the plain villages, because although this village is not constrained by topography, the river within it divides the village into three scattered parts, making it difficult for it to develop in a concentrated manner to create a significant axiality.




3.1.2. Synergy


In sample comparison within Daofu villages, the sampled villages intersecting the urban expressway (Type C) and the sampled villages away from the urban expressway (Type B) had high synergy-axial mean values of 0.761 and 0.684, respectively, and the sampled villages adjacent to the urban expressway (Type A) had the synergy-axial mean value of 0.389 (the smallest).



The first two samples (Type C and Type B) impose less spatial disturbance for visitors to reach the village street nodes thanks to their proximity to the main town or to the flatter areas at the foot of the hill. The sampled villages adjacent to urban expressways (Type A), on the other hand, are usually smooth areas where urban roads are at the foot of hills, and the villages are only distributed along that side toward the hills, making them more complex in terms of vertical distribution and less accessible for visitors to their nodal spaces.



The mean value of synergy-axial for the whole sample of Daofu is 0.611, which is a good level. Jialazong Village and Jiaba Village from Type C have high values of synergy-axial, i.e., 0.905 and 0.919, respectively, and more regularity in village layout is, to a certain extent, conducive to better accessibility of street space. It is noteworthy that the lowest value for synergy-axial is 0.06, i.e., the figure for Benglong Village of Type A, which is much smaller than the Type A average. The village is bisected by a river, with many side roads but few houses, and the internal roads are long and winding, which makes access more difficult.




3.1.3. Intelligibility


Intelligibility is used to describe the relationship between the part and the whole in a village street. The intelligibility-axial mainly studies the relationship between the part and the whole of the street abstracted as an axis, without considering the specific spatial size of the street, etc. The intelligibility-visual complements the relationship between the parts of the street space and the whole by using a grid to divide the street space into multiple pixel grids, and its connectivity means the number of pixel grids that can be seen from one pixel grid to the other. The grid size chosen for this paper is 2 m × 2 m (Table 1).



The mean values of intelligibility-axial and intelligibility-visual are very close to each other, i.e., 0.326 and 0.335, respectively, and the mean sizes of the classified samples are consistent, i.e., Type C > Type B > Type A.



In terms of intelligibility-axial, Type B’s intelligibility-axial mean is the closest to the overall sample mean of 0.331. The other two samples (Type A and Type C) have intelligibility-axial means of 0.195 and 0.452, respectively. The same is true for intelligibility-visual, with Type B’s intelligibility-visual mean being close to the overall sample mean of 0.342. The intelligibility-visual means for Type A and Type C are 0.170 and 0.494, respectively.



A closer look at the reasons for this reveals that topographical distribution of villages in Type B is consistent with that of the overall samples, i.e., half from the plains and half from the mountains. In contrast, samples in Type C mostly have high degrees of axiality, with village managers consciously controlling village sprawl and imposing a strong sense of boundaries for the villages, resulting in a significant reduction in the number of isolated village sheep paths compared to those of the other two samples. Additionally, their grid-like layout makes the villages more readable.



Interestingly, individual samples do not show consistency in intelligibility-axial and intelligibility-visual. For example, Benglong Village from Type A has the lowest intelligibility-axial value (0.052) and an intelligibility-visual value close to the overall sample mean (0.309). Gouerpu Village from Type B, on the other hand, has a higher intelligibility-axial value (0.365) and a lower intelligibility-visual value (0.073). The former is more scattered, with long, winding streets, which makes it easy to create nodes at the junctions of streets but difficult for pedestrians to understand; however, the presence of nodes makes the streets themselves easy to be speculated about. The latter is not disturbed by the river, and the street network is more compact. As there are two urban arteries running through the village, the few houses in the village are distributed directly along the arteries, and the streets themselves are simpler in form, but the small number and length of the streets make it difficult for pedestrians to understand the street form of the village from the visual space.





3.2. Phase 2: Star Model Analysis


Figure 6 shows a star model for sampled villages (Type A, Type B, Type C) within Daofu villages classified by their relationship to urban expressways, which shows that the values of max NACH, mean NACH, and mean NAIN all hover around 1, except for the large variation in max NAIN values, where the sample from Type A Benglong Village has a much higher max NAIN value (2.660) than the rest of the sample. The other villages with high max NAIN values are Gouerpu Village (1.867) from Type B and Jialazong Village (1.813) from Type C, which also feature similarly high mean NAIN values of 0.925 and 1.116, respectively, compared to the latter two. Benglong Village has the lowest mean NAIN value (0.693) among the overall sample. This suggests that Benglong Village has a high foreground network and a solid village structure but is still far from the latter two in terms of background networks and needs to develop toward regularity and integration.



A closer look at the specific values of the three sample groups reveals that in the star model, except for the mean NACH value and max NAIN, there is still a relationship of Type C overall value > Type B overall value > Type A overall value among the three, but none of the specific values are very different.



Most of the sampled villages from Type A have max NACH values below 1.4, contradicting Hillier et al.’s [43] 2012 observation that “no real system has a maximum (max NACH value) below 1.4”. Meanwhile, Liao et al. [24] have unveiled similar findings in their study of Chinese historical towns. As a whole, Type A is very deficient in both foreground and background networks compared to the other two samples, and the villages suffer from severe deformations in street spatial patterns due to topography and rivers, for example. Interestingly, the villages classified according to the different relationships of urban roads in the background and foreground networks have very different NACH and NAIN values. For example, Type A with the lowest mean max NACH value (1.396) has the highest mean max NAIN value (1.703). Type C, which has the highest mean NAIN value (0.930), has the lowest mean NACH value (0.743). This suggests that Type A and Type C villages have low hurdles of access to some or all of the streets, while the streets are very accessible.



In addition, we conducted an ANOVA test (Table 2) and Tukey’s multiple comparisons test (Figure 7). This was to examine the differences between and within groups, as well as the significance of the differences between the specific two groups of samples. In the ANOVA test, we found significant differences in five aspects: axiality, synergy-axial, intelligibility-axial, intelligibility-visual, and mean NACH. In a further Tukey’s multiple comparisons test, we found that the most significant differences existed mainly for Type A–Type C and Type B–Type C for axiality values, Type A–Type B and Type A–Type C for synergy-axial values, Type A–Type C for intelligibility-axial values, Type A–Type C for intelligibility-visual values, Type B–Type C for mean NACH values, intelligibility-axial values of Type A–Type C, intelligibility-visual values of Type A–Type C, and mean NACH values of Type B–Type C. Due to the small sample size of each group, accuracy of the results needs to be further tested, but the above tests still show differences in the spatial pattern of different sampled villages.





4. Discussion


4.1. Traditional Village Classification as per Roads


Based on their relationships to urban expressways, the spatial layout types of Daofu villages fall into three main categories, namely, adjacent, detached, and intersecting. The results of our analysis further reveal the street forms of the traditional villages of Daofu in these three patterns, and mathematical methods reveal how they are affected in which metric. As can be seen from the results, the traditional villages of Daofu hardly have their own main axes, but when the urban arterial road passes through the village, the village uses it as an axis to spread outwards, and there are also subtle differences between the adjacent and the detached samples without main axis synergy-axial equivalents. Therefore, we propose three spatial patterns based on these mathematical metrics: axis-free adjacent type, axis-free detached type, and axis-intersected type. The thresholds for each data point of the different types of village samples are also shown in detail in Table 3 and Table 4, which provide reference indicators for future reconstruction and restoration of Daofu villages.




4.2. The Spatial Measurement Relationship of Villages


In addition, axiality has been suggested as a key metric for linking the remaining measures in the paper by Liao et al. [24]. We therefore further investigated the relationship between axiality and several other data types in the categorical measure and between the NACH and NAIN means and maxima in the star model through line fitting.



As shown in Figure 8, the Pearson correlation coefficients of axiality and synergy-axial, intelligibility-axial, and intelligibility-visual are 0.647, 0.746, and 0.378, respectively. On the whole, axiality is positively correlated with the other categorical measures; specifically, it is correlated to a greater extent with the first two, because axiality is linearly related to synergy-axial and intelligibility-axial in describing traditional village streets, while intelligibility-visual is a measure of street space from the perspective of street view. The linear regression models of mean NACH vs. max NACH and mean NAIN vs. max NAIN in the star model are shown in the lower level, with Pearson correlation coefficients of −0.193 and −0.040, respectively, both showing a low degree of negative correlation. This suggests that a higher background network does not mean a higher foreground network in traditional villages in Daofu and that there may be great potential for disorderly villages to develop in better order.



The first stage of the classification metric shows that the relationship between the urban expressway and the traditional village of Daofu influences the indicators of street space, with adjacency and intersection guiding the village in two very different directions. Villages that intersect urban expressways and can form axiality have better access and synergy effects. The second stage of the star model shows that urban expressways have less impact on the foreground and background networks of different types of villages, with the exception of mean NACH. This may be caused by the fact that the village samples are all in the same environmental context.




4.3. The Influence of Chieftain System on Villages


The native chieftain system was a form of rule developed by feudal rulers in ancient China to strengthen their control over minority areas in the southwest [50]. The chieftain was the ruler of a local tribe or a region, and the land was owned by him. The people cultivated his land and paid him for food. At the same time, the chieftain also ruled the people in alliance with the local monks, always maintaining his political, military, and economic independence. Under the native chieftain system, the Tibetan areas of Kham were divided into different chieftains under the jurisdiction of different “Tu” or “Tun”. The identity of the inhabitants is relatively fixed. To a certain extent, the village space has a symbolic role to play. For example, Jialazong Village (with an axiality value of 0.210) and Lelunlongba (with an axiality value of 0.213), which have high axiality values, are closely distributed with temples at the core of the village.




4.4. Limitations of Village Samples


This study has inevitable limitations. Firstly, 18 sampled villages within the boundaries of Daofu were selected for analysis in this study and were divided into three groups as per their relationships with the urban arterial roads. This classification process is relatively crude and may allow for ambiguity in some definitions, e.g., in the sample of villages adjacent to urban expressways (Type A), village morphology can still be subdivided into strips and clusters, and the areas in which they are located are distinguished between plains and mountains. And there may be some degree of superimposition of influencing factors. Although no significant differences were found in the ANOVAs tested afterwards, it is uncertain whether there is an enhancing effect of factor superimposition on the results. Secondly, the sample of six villages per group also makes the statistical significance of this study a bit limited. However, when looking at studies of space syntax, it is typical to use four to six cases to analyze spatial studies. For example, Omer et al. [51] studied the development patterns of Israeli streets, dividing urban development into three periods, with five sample cases selected for each period. Liao et al. [24], who studied historical Chinese towns, also divided the study sample into three groups of four to five sample cases each. Therefore, the number of cases in this study can guarantee the validity of the results.





5. Conclusions


In this study, a two-stage quantitative analysis was conducted via the space syntax method to explore spatial patterns of the streets of traditional villages in Daofu. A sample of six villages away from urban expressways was chosen as a benchmark to compare with traditional villages adjacent to or intersecting urban expressways in terms of spatial structure.



This study first introduces four spatial measures for mapping relevant spatial models of selected traditional villages. Specifically, Type C (intersecting urban expressways) had higher axiality, synergy-axial, intelligibility-axial, and intelligibility-visual values compared to samples adjacent to or away from urban expressways. In the meantime, axiality was found to be positively correlated with synergy-axial, intelligibility-axial, and intelligibility-visual in general.



We then constructed star models for the three sample groups to analyze the spatial structure of selected traditional villages. The results show that there is no significant difference between the foreground and background networks of the three sample groups of villages, except for mean NACH. In this, the sample of villages from Type A (adjacent to the urban expressway) features max NACH mostly less than 1.4, indicating that Type A is more irregular compared to the other two village samples. We also found a somewhat negative correlation between the mean and maximum values of NACH and NAIN, i.e., with decreasing maximum value comes increasing mean value.



On the basis of the above study, we proposed three types of spatial patterns for the classification of Daofu traditional villages: axis-free adjacent, axis-free detached, and axis-intersected. We also explored the thresholds for each spatial pattern measure of Daofu traditional villages under different classifications.



In general, villages intersecting urban expressways are more systematically distributed along the axis of the expressway, and their accessibility is also more likely to bring tourism and commercial value to the villages. However, the spatial structure of villages adjacent to urban expressways will instead become more disorganized and the streets more unfavorable for pedestrians to understand and use due to the influence of urban expressways. In the case where the background and foreground networks are not obvious, we suggest that the managers of traditional villages integrate the development and restoration of villages with urban expressways in order to facilitate the generation of a village network.



It is worth noting that space syntax itself has certain limitations, as it focuses on the purely typological revealing space, ignoring the commercial, cultural, educational, and entertainment functions carried by the streets themselves. The analysis of village or urban planes only excludes the influence of 3D topography on the various classification measures.



However, space syntax has undergone more than 40 years of research and development, driven by Hillier et al. Its validity and reliability have been proven and widely accepted via international research [52]. These limitations do not offset the significant advantages of the methodology proposed in this study in terms of exploring traditional villages and understanding their spatial composition.



In addition, there is still some room for development to further argue for factors that differentiate space syntax from the existence of specific human behavior in reality. The factors influencing spatial variation of streets and alleys within traditional villages in the same or in different regions can also be further explored to identify the other relevant or deterministic factors.
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Figure 1. Tibetan cultural areas and the location of the study area. 
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Figure 2. Distribution of village samples. 
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Figure 3. Research method flow chart. 
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Figure 4. Categorized spatial measure analytical results. (a) Describes the axiality values of different villages of Daofu and the mean values of different samples; (b) Describes the synergy-axial values of different villages of Daofu and the mean values of different samples; (c) Describes the intelligibility-axial values of different villages of Daofu and the mean values of different samples; (d) Describes the intelligibility-visual values of different villages of Daofu and the mean values of different samples. 
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Figure 5. Condition of sample. Schemes: (a) The distribution of sample shapes; (b) The distribution of sample houses; (c) The distribution of sample terrains. 
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Figure 6. Star models of space syntax. (a) Star model of Type A; (b) Star model of Type B; (c) Star model of Type C. 
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Figure 7. Tukey’s multiple comparisons test samples. (a) Tukey’s multiple comparisons test of categorized spatial measures; (b) Tukey’s multiple comparisons test of star model analysis. (ns stands for no significant difference; * stands for p < 0.05; ** stands for p < 0.005; *** stands for p < 0.001; **** stands for p < 0.0001.) 
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Figure 8. Linear regression analysis. (a) Linear correlogram of axiality versus synergy-axial; (b) Linear correlogram of axiality versus intelligibility-axial; (c) Linear correlogram of axiality versus intelligibility-visual; (d) Linear correlogram of mean NACH versus max NACH; (e) Linear correlogram of mean NAIN versus max NAIN. 
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Table 1. The influencing factors of intelligibility on image processing.
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	Name of Sample Village
	Integration

[HH]

(Axial)
	Connectivity

(Axial)
	Integration

[HH]

(Visual)
	Connectivity

(Visual)
	Intelligibility (Axial)
	Intelligibility (Visual)





	1. Benglong

Village
	[image: Sustainability 15 03513 i001]
	[image: Sustainability 15 03513 i002]
	[image: Sustainability 15 03513 i003]
	[image: Sustainability 15 03513 i004]
	0.052
	0.309



	2. Deerwa

Village
	[image: Sustainability 15 03513 i005]
	[image: Sustainability 15 03513 i006]
	[image: Sustainability 15 03513 i007]
	[image: Sustainability 15 03513 i008]
	0.173
	0.067



	3. Dongpojia

Village
	[image: Sustainability 15 03513 i009]
	[image: Sustainability 15 03513 i010]
	[image: Sustainability 15 03513 i011]
	[image: Sustainability 15 03513 i012]
	0.271
	0.359



	4. Genji

Village
	[image: Sustainability 15 03513 i013]
	[image: Sustainability 15 03513 i014]
	[image: Sustainability 15 03513 i015]
	[image: Sustainability 15 03513 i016]
	0.546
	0.480



	5. Gouerpu

Village
	[image: Sustainability 15 03513 i017]
	[image: Sustainability 15 03513 i018]
	[image: Sustainability 15 03513 i019]
	[image: Sustainability 15 03513 i020]
	0.3648
	0.073



	6. Jialazong

Village
	[image: Sustainability 15 03513 i021]
	[image: Sustainability 15 03513 i022]
	[image: Sustainability 15 03513 i023]
	[image: Sustainability 15 03513 i024]
	0.628
	0.626



	7. Jiaba

Village
	[image: Sustainability 15 03513 i025]
	[image: Sustainability 15 03513 i026]
	[image: Sustainability 15 03513 i027]
	[image: Sustainability 15 03513 i028]
	0.430
	0.752



	8. Jueluosi

Village
	[image: Sustainability 15 03513 i029]
	[image: Sustainability 15 03513 i030]
	[image: Sustainability 15 03513 i031]
	[image: Sustainability 15 03513 i032]
	0.427
	0.077



	9. Kama

Village
	[image: Sustainability 15 03513 i033]
	[image: Sustainability 15 03513 i034]
	[image: Sustainability 15 03513 i035]
	[image: Sustainability 15 03513 i036]
	0.404
	0.274



	10. Lelunlongba
	[image: Sustainability 15 03513 i037]
	[image: Sustainability 15 03513 i038]
	[image: Sustainability 15 03513 i039]
	[image: Sustainability 15 03513 i040]
	0.430
	0.270



	11. Louerwa

Village
	[image: Sustainability 15 03513 i041]
	[image: Sustainability 15 03513 i042]
	[image: Sustainability 15 03513 i043]
	[image: Sustainability 15 03513 i044]
	0.176
	0.523



	12. Mengtuo

Village
	[image: Sustainability 15 03513 i045]
	[image: Sustainability 15 03513 i046]
	[image: Sustainability 15 03513 i047]
	[image: Sustainability 15 03513 i048]
	0.128
	0.181



	13. Niwan

Village
	[image: Sustainability 15 03513 i049]
	[image: Sustainability 15 03513 i050]
	[image: Sustainability 15 03513 i051]
	[image: Sustainability 15 03513 i052]
	0.179
	0.045



	14. Shawan

Village
	[image: Sustainability 15 03513 i053]
	[image: Sustainability 15 03513 i054]
	[image: Sustainability 15 03513 i055]
	[image: Sustainability 15 03513 i056]
	0.396
	0.336



	15. Shaowu

Village
	[image: Sustainability 15 03513 i057]
	[image: Sustainability 15 03513 i058]
	[image: Sustainability 15 03513 i059]
	[image: Sustainability 15 03513 i060]
	0.119
	0.027



	16. Shenglier Village
	[image: Sustainability 15 03513 i061]
	[image: Sustainability 15 03513 i062]
	[image: Sustainability 15 03513 i063]
	[image: Sustainability 15 03513 i064]
	0.275
	0.588



	17. Tuanjieyi

Village
	[image: Sustainability 15 03513 i065]
	[image: Sustainability 15 03513 i066]
	[image: Sustainability 15 03513 i067]
	[image: Sustainability 15 03513 i068]
	0.444
	0.346



	18. Zuwan

Village
	[image: Sustainability 15 03513 i069]
	[image: Sustainability 15 03513 i070]
	[image: Sustainability 15 03513 i071]
	[image: Sustainability 15 03513 i072]
	0.425
	0.704







The closer the image color is to red, the higher the value is; otherwise, the lower the value.
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Table 2. The influencing factors of intelligibility on image processing.
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	Sum of Squares
	df
	Mean Square
	F
	Sig.





	Axiality
	Between Groups

Within Groups

Total
	0.020

0.015

0.036
	2

15

17
	0.010

0.001
	10.095
	0.002 *



	Synergy (axial)
	Between Groups

Within Groups

Total
	0.462

0.586

1.048
	2

15

17
	0.231

0.039
	5.908
	0.013 *



	Intelligibility (axial)
	Between Groups

Within Groups

Total
	0.198

0.239

0.438
	2

15

17
	0.099

0.016
	6.212
	0.011 *



	Intelligibility (visual)
	Between Groups

Within Groups

Total
	0.315

0.620

0.935
	2

15

17
	0.157

0.041
	3.811
	0.046 *



	meanNACH
	Between Groups

Within Groups

Total
	0.080

0.110

0.191
	2

15

17
	0.040

0.007
	5.463
	0.017 *



	maxNACH
	Between Groups

Within Groups

Total
	0.010

0.113

0.122
	2

15

17
	0.005

0.008
	0.657
	0.533



	meanNAIN
	Between Groups

Within Groups

Total
	0.056

0.214

0.269
	2

15

17
	0.028

0.014
	1.954
	0.176



	maxNAIN
	Between Groups

Within Groups

Total
	0.153

1.768

1.922
	2

15

17
	0.077

0.118
	0.650
	0.536







* p < 0.05.
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Table 3. Value range of categorized spatial measures of Daofu street space.






Table 3. Value range of categorized spatial measures of Daofu street space.












	
	Axiality
	Synergyaxial
	Intelligibilityaxial
	Intelligibilityvisual





	Total
	[0.07–0.23]
	[0.06–0.92]
	[0.05–0.63]
	[0.02–0.76]



	Type A
	[0.08–0.15]
	[0.06–0.82]
	[0.05–0.43]
	[0.02–0.36]



	Type B
	[0.07–0.14]
	[0.46–0.89]
	[0.17–0.55]
	[0.04–0.59]



	Type C
	[0.12–0.23]
	[0.62–0.92]
	[0.39–0.63]
	[0.27–0.76]
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Table 4. Value range of star model of Daofu street space.






Table 4. Value range of star model of Daofu street space.












	
	meanNACH
	maxNACH
	meanNAIN
	maxNAIN





	Total
	[0.76–0.96]
	[1.29–1.61]
	[0.60–1.12]
	[1.12–2.66]



	Type A
	[0.75–1.12]
	[1.29–1.53]
	[0.60–0.94]
	[1.12–2.66]



	Type B
	[0.66–0.83]
	[1.39–1.50]
	[0.78–1.00]
	[1.33–1.87]



	Type C
	[0.66–1.12]
	[1.30–1.61]
	[0.75–1.12]
	[1.27–1.82]
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