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Abstract

:

Settlements are comprehensive carriers of the material form expression and social appearance of human activities under specific geographical environmental choices. The analysis and preservation of their forms are important principles and strategies for rural settlement planning and construction. In this study, 28 settlements in the farming–pastoral zones in eastern Inner Mongolia were selected as the research objects. By combining fractal geometry and computer programming, the relationship between the boundary form, spatial structure, and architectural order of the settlements was quantitatively expressed, and quantitative indicators that better summarize the form of the settlements in the farming–pastoral zones in eastern Inner Mongolia were extracted. Then, factor analysis and cluster analysis were conducted using the Statistical Package for the Social Sciences software (SPSS26.0) to obtain the characteristic types of settlement forms. Finally, the classification results were combined with social and humanistic factors and the geographical environment to test the rationality of the results. The results show that (1) five form indicators effectively describe the settlement forms in the research area, among which the shape index, dimension of the public space, and architectural density play a crucial role in the spatial structure factors. (2) In this study, we mainly used a data collection and processing–principal component extraction and systematic clustering-type division method to complete scientific research on settlement form classification. (3) By combining the clustering results with the spatial form features and analysis mainly based on spatial structure factors, the settlement forms in the farming–pastoral zones in eastern Inner Mongolia are described as three typical types: multidirectional expanding settlement, settlement patterns extending at both ends, and centripetal development settlement. Furthermore, the characteristics of the human–land relationship implicit in each type of settlement form are explained, achieving a scientific representation and classification of the settlement forms. The research results provide useful quantitative guidance for rural revitalization, settlement form optimization, and preservation in the farming–pastoral zones in eastern Inner Mongolia
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1. Introduction


A village’s living environment is one of the core elements of the continuation of human well-being and sustainable development [1]. As one of the basic forms of human settlements, villages are a spatial and environmental complex composed of endogenous dynamics and external expressions and serve as the extension of production and lifestyle [2,3]. However, the decline in the aesthetic appeal of village living environments is an undisputed reality and has become a global issue [4,5]. Countries such as the Netherlands, Japan, Italy, and the United States are currently or have been facing challenges in the development of village living environments. While promoting rural economic development, improving the living environment of villages has become a universal choice for many countries around the world [6,7,8,9,10,11].



As the largest developing country in the world, the People’s Republic of China has undergone varying degrees of adjustments to the space–economy–society structure in rural areas within the distinctive urban–rural dual system [12]. While these adjustments have greatly improved the living environment and addressed existing issues in rural areas such as transportation and environmental hygiene, the disregard for the analysis and respect of the original rural space (current fabric and topography) and cultural spirit (history, culture, and sense of place), as well as the tendency toward simplified spatial planning, have led to the disappearance of urban–rural place-based spaces (public spaces) and the weakening of human experiences. In response to the decline in rural areas, the government has proposed rural revitalization as a new strategy to stimulate rural development [13,14]. In addition to the central government, various provinces and municipalities in China, such as the Inner Mongolia Autonomous Region, released the Five-Year Action Plan for Rural Pastoral Area Habitat Environment Improvement (2021–2025) in 2022. It particularly emphasizes that we should adhere to the laws of rural development, retain the rural style, and avoid homogeneity across villages [15]. Consequently, consensus has been reached in China’s rural planning field regarding the respect for the regional culture and original forms of villages. Therefore, when engaging in planning activities, the government and planners should not only focus on extracting the existing spatial patterns and constructing locally based spatial cognitive content to effectively preserve the regional context but also contemplate how to utilize these patterns for spatial interpretation, thereby facilitating the implementation of corresponding decisions.



The spatial form of settlements serves as the concentrated carrier of the regional human settlement landscape and cultural context value. The protection and continuation of their form are important principles and strategies in rural settlement planning and design. Scholars have conducted relevant research on the characteristics of settlement forms and their spatial distribution. Based on the investigation of settlements in the loess gully landform area, the evolution characteristics of traditional settlement forms in the region have been studied [16]. Taking the settlements in the hinterland of the Jianghan Plain throughout history as the object, the formation of these settlements and their connection with the geographical environment have been explained [17]. The centripetal spatial form characteristics of Hakka settlements in mountainous areas, which are characterized by backing against mountains and facing water with axial symmetry, have been visually depicted [18]. By revealing the regional differentiation pattern in Guizhou, the gradually dispersed characteristics of the settlements as they transition from mountain basins to mountains have been summarized [19]. Through field surveys and mapping in the Baishui River Valley in central Guizhou, four types of combinations of public spaces in settlements have been identified [20]. Such research generally treats settlements as independent research subjects, combining natural environment and historical factors and predominantly summarizing the form characteristics of settlements through language descriptions based on visual and textual materials.



With the increasing prevalence of interdisciplinary studies, the combination of research on the spatial form of settlements and the visualization display of geographic information systems (GIS) in China and internationally has been utilized to explore the possibilities of sustainable development for both settlements and cities, for example, analyzing the urban spatial form and predicting the urban growth through demographic and sociological factors and exploring methods and technological models that can promote harmonious urban–rural development, thus supporting the sustainability of urban development [21,22,23]. In the context of coordinated urban–rural development, strategies for sustainable development in urban and rural areas have been discussed, particularly focusing on agricultural land expansion and transformation [24,25,26]. Furthermore, research on the internal spatial characteristics of settlements or settlement site selection has been conducted to explain and analyze the spatial patterns of adaptive development in settlements [27,28,29]. The emerging index system of settlement morphology based on fractal geometry can more accurately reflect the irregular shape and complex structure of the settlement space. For example, mathematical methods such as the fractal dimension value and box-counting dimension method have been utilized to obtain fractal dimensions, which reflect the degree of structurization and spatial distribution characteristics of the settlement space [30,31,32]. Index factors such as the saturation coefficient, fractal dimension, and dispersion coefficient under the field of landscape ecology are mainly used in settlement morphology to quantify village boundaries, building unit maps, road maps, and other indicators [33,34,35]. In the field of geology, indicators such as the surface roughness, relief amplitude, and elevation are employed to construct a quantitative index system for studying the morphological characteristics and types of mountainous settlements in three-dimensional form [36,37,38]. In terms of the indicator system for quantitative research, many studies have used indicator factors in the field of fractal geometry, but these indicators are more suitable for studying settlements in the cultural core areas of China where traditional agricultural production is the primary economic structure, such as settlements on plains and in mountainous areas. They are not applicable for research on settlement morphology in cultural transition areas; non-traditional agricultural economic systems; and sandy, meadow, or composite terrains.



Compared to the cultural core area, the semi-lunar cultural transmission belt along the borders of China comprises two parts: the Great Wall zone and the Tibet–Yi Corridor. This region spans from northeast to southwest China and is objectively manifested on the geographical map of China as a wide and extensive cultural transition zone distributed on its sides. Over time, it has undergone spatial and temporal changes, giving rise to areas such as the Shaanxi–Gansu–Sichuan border, the Jiangxi–Hunan–Guangdong border, the Zhejiang–Fujian–Jiangxi border, the Inner Mongolia–northeast China border, and the Inner Mongolia–Shanxi border [39]. The cultural transition zone exhibits significant features, including a diverse geographical pattern, coexistence of various production industries and lifestyles, and the cohabitation and intertwining of multiple ethnic groups and cultures. In this complex environmental context, various settlement morphologies have emerged that are distinct from traditional agricultural regions. This is particularly evident in the scattered relationships between dwellings and farmland and the degree of architectural dispersion. However, research in this area is scarce.



The transitional zone between Daxing’anling and the Mongolian Plateau grassland region, known as the farming–pastoral zone in eastern Inner Mongolia, is one of the most typical representative areas. Numerous inland rivers not only create plains and mountain valleys but also provide conditions for irrigation in the plains and valleys. The favorable natural geographical location makes this area suitable for both farming and grazing. In history, the eastern Mongolian region was the Mongolian ethnic gathering area closest to the cultural core area. It was characterized by the immigration activities during the late Qing dynasty rushing into the northeast, which led to drastic ethnic integration in this area, gradually transforming it from a traditional grassland area into a cultural area with a mixture of Mongolian and Han population, as well as dual agricultural and pastoral production [40]. Significant changes have occurred in local production and lifestyle. The once sparse Mongolian yurts have turned into a scattered network of earth and straw houses. The wooden sheep pens used for nomadic herding have gradually been replaced by brick and stone. The winding tracks of vehicles have evolved into well-connected village paths. As a result, the settlements in the agricultural and pastoral interlacing area in eastern Inner Mongolian have become the most representative cultural interlacing settlements in China [41]. Studies on settlements in the eastern Inner Mongolia have achieved some important achievements in social and historical research on the formation of settlements in the eastern Mongolia since the Qing dynasty [42,43,44]. Investigations and surveys have been conducted on the architecture and courtyard layouts within the settlements, revealing the morphological characteristics of the settlements in eastern Inner Mongolian, which reflect the cultural integration [45,46,47]. However, existing social and humanities research on the settlements in eastern Inner Mongolia is abundant, especially research focusing on a macroscopic analysis of the settlement landscapes, and the analytical results are highly subjective. The research content lacks attention to the spatial forms of settlements in the farming–pastoral zone in eastern Inner Mongolia, especially the correlation between the production methods and settlement spatial forms.



Through a compilation of relevant research findings, it has been discovered that previous studies on rural settlement spaces still have unresolved issues requiring further exploration in the following areas. In terms of the research content, current studies have primarily focused on the material basis of the spatial forms when investigating settlement spaces and have neglected the exploration of secondary spaces related to production. Deepening research into the association between the inhabitants’ survival wisdom and culture within the settlement forms would contribute to proposing region-specific strategies for protection and heritage preservation. In terms of research methods, although quantitative research has gradually become mainstream, most studies have been based on traditional agricultural regions to establish indicators and selection methods. It is necessary to create new indicators and to employ new research methods to better understand the characteristics and diverse cultural factors of non-traditional agricultural settlements, such as dispersed settlements. Additionally, in terms of the research scope, previous studies have mainly focused on the cultural core areas of China, such as the Central Plains, Jiangnan, and Lingnan. These analyses primarily centered around rural settlements with agricultural production as the primary economic activity and Han ethnicity as the dominant cultural feature. Limited research has been conducted on the vast cultural border areas in China, such as the farming–pastoral zone in eastern Inner Mongolia, resulting in an academic imbalance.



In this paper, a statistical analysis using the Statistical Package for the Social Sciences (SPSS 26.0) mathematics software is combined with the regional cultural background to demonstrate the characteristics of the settlement forms and to classify them in a more scientific, systematic, and quantitative manner, illustrating their relationships with natural resources, cultural practices, and economic activities. By employing modern concepts, perspectives, and methodologies to analyze the settlement forms in cultural border areas, this research provides a more scientific reference for the future protection, development, and optimization of rural revitalization and settlement forms in the farming–pastoral zone in eastern Inner Mongolia.




2. Materials and Methods


2.1. Research Sampling and Data Collection


(1) Research Sample Selection



The study area is the semi-agricultural and semi-pastoral area in the farming–pastoral zone in eastern Inner Mongolia (117°06′–123°42′ N, 42°14′–47°39′ E). Accordingly, there were 20 banners, counties, and cities under the jurisdiction of Chifeng, Tongliao, and the Hinggan League. This area predominantly consists of semi-agricultural and semi-pastoral land types, with a total area of 182,300 square kilometers, accounting for 15.4% of the total land area of the Inner Mongolia Autonomous Region.



In this study, natural settlements with relatively stable traditional forms that have continued to the present were selected by comparing Google Earth georeferenced satellite images with historical materials such as the Inner Mongolia Tongzhi and historical maps. Based on the principles of typicality and representativeness, integrity, and transport accessibility, a total of 28 settlements in the farming–pastoral zone in eastern Inner Mongolia were chosen as samples (Figure 1).



The satellite digital elevation data used of this study were obtained from the Geographic Spatial Data Cloud website, with a resolution of 30 m. The overall topographical environment within the study area includes the Yanshan Mountains in the south and connects to the Greater Khingan Mountains in the north. The Greater Khingan Mountains extend in a northeast to southwest direction, reaching the western part of the Mongolian Plateau, while the eastern and southeastern parts consist of hilly dunes that fan out, connecting to the Songnen Plain. The topography gradually decreases from south to north and from west to east, and the predominant landform type is high plateaus. This region is a typical agro-pastoral and forested transition zone, is highly sensitive to environmental changes, and also forms an important component of the eastern end of the Eurasian steppe.



(2) Data Collection and Processing



We corrected and refined the topographic data through cross-referencing with graphical and textual materials, including field surveys, map investigations, satellite imagery, and anthropological and local chronicles, and we also identified the study objects and extracted architectural floor plans, hydrological networks, and contour lines. These tasks were manually executed by professional researchers using the AutoCAD platform. To facilitate a subsequent analysis of the settlement forms, we presented the settlement morphology in a tabular format, accompanied by numerical identifiers (Figure 2). Using ArcGIS and Rhinoceros, specifically Grasshopper, we measured the spatial forms associated with the indicator system. Subsequently, we used the SPSS 26.0 software to conduct a statistical analysis of the obtained data. Through an exploratory factor analysis, we consolidated multiple indicators into several key factors. Then, utilizing a hierarchical cluster analysis, we classified the morphologies of the settlements based on these primary factors. Finally, we performed a comparative analysis to evaluate the effectiveness and accuracy of the quantified morphological indicators and classification results in relation to the spatial and geographical environment of the farming–pastoral zone in eastern Inner Mongolia. In conclusion, we identified the most representative indicator factors of the morphology of the settlements in this region. Through a combination of on-site research, settlement records from local chronicles, and archaeological data, we gained insights into the spatial value and environmental significance of these settlements so as to explore the driving forces behind the development of the settlement forms and to provide guidance for the adaptability transformation of the settlement morphology in the farming–pastoral zone in eastern Inner Mongolia.




2.2. Study Methodology


(1) Indicator System Construction



Based on a review of the existing literature, the selection of the indicators focused on the quantitative perspective, adopted the suggestions of senior engineers in design units and esteemed professors and scholars from renowned universities, and clarified the best indicators that reflect the characteristics of the settlements in the farming–pastoral zone in eastern Inner Mongolia, rather than the suitability and precision in urban spaces. Additionally, considering the unique ecological environment and regional culture of the farming–pastoral zone in eastern Inner Mongolia, we consulted Google satellite maps and gathered data on the settlement texture and current conditions. Field surveys were conducted to verify and identify the spatial distribution patterns of the settlements, guiding the selection of indicators that capture features such as the dispersion, scale, and boundaries [36], which are indicative of the farming–pastoral zone in eastern Inner Mongolia. By maximizing the advantages of fractal geometry in interpreting graphics, our approach demonstrates clear advantages over traditional methods based on a surface roughness analysis and a hydrological analysis. It enables a better recognition of the primary classifying characteristics of the settlement locations in the farming–pastoral zone in eastern Inner Mongolia. Finally, the focus of this study was the exploration of the wisdom of the human settlement environment and the ethnic culture integration connotation of fractal geometry in various natural landforms. Therefore, we selected a set of five quantifiable indicators for settlement morphology based on fractal geometry, including two fundamental form indicators and three advanced form indicators. This selection of indicators allowed for exploration of the effectiveness and accuracy of the different methods of quantifying and classifying the morphology in relation to the spatial and cultural identity of the settlements (Table 1).



	①

	
Plan area of the settlement







The compiled AutoCAD settlement layout was imported into Rhinoceros 7.0 in a non-geographic coordinate format, and the center point of each building in the settlement was determined first. Subsequently, in Grasshopper, we generated a Delaunay triangulation network with the building center point as the base points. This program automatically filters out buildings with a distance to the boundary of less than 20 m. The respective building numbers and minimum distance data between the two buildings connected by each linking line were output. On this basis, the standard deviation of the mean distance (μ) and the minimum distance between buildings in the cluster (σ) were calculated, and the influence distance of the buildings in the cluster (μ + 3σ) was obtained. In addition, by overlaying the convex hulls of pairwise buildings within the influence distance, the common space of the settlement was determined. This information was then used to extract the boundary of the settlement. Finally, the settlement area per square meter was calculated (Figure 3).



	②

	
Length-to-width ratio







The length-to-width ratio is the ratio of the long axis to the short axis of the minimum outer rectangle within a settlement’s outer boundary pattern. It represents the overall shape of the settlement’s macro boundary, indicating the degree of the elongated characteristics [48]. Furthermore, the length-to-width ratio indicates the degree of slenderness of the settlement boundary diagram: a higher value indicates a more slender settlement.


  λ =     L   a       W   a      



(1)




where La represents the long axis of the minimum outer rectangle of the settlement plane boundary diagram and Wa is the short axis of the minimum outer rectangle of the settlement plane boundary diagram.



	③

	
Shape index of the planar boundary pattern of the settlement







In studies of the boundary morphology, the landscape ecology commonly employs shape indices to quantify the complexity of a shape by measuring its deviation from a compact shape with the same area, such as a circle, square, rectangle, or other regular polygon. In practical situations, an ellipse with the same area and aspect ratio (referring to the aspect ratio of the settlement boundary in this context) as that of a perfect circle is often used as a reference object, which is modified from the same area of a regular circle [49]. The higher the value of the shape index is, the more trivial the form of the settlement becomes, resulting in a greater variety of spatial forms and a richer experience. In contrast, if the value of the shape index is smaller, the spatial morphology becomes simpler and more regular.


  S =   P   1.5 λ −  λ  + 1.5      λ   A π     



(2)




where P is the perimeter of the boundary shape, A is the area, and λ is the length-to-width ratio.



	④

	
Settlement building density







The settlement density is an indicator commonly used to describe the spatial state of a settlement and directly reflects the density of the buildings within the settlement [50]. When the building density of a settlement reaches a certain level, it can form localized and continuous internal boundaries, which results in a clear sense of spatiality within the settlement [51]. The formula for characterizing the density of the buildings in the settlement is as follows:


  M =     A   a       A   b      



(3)




where M is the settlement density; Aa is the sum of the building areas; and     A   b      is the total boundary area of the settlement.



	⑤

	
Fractal dimension value of public space







There are three primary methods for calculating the fractal dimensions of urban morphology: the area–perimeter relation, the Box Counting Method, and the area–radius relation. Under specific circumstances, the first two approaches may be considered equivalent, whereas the area–radius method offers a more dynamic perspective on characterizing the urban development and morphology. However, it is essential to note that the choice of computational methodology varies during the specific calculation processes, resulting in distinct geographical spatial implications for different dimension [52]. The first method, the area–perimeter relation, is relatively straightforward. Both area and perimeter are common dimensions in architecture. Thus, we employ this approach to quantify the complexity of public spaces by examining the relationship between the area and perimeter of patches.


  D =   2 l g (   P   4   )   l g ( A )    



(4)




where D is the fractal dimension value of the public spatial patches; P is the perimeter of the public spatial patterns (including both the inner and outer perimeters); and A is the area of the public spatial pattern.



(2) Principal Component Factor Analysis



Principal component analysis is an analytical method that simplifies the structure of a dataset through dimensionality reduction [53]. The principal component analysis of the settlement form factors involves extracting a new set of a few, mutually independent principal component factors from multiple factors that have a certain correlation through SPSS transformation, which comprehensively reflects the information carried by the original multiple factors, thus serving as the principal components of the original factors. The number of principal component factors is small, is unrelated to each other, and carries more than 80% of the original information from multiple factors. By substituting these principal component factors for the original multiple factors, the goal of dimensionality reduction is achieved [54].



(3) System Clustering Analysis



The system clustering method is a clustering method that organizes different levels of classes from more to fewer based on inter-class distances [55]. The principal component factor system clustering of the settlement morphology factors takes the information carried by the principal component factors as its attributes, treating each settlement as a category and forming the first level. Using the distance between settlements (settlement similarity) as a statistical measure, the closest settlements with an inter-class distance are grouped into a new class, forming the second level. Then, the new classes in the second level are clustered based on the distance between classes. This process is repeated until all of the settlements are grouped into one major class. The number of clusters can be specified in advance according to the actual needs or judgement based on professional knowledge of the sample attribution of each classification number [56].





3. Results


3.1. Principal Component Factor Analysis


The prerequisite for principal component analysis is the presence of strong correlations among the factor variables, which needs to be examined to determine the feasibility of the model. The Kaiser–Meyer–Olkin (KMO) value of the indicator system is 0.713, i.e., significantly higher than 0.5 (ranging from 0 to 1, with stronger correlations closer to 1) [54], indicating a strong inter-factor correlation.



In addition, the approximate chi-squared distribution value of the Bartlett’s sphericity test is 132.906 with a significance level of 0.000, i.e., significantly less than 0.001. Therefore, the data model passes both the KMO and Bartlett’s tests and effectively summarizes the interrelationships and commonalities among the settlement morphology factors, indicating that the sample data meet the analysis requirements.



The descriptive results for the five morphological indicators in Table 2 provide the average value and intervals of the cluster morphology indicators for the entire sample. It can be observed that the cluster morphology and aspect ratio have the largest average values; the building density has the smallest average value; and the public sub-dimension and shape index have similar average values. The aspect ratio of the settlement morphology and the numerical range of the settlement area exhibit significant variations, whereas the variations among the numerical values of the shape index, building density, and public sub-dimension are relatively small.



In accordance with the requirement that the initial eigenvalues in the SPSS 26.0 software be greater than 1, the first two principal components can be extracted. The cumulative variance contribution rate is 92.46%, which meets the statistical requirement of having a cumulative contribution rate of 80–85% or higher. This indicates that the two principal components can capture 92.46% of the information from the original variables and can effectively describe the characteristics of the settlement morphology. Consequently, the initial five-factor analysis was replaced by the two principal component factors (Table 3).



Factor rotation was conducted using the maximum variance method (Table 4). After rotation, the first principal factor exhibits high loadings on the variables of plan area of the settlement and length-to-width ratio. These indicators primarily reflect the degree of inclination in the outer boundary shape of the settlement. As a result, it is named the contour morphology factor, with a variance contribution rate of 47.28%. The second principal component exhibits high loadings on the variables of the shape index of the planar boundary pattern of the settlement, the fractal dimension value of the public space, and the settlement building density, which primarily reflect the degree of fragmentation in the outer boundary and the level of internal spatial structure of the settlement. Thus, it is named the spatial structuring factor, with a variance contribution rate of 92.46% (Table 4, Figure 4).




3.2. Systematic Cluster Analysis


From the above analysis and charts (Figure 5a and Table 5, it can be observed that in the analysis of the first principal component factor (settlement area and aspect ratio), the sample data for 28 settlements in the farming–pastoral zone in eastern Inner Mongolia can be classified into three major categories. The indicator data exhibit the following characteristics. (1) Clustered settlements: there are a total of eight samples (13, 14, 18, 22, 23, 26, 27, and 28), which have the smallest settlement area and length-to-width ratio values. (2) Star-shaped settlements: there are a total of 13 samples (8, 9, 10, 11, 12, 15, 16, 17, 19, 20, 21, 24, and 25), with intermediate settlement area and length-to-width ratio values. However, compared to the clustered settlements, the differences in these two indicators are not significant, and there is some overlap in the thresholds. (3) Strip settlements: there are a total of seven samples (1, 2, 3, 4, 5, 6, and 7), which have the highest settlement area and aspect ratio values, far exceeding the values of the previous two groups.



In the analysis of the second principal component factor (settlement building density, shape index, and fractal dimension value of public space), the 28 samples can be classified into three major categories and their index exhibits the following characteristics. (1) High-density spatial settlements: there are a total of seven samples (8, 9, 10, 11, 12, 13, and 14), which have the highest values for all three indicators. (2) Uniformly distributed settlements: there are a total of 14 samples (15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, and 28) with relatively high shape index and public space fractal dimension values, which are slightly lower than the dense spatial settlements. However, the building density values are low. (3) Settlements in linear spaces: there are a total of seven samples (1, 2, 3, 4, 5, 6, and 7), which have the lowest values for all three indicators, and the composition of this group is identical to that of the strip settlements identified in the analysis of the first principal component factor.



In the cluster analysis of the five indicator factors, the 28 samples can be categorized into three major groups, and the indicator data display the following characteristics. (1). Multidirectional expanding settlement: there are a total of 14 samples (8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, and 21). The spatial structural factors, including the shape index of the planar boundary pattern of the settlement, settlement building density, and fractal dimension value of public space, all have the highest values. The numerical values of the two contour morphology factors (i.e., the area and aspect ratio) rank second among the three groups. (2) Centrally developing settlement: there are a total of seven samples (22, 23, 24, 25, 26, 27, and 28). The values of the area, length-to-width ratio, and fractal dimension value of the public space are the lowest, while the values of the shape index and settlement building density are relatively high. Moreover, the values of the five indexes are slightly lower than those of the multidirectional expanding settlements. (3). Settlement patterns extending from both ends: there are a total of seven samples (1, 2, 3, 4, 5, 6, and 7). The three spatial structural factors have the lowest values, while the values of the two contour morphology factors are the highest and are significantly greater than those of the first two groups. Furthermore, the composition of this group is identical to that of the strip settlements identified in the analysis of the first principal component factor and that of the linear spatial settlements identified in the analysis of the second principal component factor.



In general, settlements 1, 2, 3, 4, 5, 6, and 7 exhibit identical results in all three clustering analyses. Settlements 8, 9, 10, 11, 12, 13, and 14, as well as settlements 22, 23, 24, 25, 26, 27, and 28, exhibit consistent clustering results in the analysis of the second principal component factor and the clustering analysis of the five indicator factors. Only settlements 15, 16, 17, 18, 19, 20, and 21 have different classifications in the results of the principal component factor analysis and the clustering analysis of the five indicator factors.





4. Discussion


4.1. Analysis of Clustering Results


(1) Principal component factor analysis combined with clustering results



According to the results of the three types of cluster analysis, samples 1, 2, 3, 4, 5, 6, and 7 are always classified into the same group. This group of settlements exhibits significantly higher length-to-width ratio and area values compared to the other classifications, while the remaining indices have relatively minor differences compared to those of the other groups. These findings suggest that the distinctive variations in the contour morphology of this group of settlements lead to its separate classification in each clustering analysis. Based on the analysis results presented in Section 3.2, it can be concluded that the length-to-width ratio and area indicators can only affect the development of the settlement space into a linear form with two ends, but they do not have a significant impact on further identification of the clustered morphological types when combined with the principal component factors, which also confirms the observation that the variance contribution rate of the area and length-to-width ratio is the smallest in the factor analysis results presented in Section 3.1.



To facilitate data analysis, we consolidated the results of the three clustering analyses for the non-linear developing settlements in Table 6. Through comparison of the contents of Table 6, it can be observed that the star-shaped settlements and circular-shaped settlements have samples assigned to centrally development settlements and multidirectional expanding settlements, indicating an overall lack of clear inclination in the classification results. Although the majority of the star-shaped settlements (11/13) are classified as multidirectional expanding settlements, the composition of their spatial structures is relatively balanced (five highly dense space + six uniform distribution of space). This fails to demonstrate the extent to which this factor influences the final clustering. Thus, it can be ascertained that the plan area of the settlement and length-to-width ratio indicators for non-linear settlements do not play a significant role in the classification results.



In comparison, all of the high-density spatial settlements are classified as multidirectional expanding settlements, highlighting the primary role of the spatial structure in the classification of the settlements. Additionally, although the 14 samples in the uniform distribution of space settlements are ultimately assigned to two different types of settlements, when considering the classification based on contour morphology, the settlement assigned to the multidirectional expanding settlement classification (six star-shaped + one circular-shaped) clearly lean toward the star-shaped form, while the samples assigned to the centripetal development of settlements classification (five circular-shaped + two star-shaped) clearly lean toward a circular-shaped form. The contour morphology factor demonstrates a tendency to refine the result of the spatial structure. The combination of the data analysis results and the settlement morphology classification diagram effectively explains the significant influences of the three indicators of the spatial structure factors on the settlement morphology classification results, with the contour morphology factor having some influence, albeit not significant.



(2) Spatial characteristics of cluster analysis data (Table 7)



① Contour morphology characteristics:



The linear settlements exhibit an overall morphology that extends in two directions, clearly displaying the characteristic of horizontal development. The clustered settlements exhibit a morphology characterized by cohesive blocks. The star-shaped settlements do not exhibit apparent inclination, and the overall morphology of the settlements is characterized by multiple coexisting axial directions.



② Spatial structure characterization:



The representation of the data results in terms of the spatial structure of the settlements: The linear spatial settlements exhibit softened boundaries, appropriate spacing between buildings within the settlement, spatial complexity with a low level of fragmentation, arrangement of the buildings within the settlement along roads, and a strong spatial order structure. For the uniformly distributed settlements, the buildings within them are relatively loosely scattered, with clear undulating boundary forms, a high degree of spatial fragmentation within the settlements, and a lack of spatial coherence. The dense spatial settlements, influenced by the surrounding environment, exhibit significant variations in the curvilinear nature of their boundaries, clustering of buildings within the settlements, high levels of spatial compactness, complex fragmentation within the settlements’ internal space, and a weaker sense of order.



③ Characteristics of settlement development pattern:



The boundaries of the multidirectional expanding settlements exhibit a diverse and intricate form, with a high concentration of buildings within, a fragmented internal space without a clear hierarchy, and settlement boundary formation that is largely influenced by the surrounding environment. The settlement patterns extending at both ends have comparably longer and more harmonious boundary lines, a strong sense of order with linearly arranged buildings, and a regular and orderly spatial structure. On a large scale, they present strip-like shapes, indicating a trend of expansion and development toward both ends. The centrally developing settlements have a generally smooth overall boundary form but, with some twists and turns, contain a scattered point-like distribution of buildings without a discernible pattern, a disorganized internal space, a lack of order, and a high degree of fragmentation. On a small scale, they exhibit a cluster-like form, indicating a tendency for even development in all directions.




4.2. Factor Analysis


In this study, various indicators such as the settlement shape index and public fractal dimension of the different categories were compared. The results indicate that there is a high degree of similarity among the different settlements within the same category, while significant differences exist between settlements of different types. By employing qualitative analysis methods and integrating the results of the cluster analysis with the spatial structural characteristics of the settlements the farming–pastoral zone in eastern Inner Mongolia, it was found that the classification of the settlement types is closely related not only to the aforementioned indicators but also to the environmental factors and the production and lifestyle of the villagers. This demonstrates that the classification results have a significant practical significance. Table 3. Matrix eigenvalue and variance contribution rate of factor analysis.



(1) Multidirectional Expanding Settlement



The shape index, public sub-dimension, and building density values of the multidirectional expanding settlements are the highest. This indicates that such settlements have complex and fragmented outer boundaries, strong internal structural organization, and a highly efficient building spatial organization. Notably, settlements 15, 16, 17, 18, 19, 20, and 21 are often traversed by a main road, and their boundary shape, building density, and fractal dimension are heavily influenced by transportation development. As convenience of transportation becomes increasingly important, buildings are constructed parallel to the roads. In contrast, settlements 8, 9, 10, 11, 12, 13, and 14 mostly formed spontaneously around the edges of the foothills. Except for the side limited by the mountain, the boundaries of these settlements have naturally expanded outward. Due to the limited natural conditions required for farming in these settlements, the buildings are clustered together, and the flat land on the periphery is utilized for agricultural activities. Settlements 15, 16, 17, 18, 19, 20, and 21 have larger utilization and construction areas, have experienced faster expansion, and have a larger scale, whereas settlements 8, 9, 10, 11, 12, 13, and 14 have been more significantly influenced by the topographical environment, resulting in fragmented internal spaces, a weak sense of order, and a smaller scale.



Throughout history, the multidirectional expanding settlements have been influenced by the immigration and cultivation policies of the Qing dynasty, leading to a settlement form that is mainly focused on agriculture and animal husbandry, with the combined development of agriculture, animal husbandry, and forestry. These settlements are located on gentle slopes or foothills, and natural mountain barriers shield them from cold winds in winter and facilitate the flow of cool breezes in summer, thus achieving the effect of air circulation and cooling. This not only provides a strong defense but also minimizes geological damage. It also offers a certain degree of concealment [57]. Through investigation, it was found that the multidirectional expanding settlements were mainly distributed in the hilly and gully areas with significant topographical variations. These settlements were built against the mountains and have spread toward the mountaintops or along the roads. In gently sloping areas, isolated houses were more common. Villagers have relied on planting forests on the slopes as windbreaks and have utilized the flat areas in front of the mountains for agricultural production. The combination of agriculture, animal husbandry, and forestry, along with the terraced pattern formed on the slopes, has resulted in a multidimensional landscape system with a good panoramic view. The internal road systems of these settlements were relatively simple, allowing for the full utilization of the land resources. For the settlements built in accordance with the terrain, their scopes also expanded, demonstrating the stability of the settlement forms and reflecting the ecological wisdom of residents in adapting to the natural environment.



(2) Settlement patterns extending at both ends



The length-to-width ratio values of this type of settlement are the highest among all of the settlement categories, while the shape index, building density, and fractal dimension values of these settlements are the lowest values. This indicates that these settlements are relatively large in scale, have simple and smooth planar boundaries, and exhibit a trend of linear development at both ends. The relationship between the settlements and road transportation is closely intertwined, with a low building density within the settlements and a strong sense of spatial order.



Settlements 1, 4, 7, 6, and 5 are distributed in a belt-like grassland area oriented in the east–west direction, where pastoralists have settled and formed agriculture-based, mixed farming settlements. The two ends of the settlements extend into flat and open surroundings. These settlements have developed into a linear shape along the roads, i.e., long in the east–west direction and narrow in the north–south direction, and exhibit a grid-like spatial organization for internal transportation. Settlements 2 and 3 are located on gentle slopes on both sides of the valley, and these settlements are arranged along the contour lines of the mountains or waterway roads. The flat land near the rivers is utilized as arable land, and the water bodies are one of the main factors influencing the construction of the settlements. In summary, as the number of immigrants increases, the production and livelihood of the villagers relies more on water resources and the road transportation system. The settlement patterns have evolved from a random distribution to a significant clustering distribution, which facilitates both concentrated living and dispersed grazing. This layout not only meets the needs of villagers for safe living but also meets the production requirements, reflecting the relationship between the two production modes of agriculture and nomadic pastoralism, and the typical local relationship between pastoralists and the land is shaped by nature.



(3) Centripetal Development of Settlements



This type of settlement has the lowest fractal dimension values, while the shape index and building density values are intermediate, indicating that the outer boundary of the settlement is simple and the internal building layout is scattered. Through on-site investigations, it has been observed that these settlements have developed in a concentric manner, with buildings facing the same direction and often located in flat sandy or grassland areas. Settlements 24, 25, 28, and 27 have a relatively large scale, with residential areas that are far larger than the national standards. They encompass living spaces, livestock breeding areas, and agricultural cultivation spaces, reflecting the livelihood needs of farming and herding households. During the process of transition from a nomadic lifestyle to settled communities, such settlements were often established on flat grassland areas and have gradually evolved through a relatively arbitrary selection of settlement points and organizational forms. Within these settlements, large areas are devoted to livestock pens, resulting in a dispersed, punctiform morphology that embodies the spatial characteristics of small-scale livestock production and large-scale migrations [58]. In contrast, the residents of settlements 26, 23, and 22, which are distributed on gentle sandy terrain, rely primarily on the county roads passing through their interiors for external development. These settlements exhibit a strong sense of order in their internal streets and alleys, presenting a grid-like layout.



In summary, the residents of these settlements have chosen a settled lifestyle primarily centered around pastoral activities. Due to the limited carrying capacity of the local region, the organization of productive spaces within the settlements is often combined with more distant grazing areas. Livestock, such as cattle and sheep, are grazed daily within fenced private pastures, giving rise to a planned grazing or rotational grazing livelihood approach [59]. The continuous expansion of sandy areas in settlements has caused damage to the arable land. In light of the relatively low productivity levels, to avoid conflicts arising from limited resources and a growing population, the number of people accommodated in the settlements has decreased, and their scale has gradually diminished. Despite the dispersed nature of the households within the settlements and the absence of a prominent central space, the cohesive nature of these settlements can be discerned from their gentle boundary morphology.



(4) Summary



In the course of history, the farming–pastoral zone in eastern Inner Mongolia has developed distinctive morphological characteristics in terms of the density, distribution, and scale, which differ from those of settlements in regions with a uniform topography. In these settlements, the mode of production and life adapted to the environment in the pastoral–agricultural zone and has gradually solidified as a unique spatial concept and pattern specific to the ethnic groups in this region [60].



Traditionally, both pastoral and agricultural settlements have relied on nature for food, but agricultural settlements have had a lower degree of dependence on the natural environment compared to pastoral areas. Agricultural residential patterns often exhibit a harmonious distribution and are nestled against mountains and along water sources, including valleys, tidal flats, farmland, forests, residential plots, and houses [16,17,18]. The normal structure of pastoral settlements is a circular scattered pattern, characterized by the organic combination of expansive and flat grasslands, fixed migratory campsites, and freely roaming herds [61].



The settlements in the semi-agricultural and semi-pastoral transitional zone in eastern Inner Mongolia, which is the primary economic form, exhibit the characteristics of both pastoral and agricultural settlements [62]. Due to the ecological consciousness of respecting nature and adapting to nature, the shape of these settlements is relatively constrained by the natural environment, reflecting the principle of adjusting measures to local conditions in terms of the proportions of agricultural and pastoral economies, livestock grazing patterns, and grazing radius. These factors determine the distance between courtyards, the boundaries of villages and towns, and the degree of fragmentation in public spaces, thus becoming the dominant elements influencing the spatial form of these settlements. Different forms of semi-agricultural and semi-pastoral activities result in the settlements having diverse internal spatial arrangements, which is also the practical reason why the spatial structural factors are the main components in the analysis of settlements.



Affected by the macro policy environment, agricultural modernization, and micro agricultural culture, pastoralists who were originally engaged in nomadic farming have gradually accepted some agricultural lifestyles and farming techniques, have embarked on the path of high-yield planting, and have improved their ability to transform resources and the environment and to resist risks [63]. However, as living standards have significantly improved, a series of challenges arising from the unsustainable exploitation of grasslands, such as resource overloading and environmental degradation, have gradually emerged. The development of settlements in the farming–pastoral zone in eastern Inner Mongolia has neglected the factor of the environmental carrying capacity. Consequently, while these settlements are interconnected, they collectively face challenges in terms of environmental degradation, resource depletion, and waste pollution, hindering their sustainable development [64]. Furthermore, a crucial issue is how to preserve the unique culture and way of life inherent to the Mongolian region amidst the process of cultural assimilation.





5. Conclusions


Compared with previous research, in this study, we analyzed the classification characteristics of the settlement morphology in the farming–pastoral zones in eastern Inner Mongolia under the selected morphological quantitative indicators. Five indicators suitable for measuring the morphology of settlements in the farming–pastoral zones in eastern Inner Mongolia were selected. Through a mathematical analysis, these indicators were extracted as two principal component factors: contour morphological factors and spatial structural factors. A cluster analysis revealed that the spatial structural factor is the primary factor, while the contour morphological factor is the secondary factor. Furthermore, the cluster analysis was used to classify the settlement morphology, resulting in the identification of three major types of typical settlement morphologies in the farming–pastoral zones in eastern Inner Mongolia: ① multidirectional expanding settlements; ② settlement patterns extending at both ends; and ③ centrally developing settlements. Finally, the combination of the classification results with the social, cultural, and geographical factors demonstrated the significant influence of the spatial structure factors on the clustering results, as well as the rationality of the three categories of the settlement classification. This reflects the profound influence of the semi-agricultural and semi-pastoral production mode on the spatial characteristics of the settlements in the farming–pastoral zones in eastern Inner Mongolia, as well as the integration of the internal and external environments of the settlements with the natural landscape, resulting in a holistic human habitat environment.



During the Qing Dynasty, due to immigration and cultivation, settlements emerged in the farming–pastoral zones in eastern Inner Mongolia. These settlements were influenced by factors such as agricultural immigration from the mainland and the social environment and natural conditions at that time [42]. Regarding the contour morphological features of the settlements, they exhibited some unique regional characteristics in terms of their spatial structure. We used spatial structure factors (shape index, building density, and fractal dimension value of the public space) to measure the complexity of the boundaries, the degree of structurization of public spaces, and the intensity of the building within the settlements in the farming–pastoral zones in eastern Inner Mongolia. The results provide a more comprehensive understanding of the relationship between the overall and local spaces of the settlements and the unique spatial characteristics. The analysis of contour boundary factors (settlement area and length-to-width ratio) helps to consider the relationship between the site selection, boundary forms, and nature under different topographic conditions. For instance, the layout of the road network and public facilities in the village should be based on the spatial typology of the plane form as an important consideration for construction. Furthermore, the location of newly built structures should fully consider the existing building density within the settlements, and their spatial relationship with the original buildings should be scientifically determined [65]. Scientifically quantifying the analysis of settlement morphological structures is necessary to create a favorable human habitat environment and to avoid the homogenization and urbanization of new village construction. These measures are crucial for the sustainable development of settlements, as well as for improving the current situation of the homogeneity among villages and for maintaining the regional characteristics of settlements [66].



Nonetheless, the morphological approach has limitations, and certain indicators and data require further improvement. In this study, the acquisition and processing of the original topographic maps were manually adjusted, and this process needs to be enhanced through automated processing methods to improve both the efficiency and accuracy of the results. Furthermore, automated techniques and algorithms can be considered to reduce the need for manual intervention and to improve the processing precision in order to achieve this improvement. Accordingly, future research can focus on improving the accuracy of open-source topographic data and/or utilizing advanced techniques such as 3-D laser scanning and oblique photogrammetry to efficiently acquire and quantify high-precision topographic data, thus enhancing the accuracy and reliability of the terrain data.



Another limitation is the relatively small sample size, which is the result of the difficulty of obtaining accurate topographic data for residential areas. Moreover, the samples were not randomly sampled, which may result in inconsistent and unreliable results. In future research, it is hoped that more extensive and comprehensive sampling surveys can be conducted in the farming–pastoral zone in eastern Inner Mongolia to explore and improve the existing classification system. Through such surveys, we can accurately and thoroughly summarize the morphological features of various ethnic settlements and obtain more detailed classification results. Such research will contribute to a better understanding of ethnic settlement landscapes and provide more targeted and adaptable recommendations for design and planning.



Alternatively, in the process of multicultural coexistence and mutual influence of different ethnic groups, as well as the conflict and integration between nomadic and agricultural cultures, the construction and reconstruction of multiethnic settlement landscapes is a multidimensional concept that can extend to a larger scope encompassing elements, functions, and patterns [62]. Currently, the primarily focus of morphological research in the field of settlement landscapes conducted is the architectural forms within settlements and their associated cultural representations, and insufficient attention has been paid to the protection of tangible and intangible assets related to human ecology. Therefore, future research should not only focus on the conservation of biodiversity and ecosystem restoration related to nature but also focus on the aspects of historical and cultural values relevant to human beings, including religion, habitation, socio-cultural factors, and community life [67,68,69].



In this study, factor analysis and systematic clustering methods were combined with quantitative methods for defining and classifying the morphological characteristics of settlements. This approach allowed us to preliminarily determine and classify the spatial forms of the settlements and to scientifically compare the morphological characteristics of the different categories. In addition, in this study, a set of scientific and systematic methods for extracting and classifying the characteristics of settlement patterns, which standardizes the previous qualitative classification studies that were primarily based on geometric shapes, was developed. It is beneficial for different types of settlements to seek to develop patterns that align with the requirements of sustainable development based on their own morphological characteristics. It provides a more scientific approach compared to intuitive cognition and represents a further attempt at quantitative research in the study and classification of settlement forms. Furthermore, this innovative research perspective provides a theoretical basis and technical methods for the protection and renovation of settlements in different ethnic regions.
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Figure 1. Schematic diagram of the study area. 
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Figure 2. Settlement morphology. 






Figure 2. Settlement morphology.
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Figure 3. Extracting Grasshopper battery at the settlement boundary. 
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Figure 4. Rotated spatial component chart. 






Figure 4. Rotated spatial component chart.
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Figure 5. Hierarchical diagram. 






Figure 5. Hierarchical diagram.
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Table 1. Indicator system description.






Table 1. Indicator system description.





	Indicator
	Definition
	Formula





	PA
	Plan area of the settlement
	-



	S
	Shape index of the planar boundary pattern of the settlement
	   S =   P   1.5 λ −  λ  + 1.5      λ   A π      



	   λ   
	Length-to-width ratio
	   λ =   L   a   /   W   a     



	M
	Settlement building density
	   M =   A   a   /   A   b     



	D
	Fractal dimension value of public space
	   D =   2 l g ⁡ (   P   4   )   l g ⁡ ( A )     










 





Table 2. Indicator data statistic description.
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	Indicator
	Minimum
	Maximum
	Average
	Standard Deviation





	Area of the settlement (km2)
	0.08
	1.07
	0.42
	0.33



	Shape index of the planar boundary pattern of the settlement
	1.10
	1.43
	1.27
	0.09



	Length-to-width ratio
	1.06
	4.76
	2.34
	1.17



	Settlement building density
	0.10
	0.26
	0.16
	0.05



	Fractal dimension value of public space
	1.23
	1.35
	1.28
	0.04










 





Table 3. Matrix of eigenvalues and variance contribution rates of the factor analysis.






Table 3. Matrix of eigenvalues and variance contribution rates of the factor analysis.





	
Total Variance Explanation




	
Component

	
Initial Eigenvalue

	
Extraction Load Sum of Squares

	
Sum of Squares of Rotational Loads






	

	
Aggregate

	
Variance (%)

	
Accuracy (%)

	
Aggregate

	
Variance (%)

	
Accuracy (%)

	
Aggregate

	
Variance (%)

	
Accuracy (%)




	
1

	
3.58

	
71.64

	
71.64

	
3.58

	
71.64

	
71.64

	
2.36

	
47.28

	
47.28




	
2

	
1.04

	
20.82

	
92.46

	
1.04

	
20.82

	
92.46

	
2.26

	
45.18

	
92.46




	
3

	
0.22

	
4.49

	
96.96

	

	

	

	

	

	




	
4

	
0.10

	
1.98

	
98.94

	

	

	

	

	

	




	
5

	
0.05

	
1.06

	
100

	

	

	

	

	

	











 





Table 4. Principal factor load matrix.






Table 4. Principal factor load matrix.





	
Indicator

	
Before Rotation

	
After Rotation




	
Factor 1

	
Factor 2

	
Factor 1

	
Factor 2






	
Shape index of the planar boundary pattern of the settlement

	
0.97

	
0.04

	
−0.67

	
0.70




	
Settlement building density

	
0.89

	
0.36

	
−0.39

	
0.88




	
Length-to-width ratio

	
−0.82

	
0.53

	
0.96

	
−0.19




	
Area of the settlement (km2)

	
−0.82

	
0.47

	
0.92

	
−0.23




	
Fractal dimension value of public space

	
0.72

	
0.64

	
−0.08

	
0.96











 





Table 5. Factor cluster analysis.






Table 5. Factor cluster analysis.





	
Cluster Analysis of the First Principal Component Factor

	
Indicator

	
(8, 9, 10, 11, 12, 15, 16, 17, 19, 20, 21, 24, 25)

	
(13, 14, 18, 22, 23, 26, 27, 28)

	
(1, 2, 3, 4, 5, 6, 7)




	
Interval

	
Ave.

	
SD

	
Interval

	
Ave.

	
SD

	
Interval

	
Ave.

	
SD




	
Plan area of the settlement

	
0.26–0.37

	
0.31

	
0.03

	
0.08–0.21

	
0.14

	
0.05

	
0.28–0.37

	
0.96

	
0.08




	
Length-to-width ratio

	
1.17–2.62

	
1.99

	
0.61

	
1.06–2.67

	
1.42

	
0.52

	
1.17–2.70

	
4.03

	
0.46




	
Cluster Analysis of the Second Principal Component Factor

	
Indicator

	
(8, 9, 10, 11, 12, 13, 14)

	
(15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28)

	
(1, 2, 3, 4, 5, 6, 7)




	
Shape index of the planar boundary pattern of the settlement

	
1.35–1.43

	
1.38

	
0.03

	
1.23–1.32

	
1.27

	
0.02

	
1.10–1.19

	
1.15

	
0.02




	
Settlement building density

	
0.20–0.26

	
0.23

	
0.02

	
0.10–0.19

	
0.15

	
0.02

	
0.10-0.13

	
0.11

	
0.01




	
Fractal dimension value of public space

	
1.30–1.35

	
1.29

	
0.29

	
1.23–1.34

	
1.27

	
0.26

	
1.23–1.27

	
1.24

	
0.01




	
Cluster Analysis of five Indicator Factors

	
Indicator

	
(8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21)

	
(22, 23, 24, 25, 26, 27, 28)

	
(1, 2, 3, 4, 5, 6, 7)




	
Plan area of the settlement

	
0.15–0.37

	
0.29

	
0.06

	
0.08–0.30

	
0.16

	
0.09

	
0.84–1.07

	
0.96

	
0.08




	
Length-to-width ratio

	
1.06–2.76

	
2.03

	
0.64

	
1.16–1.35

	
1.26

	
0.07

	
3.36–4.76

	
4.03

	
0.46




	
Shape index of the planar boundary pattern of the settlement

	
1.23–1.43

	
1.32

	
0.06

	
1.23–1.32

	
1.26

	
0.03

	
1.10–1.19

	
1.15

	
0.02




	
Settlement building density

	
0.17–0.26

	
0.20

	
0.03

	
0.10–0.15

	
0.13

	
0.01

	
0.10–0.13

	
0.11

	
0.01




	
Fractal dimension value of public space

	
1.29–1.35

	
1.32

	
0.02

	
1.23–1.25

	
1.24

	
0.01

	
1.23–1.27

	
1.24

	
0.01











 





Table 6. The composition of multidirectional expanding settlement and centripetal development of settlement.
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	Star-Shaped Settlements

(Ave. Index)
	Clustered Settlements

(Ave. Index)
	High-Density Spatial Settlements

(Ave. Index)
	Uniformly Distributed Settlements

(Ave. Index)
	Star-Shaped + Highly Dense Space
	Circular-Shaped + Highly Dense Space
	Star-Shaped + Uniform Distribution of Space
	Circular-Shaped + Uniform Distribution of Space





	Multidirectional expanding settlements
	11
	3
	7
	7
	5
	2
	6
	1



	Centripetal development of settlements
	2
	5
	0
	7
	0
	0
	2
	5










 





Table 7. Spatial morphological types and characteristics of settlements in the farming–pastoral zones in eastern Inner Mongolia.






Table 7. Spatial morphological types and characteristics of settlements in the farming–pastoral zones in eastern Inner Mongolia.





	Types
	Site Selection Characteristics
	Settlement Morphology
	Spatial Layout Pattern
	Representative Settlements





	Multidirectional Expanding Settlement
	The shape index, building density, and fractal dimension values of public space are all at their maximum values.
	The settlement has gradual and indistinct boundaries, with dispersed buildings and lacking a clear order.
	[image: Sustainability 15 15077 i001]
	8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21



	Settlement Patterns Extending at Both Ends
	The shape index, building density, and fractal dimension values of the public space are all the lowest.
	The settlements have relatively gentle boundaries, a low building density, a high level of organization, an loose arrangement of along the main roads, and a strong sense of order.
	[image: Sustainability 15 15077 i002]
	1, 2, 3, 4, 5, 6, 7



	Centripetal Development of Settlements
	Fractal dimension value of the public space is the smallest, while the shape index and building density have intermediate values.
	The settlements have winding boundaries, fragmented internal space, clusters of buildings with varied orientations.
	[image: Sustainability 15 15077 i003]
	22, 23, 24, 25, 26, 27, 28
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