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Abstract

:

Modern expansion and three-dimensional growth are rapidly altering the morphological features of traditional cities. This morphological phenomenon fully reflects the internal organization mode and composition rules of modern cities. This study draws on the research method of three-dimensional fractal, focusing on the situation where there is less research on the fractal form at the block scale, and conducts a fractal research on the three-dimensional form of a city at the meso and micro scales, in order to reveal the fractal characteristics of modern urban density. Based on fractal theory, the urban form of Shenyang, Northeast China, was quantitatively analyzed using the box-counting (Minkowski–Bouligand) method to calculate the two-dimensional (2D) and three-dimensional (3D) box dimensions of urban areas. Next, by analyzing the correlations between morphological indicators and 2D and 3D fractal dimensions, this study proposes cluster features of the correlation between the 3D fractal dimension and floor-area ratio. Then, this study summarizes the fractal characteristics of Shenyang’s urban form, based on the cluster analysis and spatial features of various urban areas within the city. The analysis results show the fractal dimension of Shenyang’s urban form to have characteristic expected values; fractal dimension clusters reflect spatial differences in the forms of different urban areas. The 3D D value of architectural morphology fractal in urban areas of Shenyang is between 2.41 and 2.70. From this, the representative characteristics of Shenyang’s urban form were obtained: first, it has the fractal characteristics of morphological hierarchy and system embeddedness; second, under unified and standardized management, its basic urban form structure displays the fractal characteristics of morphological similarity and system hierarchy; and third, its 3D urban form characteristics include the spatial accumulation of clusters and morphological patches, creating a patchwork of different building heights and densities, with the spatial clustering of density form highly correlated with the fractal dimension. The results of this research will provide reference samples for the morphological identification, design control, and design review of modern cities, and enrich the research results of the application of fractal theory to urban morphology at the meso and micro scales.
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1. Introduction


Fractals are used to describe the complexity of patterns, both in terms of the basic order of naturally occurring patterns and artificial phenomena [1]. French American mathematician Mandelbrot coined the term “fractal” in 1975 [2]. Mandelbrot first introduced his fractal theory in 1967, when he calculated the fractal dimension of the coastline of Great Britain [2]. Fractal theory enables the exploration of dynamic and complex systems, such as cities, which generally have intricate morphology and systems, especially in terms of geometric complexity and urban form [3], by modelling their growth processes.



Following Batty’s application of fractal theory to urban studies [4,5,6], the term “fractal city” has become standard. His book Fractal Cities introduced fractal models (the diffusion-limited aggregation and dielectric breakdown models) to simulate the growth of urban forms [7]. It was a seminal work on the application of fractal geometry to urban studies, and paved the way for further research. Subsequently, fractal theory was applied widely in studies on macro-scale two-dimensional (2D) forms, such as urban borders, land use form, urban form and growth, urban spatialization, city scale and distribution, and urban systems [8,9,10]. Influential studies of this nature began appearing in the 1990s. Many scholars have used fractal models to quantitatively analyze actual urban spaces in studies on micro-/meso-scale urban forms, and have explored planning and design strategies, as well as guiding principles, based on fractal theory.



Research on 2D forms of fractal cities, both from China and the rest of the world, can be divided into macro- and micro-/meso-scale studies. There are several examples of macro-scale studies. Frankhauser applied the fractal method to measure the fractal dimension of built-up surfaces on the periphery of Brussels [11]. Czamanski et al. used the fractal dimension of the entire metropolitan area of Tel Aviv, estimated as a function of time, to study the city’s dynamic evolution [12]. Barredo used the radial fractal dimension to study the speed and direction of Dublin’s urbanization. Fan et al. (2012) used a fractal index to study the process of urban expansion in Guangzhou from 1979 to 2003 [13]. Macro-scale fractal research has also been conducted on central place and urban systems, to describe the spatial forms and processes of cities [14], such as using the fractal dimension to describe the distribution of built-up surfaces, as well as the density or sparsity of urban spatial patterns and systems [15]. Many researchers have conducted fractal research on urban land use, structural similarity of overall urban form, spatio-temporal evolution, and expansion mode, among others [5,16]. Some scholars have conducted correlational research on the link between the urban form and socio-economic variables, such as social equity, quality of life, access to facilities, jobs, and green space [17,18].



Micro-/meso-scale studies have been conducted on the fractal geometry of urban architecture [19,20], and have explored the urban fractal form at various scales, such as neighborhoods and street edges [21,22]. As a community or block can be used as a practical geographical unit to study the compactness of a whole city [23,24], many studies have analyzed aspects such as the physical environment of buildings, natural terrain, and walking systems at the neighborhood scale. The neighborhood form is commonly used to study the urban organization model of small areas in metropolises. For example, Southworth and Owens [25] analyzed street layouts, growth patterns, land use, and the size and shape of plots and houses in eight suburban communities in the San Francisco Bay Area [25,26].



Cities have been characterized as organized and complex systems with hierarchical morphological structures; fractal structures exist in urban 3D morphology. In recent years, Chinese scholars have conducted pioneering research on 3D fractals of cities, including preliminary explorations of urban 3D spatial morphology, spatial expansion characteristics, and landscape patterns [7,26,27,28,29,30,31]; however, this work primarily focused on macro-scale mathematical relationships, and lacked real understanding and guidance regarding actual urban spatial forms. Studies on the 3D morphology of cities have tended to use the 3D box-counting method to measure the fractal dimension of a 3D urban space, or to compare and analyze 2D and 3D fractal characteristics of urban spaces [31].



Modern cities have highly complex, spatially dissimilar, clearly hierarchical 3D features, which can be identified as density forms created by various cluster and matrix morphologies [32,33,34,35,36,37]. Batty and Kim (1992), Longley and Mesev [38], and Molinero and Thurner (2019) have suggested that the third dimension (i.e., the building height) should be considered in fractal research.



Based on this morphological understanding, this study holds that the density morphological relationship reflects the internal organization method and composition rules of the 3D form, and shapes the overall order of modern cities. While the 2D fractal form of a city describes the distribution of urban land, the 3D box dimension describes vertical urban morphological principles [28]. Nevertheless, there are no perfect fractal laws that are applicable to the highly complex urban form, and it therefore only has fractal properties at certain scales. Neighborhood-scale city studies have been shown to be relatively accurate. For example, Wheeler (2003) used street patterns, the size and shape of plots, design features of buildings and sites, and land use combinations to describe communities developed during various historical periods [39]. Song and Knapp developed indicators for dimensions such as street design [40], density, land use mix, commercial activities, and modes of transportation, to quantify the community morphologies of the Portland metropolitan area [26,41,42]. Therefore, in the study of urban form, the spatial scale that can be perceived by the human body, that is, community-neighborhood scale, is usually chosen as the research scope.



Based on the review of fractal theory and its research directions, and explorations of urban form, this study holds that sparse and dense morphological relationships reflect the internal organization method and composition rules of 3D morphology, and shape the overall order of modern cities. However, there are few studies on the fractal characteristics of 3D urban forms at the block scale, the existing studies focus only on the mathematical fractal range. Moreover, there has been limited investigation of concrete urban design in combination with the specific physical environment. Therefore, considering the advantages of urban form research at the community-neighborhood scale, this study advances the fractal quantitative research of urban form from the novel perspective of 3D meso-micro scale [26,43], and explains the fractal characteristics of modern urban density morphology by calculating the 3D box dimension. This will provide a reference sample for the identification of modern urban form, and enrich research on urban form at the meso-micro scale through application of the fractal theory. This study further analyzes the clustering characteristics of urban agglomeration degree form, which can also have a positive impact on the hierarchical control measures of urban form [44].



In summary, this study takes the urban form of Shenyang as its research object (Figure 1), selects a multi-sample area space for box-counting dimension analysis of urban 3D fractals, and attempts to clarify the hierarchical order of urban 3D form, as well as the basic law of fractal form. In this study, the side length of a box of a certain size is determined according to the conventional scale (300 m) of the morphological units formed by the urban road system [45], and it is then combined with the growth law of urban building height to further determine the power law relationship of the 3D box, thereby calculating the urban 3D fractal dimension value. Next, the clustering characteristics of density morphological indicators in different areas are statistically analyzed through differences in fractal dimension value. Finally, combined with the quantitative analysis of the typical specific morphological characteristics of “one river and two banks” in Shenyang, this study proposes a basic understanding of the hierarchical order and fractal characteristics of the urban density form of Shenyang. The findings will provide important theoretical support and control parameter references for the design review and concrete form control of modern urban designs.




2. Data Sources, Research Method, and Object of Research


2.1. Data Sources


The data used in this study are based on the data of building outlines and urban land use of built-up areas in Shenyang in 2018, obtained from Shuijingzhu Downloader. Considering the historical development and structural characteristics of Shenyang’s urban areas, and in combination with the city’s separation status by natural and anthropogenic boundaries, 24 relatively complete blocks of 1.2 km × 1.2 km were selected. These sample areas can adequately reflect the spatial characteristics of 3D fractals in different historical development stages of Shenyang, e.g., areas with multi-storey buildings, mixed areas with both multi-storey and high-rise buildings, or areas with high-rise buildings. The types of buildings in the sample areas were mainly residential and business offices. In the selection of samples, attempts were made to exclude large parks, rivers and lakes, and other non-urban development and construction areas as far as possible, so that the data results can accurately reflect the block morphological characteristics of modern cities. In addition, the research team conducted on-site supplementary investigations to verify and correct acquired data related to building outline, floor numbers, and height, to verify the morphological data and information for buildings, land use, roads, etc.




2.2. Research Method


The current study used the 3D box-counting method to study the 2D and 3D fractal characteristics of modern urban matrix morphology. The box-counting dimension, proposed by Gangepain in 1986 [45], is one of the most widely used dimensions. The primary reason for its widespread application is that its mathematical calculations and empirical estimations are relatively straightforward [13]. The box-counting and radial analysis methods are commonly used for calculating the fractal dimension of an urban form [46,47].



In 2D box-counting, a two-dimensional fractal pattern is covered with a square grid of side length to obtain the number of non-empty squares or boxes. The side length is gradually increased and a series of values is obtained. Two-dimensional box-counting is expressed by the following equation:


  N  ( r )  ∝  r  − D   ,  



(1)






  ln Nr = − D ln r + C ,  



(2)




where is the box-counting dimension of the object of research.



In the 3D box-counting method, a regular cube grid is used to cover the space or building. First, on the two-dimensional plane   XOY  , grid squares with different side lengths are used to cover the urban building space, and the non-empty grid squares are counted. Then, the building elevation and height are determined by the number of non-empty grid squares on the plane   XOY   that have occupied cubes on the Z-axis. The sum of the cubes on non-empty grid squares is denoted as  N .



The number of non-empty grid squares on plane XOY corresponding to occupied cubes on the Z-axis can be calculated using the following equation:


   N  i , j   = INT  [  max  (   h j   )  ] /  r i   ]  − INT  [  min  (   h j   )  /  r i   ]  + 1 ,  



(3)




where    N  i , j     is the number of cubes occupied by the urban building on the Z-axis corresponding to the j-th non-empty grid square when covered by a grid of squares with side length    r i   ;    r i    denotes the side length of the grid squares;   max  (   h j   )    and   min  (   h j   )    are the maximum and minimum heights of urban buildings, respectively, corresponding to the  j -th non-empty grid square; and   INT   is the rounding down operation. The total number of cubes with side length    r i    required to cover the urban building,    N i   , is [5,48]:


   N i  =   ∑  j   N  i , j   ,  



(4)




The 3D box-counting dimension of the urban building is:


   D f ‘  = −   lim    r i  → 0    (  ln  N i  / ln  r i   )  ,  



(5)




where    D f ‘    is the 3D box-counting dimension of the object of research [6,14,31].




2.3. Object of Research


In this study, considering the natural boundaries, urban road separation, form integrity of the areas, etc., the study area was divided into 24 area units of 1.2 km × 1.2 km (labelled A–X) as sub-study areas for performing dimension calculations and analogy research, respectively (Table 1, Figure 2, Figure 3 and Figure 4).



The 24 sample areas selected in this study fully reflect the representative characteristics of the 3D fractal dimension values of city blocks in modern Shenyang. Furthermore, in order to further develop the concrete perception of the 3D fractal value of block form for the construction land index, this study further selected the space on both sides of Hunhe River in Shenyang (one river and two banks) as the research area of the visual form index. This area includes sample areas A, B, C, D, L, and O. By analyzing the clustering relationship between the main land use indicators and the spatial aggregation characteristics, this study explored the general law of modern urban form and guides the planning and design control. It should be pointed out that the study area on both sides of the Hunhe River includes the different morphological characteristics of the renewal and development of the old city (to the north of the river) and the construction of the new city (to the south of the river; Figure 2), and can provide fully representative comparison results of the dynamic evolution of modern urban form in Shenyang (Figure 3 and Figure 4).



In this study, the range selection of 3D box scale was based on the judgment of human experience, and the selected areas were based on the grid scale of urban trunk roads and neighborhoods. First, the side length of the 2D boxes of the 3D morphological patches were determined, along with the box height power law relationship according to the change in the urban building height. In the analysis, the average height was calculated from the building height data at different grid sizes. Selecting the average value more accurately reflected the actual space occupied by buildings of different heights, and it minimized the statistical error arising from a sudden change in building height (Table 2).





3. Fractal Dimension Results and Analysis


3.1. Fractal Dimension Results


The fractal dimension results for the 24 sub-research areas are presented below (Table 3 and Table 4).



The statistical analyses in Table 3 and Table 4 show that the coefficient of determination R2 of the 2D and 3D D values are all above 0.994. Table 5 contains the results of the 2D and 3D D values, floor-area ratio, building density, standard deviation of building floors, and the average number of floors for the sub-research areas.




3.2. Analysis of Fractal Results


First, the study found the 2D D values to correspond to the area of land use. The simulation Batty et al. [14] suggested D = 1.71 to be the expected value of the 2D urban fractal dimension. The 24 sub-research areas selected for this study were all blocks filled with buildings, so their 2D D values were relatively high, in the range of 1.78–1.97. Second, the 3D fractal dimension values reflect vertical morphological laws. Relevant studies regarding the 3D growth of modern cities have shown that a high D value is positively correlated with an unpleasant or merely satisfactory environment, and negatively correlated with an environment regarded as pleasant. The 3D D values of the sub-research areas in this study ranged between 2.41 and 2.70.



Upon comparing the results with those of relevant studies, it was noted that Chen and Liu, in their study on the fractal dimensions of various types of urban land use, found that the buildings for each land use type were lower than the overall fractal dimension of buildings, but the difference was only minor [49]. An analysis by Li and Zhang found that the fractal dimensions for the city of Zhengzhou in Henan Province were too high overall [31], with 2D fractal dimensions in the range of 1.9–2.0 and 3D fractal dimensions in the range of 2.9–3.0. The box dimensions obtained in Li and Zhang’s study were generally quite high. A study by Qin et al. found fractal dimensions of entire 3D scale-free areas, and of buildings with various functions, to be between 2.0 and 2.5 [23]; hence, they questioned whether there would be predetermined values for 3D fractal dimensions. The 3D D value results of 2.41–2.70 in this study reflect the relative appropriateness of the fractal relationship of the architectural form of Shenyang.



This study also analyzed the correlation between the 3D D values and the urban form measurement indicators of floor-area ratio, building density, standard deviation of building floors, and average number of floors for the sub-research areas. An analysis of the bivariate Pearson Correlation, using IBM SPSS Statistics, showed that the 2D D value is significantly correlated with building density and the standard deviation of building floors at the 0.01 level (two-tailed), and the 3D D value is significantly correlated with floor-area ratio and average number of floors at the 0.01 level (two-tailed). The results indicate that building density is the main correlation indicator of the 2D D value, and the standard deviation of building floors reflects the degree of change in building height. It also reflects changes in the density of buildings of different heights. The 3D D value reflects the degree of occupation of a city’s 3D space, which is perceived as a change in the density of the 3D vertical form of a city.



In this study, the changes in differences in 3D D value of form of each sub-study area were concretized, and the clustering morphological characteristics, based on the classification of floor area ratio, were proposed. As shown in Figure 5, by referring to the “Spacemate” method proposed by Metaberg Berghaus Pont of Delft University of Technology in the Netherlands, four indicators, namely the floor area ratio (FSI), building coverage rate (ground space index (GSI)), open space ratio (OSR), and average number of floors (L), were combined to establish a graph to evaluate the correlation between 3D D value and urban form. The difference in 3D D value in the vertical axis (FSI) was the most significant, with cluster intervals of 1.5–2.4, 2.4–4.5, and 4.5–6.5, respectively; the cluster intervals of the 3D D value were 2.47–2.53, 2.53–2.60, and 2.60–2.70, respectively. This study holds that the 3D fractal values of the 24 selected sub-study areas were significantly different, and it can be seen that the macro-measurement of the 3D D value of the overall urban form adopted by relevant literature cannot reflect the significant differences in micro-spatial form at the level of urban areas. The results showed that the low-density urban forms in Shenyang were mostly reflected in the range of 1.5–2.4, the high-density urban forms in Shenyang were between 2.4 and 4.5, and the cluster forms with urban agglomeration had a higher FSI of 4.5–6.5. It can be considered that the different density distribution states of modern cities can present different 3D fractal expectation values, and this range change can be understood as hierarchical differences in form among urban areas.





4. Description of Morphological Characteristics of Shenyang City Based on 3D Fractals


4.1. Form Hierarchy and System Embeddedness


The fractal characteristics of Shenyang’s urban form reflect the hierarchy of its overall morphology and self-similar morphological order, i.e., its hierarchical structure and self-similar recursion. The main layout logic of urban planning is to match centralized service efficiency with decentralized service demand, with urban public facilities usually configured hierarchically according to the size and scope of the population served, and with different systems of facilities coordinated to form a city’s spatial system. As a result, the spatial characteristics of an urban form inevitably reflect this morphological logic. In other words, the urban form is the result of the hierarchy’s embeddedness and repeated superposition of self-similar forms, as well as the spatial relationship of its layout organization. In summary, Shenyang’s urban form has the fractal characteristics of form hierarchy and system embeddedness, and the form hierarchy has clustering characteristics at different floor-area ratio intervals (see Figure 6).




4.2. Morphological and System Similarities


The self-similarity of the fractal structures means that the morphological structure follows a regular pattern. The modern urban form follows similar morphological patterns; for example, the layout of various urban land-use types, combinations of different functions, and organizational relationships of systems all have self-similarity, thereby generating diverse (but similar) urban forms. In a specific cluster interval, it is difficult to identify differences in the form of urban areas with similar box-counting dimensions simply from their density relationships. This indicates that standardized modern urban construction produces similar block forms which are difficult to distinguish. Thus, morphological and system similarities are common features of the modern urban form, and standardized construction methods make it difficult to develop modern cities with unique, readily distinguishable characteristics.




4.3. General Rules and Density Distribution of Shenyang’s Matrix Morphology


The 3D fractal dimension of a city reflects the 3D boxes occupying vertical height and corresponds to a patchwork of varying building heights in an actual urban form. The matrix morphology of a modern city is gradually shaped and controlled by unified norms and general rules, and different box dimension values reflect the morphological results of development in different urban areas. In addition, under different density relationships, higher D values are associated with unsatisfactory environments, and urban areas with high D values are more likely to contain unsuitable spaces (see Figure 7). Therefore, during urban planning, especially in areas controlled by general rules, land-use control at the micro-scale should be considered to create appropriate densities in urban areas.





5. Conclusions and Discussion


5.1. Conclusions


This study calculated the 3D fractal dimensions of 24 urban areas in Shenyang, Northeast China. The following results showed the following:




	(1)

	
The 3D D values of the 24 sub-study areas varied from 2.41 to 2.70, and the 2D D values varied from 1.78 to 1.97. D value results between 2.41 and 2.70 can reflect the relative suitability of the fractal relationships between urban building forms in Shenyang;




	(2)

	
Shenyang’s urban form has the fractal characteristics of morphological hierarchy and system embeddedness, and the correlation between the fractal dimension and floor-area ratio can be divided into three cluster intervals: 2.47–2.53, 2.53–2.60, and 2.60–2.70;




	(3)

	
Through the analysis of the 3D fractal dimension value and its clustering characteristics, it can be seen that, under the construction rules of modern Chinese cities, the urban form will inevitably acquire the density morphological characteristics of 3D growth, similar forms, and density distribution. That is, the modern urban form is characterized by the spatial accumulation of clusters and patches of various forms, generally shaping the dense morphological characteristics of scattered height and density distribution. The density distribution of different areas produces different 3D fractal dimension results;




	(4)

	
The research of this study shows that a new perspective of modern urban morphology research can be established through the study of 3D fractal at the meso-microscopic scale. At the theoretical level, the morphological phenomenon of fractal city can be identified and described, and its planning principles can be explained through its construction rules. In terms of design control, the appropriate index features of the three-dimensional fractal box can be used as a reference for design review.










5.2. Discussion


	(1)

	
Different results for 3D fractal dimension values reflect the overall occupancy degree of the density relationship of morphology patches of urban areas in 3D space, and the spatial distribution of density patterns is highly correlated with the 3D growth degree and fractal dimension values. Therefore, in the form control of urban design, it is necessary to actively control the density relationship of urban matrix forms, and the index control of regulatory detailed planning can directly affect the form results of modern cities;




	(2)

	
Natural or anthropogenic factors, such as rivers, green spaces, and railways, are important determinants of spatial agglomeration. However, in this study, the linear elements of cities, such as rivers and railways, are regarded as separation boundaries between areas, rather than the main spatial elements of block forms. This study investigated some morphological areas under centralized construction to reflect the influences of development and construction indexes on the 3D fractal characteristics of modern cities;




	(3)

	
The description of the basic characteristics of modern urban forms can be analyzed based on the measurement results of morphological fractal dimension values of urban 3D areas in Shenyang. Range differences between the current results and that of previous studies are mainly reflected in the setting of measurement parameters and the precision of research objects. By comparing current and previous results, this study concluded that the density form of a modern city can be characterized as either dense or gradual. The dense form has a high degree of order and dense space, associated with feelings of restlessness, excitement, oppression, and vigor. This form also leads to deterioration in urban environment quality, insufficient facilities and services, and aesthetic fatigue. The gradual form has obvious balance and order, and an appropriate spatial scale. It is associated with peace, quiet, comfort, and pleasant aesthetic experiences. Thus, the form relationships of spatial details are highly correlated with people’s perceptual experiences;




	(4)

	
Modern urban form has the characteristics of strip and block division in terms of land use, significant spatial differentiation, and random differences in density, among others. These factors contribute to the regional distribution of similar density form relationships. This study holds that this description reveals the typical characteristics of the modern urban form, which is also the main reason for the similarity between modern urban spaces. Therefore, targeted research on the spatial order of density forms should be conducted. For example, the typological characteristics of density forms in different areas can be studied further to inform the planning and design guidelines for specific spatial units. At the same time, the control of urban form should be scientifically guided, not only from the perspective of spatial perception, but also from the perspective of digital rationality, based on the scale of cities and their morphological relationships.
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Figure 1. Shenyang city satellite map. Source: Google Maps. 
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Figure 2. Schematic diagram of the location of 24 research samples in the city. Prepared by the authors. 
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Figure 3. Visual accumulation of urban three-dimensional form from sample area L to sample area F. Source: Visual China Group. 
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Figure 4. Local three-dimensional urban form in sample area A. Prepared by the authors. 
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Figure 5. Clustering of 3D D values of sub-research areas. Prepared by the authors. 
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Figure 6. Sketch map of the density morphological characteristics in the study areas along the banks of Shenyang River. Source: Visual China Group. 
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Figure 7. Aggregation degree analysis of fractal morphology on density morphological characteristics of the study area. Source: Authors. 
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Table 1. Three-dimensional forms of the sub-research areas.
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	A
	B
	C
	D
	E
	F



	 [image: Buildings 12 00299 i001]
	 [image: Buildings 12 00299 i002]
	 [image: Buildings 12 00299 i003]
	 [image: Buildings 12 00299 i004]
	 [image: Buildings 12 00299 i005]
	 [image: Buildings 12 00299 i006]



	G
	H
	I
	J
	K
	L



	 [image: Buildings 12 00299 i007]
	 [image: Buildings 12 00299 i008]
	 [image: Buildings 12 00299 i009]
	 [image: Buildings 12 00299 i010]
	 [image: Buildings 12 00299 i011]
	 [image: Buildings 12 00299 i012]



	M
	N
	O
	P
	Q
	R



	 [image: Buildings 12 00299 i013]
	 [image: Buildings 12 00299 i014]
	 [image: Buildings 12 00299 i015]
	 [image: Buildings 12 00299 i016]
	 [image: Buildings 12 00299 i017]
	 [image: Buildings 12 00299 i018]



	S
	T
	U
	V
	W
	X



	 [image: Buildings 12 00299 i019]
	 [image: Buildings 12 00299 i020]
	 [image: Buildings 12 00299 i021]
	 [image: Buildings 12 00299 i022]
	 [image: Buildings 12 00299 i023]
	 [image: Buildings 12 00299 i024]










[image: Table] 





Table 2. Power law relationship between grid size r and 3D box height.
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	Grid Size r (m)
	1200
	600
	300
	150
	75
	37.5
	18.75





	Box height
	300/21
	300/22
	300/23
	300/24
	300/25
	300/26
	300/27



	
	150
	75
	37.5
	18.75
	9.375
	4.688
	2.344
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Table 3. Summary of results for various sizes of 2D boxes for the sub-research areas.
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Grid Size r (m)

	
1200

	
600

	
300

	
150

	
75

	
37.5

	
18.75






	
A

	
Non-empty boxes N

	
1

	
4

	
16

	
63

	
237

	
776

	
2191




	
B

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
228

	
620

	
1851




	
C

	
Non-empty boxes N

	
1

	
4

	
16

	
58

	
201

	
676

	
1736




	
D

	
Non-empty boxes N

	
1

	
4

	
16

	
63

	
206

	
676

	
1620




	
E

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
239

	
848

	
2738




	
F

	
Non-empty boxes N

	
1

	
4

	
16

	
60

	
214

	
707

	
2118




	
G

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
250

	
972

	
3397




	
H

	
Non-empty boxes N

	
1

	
4

	
16

	
63

	
247

	
883

	
2890




	
I

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
256

	
971

	
3050




	
J

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
256

	
991

	
3470




	
K

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
249

	
957

	
3391




	
L

	
Non-empty boxes N

	
1

	
4

	
16

	
62

	
212

	
610

	
1600




	
M

	
Non-empty boxes N

	
1

	
4

	
15

	
56

	
188

	
562

	
1597




	
N

	
Non-empty boxes N

	
1

	
4

	
16

	
63

	
233

	
795

	
2346




	
O

	
Non-empty boxes N

	
1

	
4

	
16

	
59

	
203

	
666

	
1913




	
P

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
241

	
753

	
2027




	
Q

	
Non-empty boxes N

	
1

	
4

	
16

	
63

	
240

	
787

	
2199




	
R

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
252

	
944

	
2900




	
S

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
255

	
928

	
2982




	
T

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
256

	
996

	
3465




	
U

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
253

	
937

	
2855




	
V

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
240

	
846

	
2754




	
W

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
254

	
938

	
2824




	
X

	
Non-empty boxes N

	
1

	
4

	
16

	
64

	
252

	
945

	
2804
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Table 4. Summary of results for various sizes of 3D boxes for the sub-research areas.
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Grid Size r (m)

	
1200

	
600

	
300

	
150

	
75

	
37.5

	
18.75




	
Box Height (m)

	
300/21

	
300/22

	
300/23

	
300/24

	
300/25

	
300/26

	
300/27






	
A

	
Non-empty boxes N

	
1

	
4

	
23

	
162

	
1067

	
6481

	
33,048




	
B

	
Non-empty boxes N

	
1

	
4

	
16

	
113

	
1232

	
6822

	
30,851




	
C

	
Non-empty boxes N

	
1

	
4

	
17

	
76

	
736

	
4761

	
22,290




	
D

	
Non-empty boxes N

	
1

	
4

	
21

	
97

	
971

	
5252

	
25,113




	
E

	
Non-empty boxes N

	
1

	
4

	
21

	
69

	
566

	
3534

	
21,852




	
F

	
Non-empty boxes N

	
1

	
4

	
22

	
109

	
1157

	
6960

	
37,731




	
G

	
Non-empty boxes N

	
1

	
4

	
18

	
134

	
918

	
6872

	
21,060




	
H

	
Non-empty boxes N

	
1

	
4

	
23

	
162

	
1163

	
7968

	
51,312




	
I

	
Non-empty boxes N

	
1

	
4

	
18

	
127

	
902

	
6232

	
38,073




	
J

	
Non-empty boxes N

	
1

	
4

	
17

	
138

	
981

	
7222

	
49,455




	
K

	
Non-empty boxes N

	
1

	
4

	
16

	
118

	
774

	
5635

	
39,316




	
L

	
Non-empty boxes N

	
1

	
4

	
48

	
322

	
2027

	
11,325

	
54,575




	
M

	
Non-empty boxes N

	
1

	
5

	
15

	
187

	
1151

	
6363

	
31,342




	
N

	
Non-empty boxes N

	
1

	
4

	
16

	
92

	
645

	
4122

	
22,943




	
O

	
Non-empty boxes N

	
1

	
4

	
23

	
153

	
889

	
5278

	
26,794




	
P

	
Non-empty boxes N

	
1

	
4

	
22

	
133

	
977

	
5810

	
28,272




	
Q

	
Non-empty boxes N

	
1

	
4

	
24

	
165

	
1137

	
7284

	
36,176




	
R

	
Non-empty boxes N

	
1

	
4

	
16

	
122

	
800

	
5686

	
33,261




	
S

	
Non-empty boxes N

	
1

	
4

	
16

	
115

	
770

	
5283

	
32,322




	
T

	
Non-empty boxes N

	
1

	
4

	
17

	
136

	
961

	
7121

	
47,104




	
U

	
Non-empty boxes N

	
1

	
4

	
22

	
141

	
1014

	
6971

	
40,573




	
V

	
Non-empty boxes N

	
1

	
4

	
21

	
160

	
1064

	
6995

	
41,339




	
W

	
Non-empty boxes N

	
1

	
4

	
22

	
162

	
1154

	
8223

	
45,713




	
X

	
Non-empty boxes N

	
1

	
4

	
18

	
135

	
969

	
6918

	
36,849
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Table 5. Statistics of 2D and 3D fractal dimensions of neighborhoods.
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	Indicators
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L





	Two-dimensional D values
	1.87
	1.83
	1.81
	1.80
	1.91
	1.85
	1.96
	1.93
	1.95
	1.97
	1.96
	1.79



	Three-dimensional D values
	2.57
	2.55
	2.47
	2.50
	2.41
	2.60
	2.51
	2.66
	2.59
	2.65
	2.58
	2.70



	Floor area ratio
	2.74
	2.47
	1.60
	1.84
	2.13
	4.24
	4.04
	6.48
	3.28
	4.67
	5.52
	4.78



	Building density
	0.27
	0.24
	0.16
	0.17
	0.36
	0.32
	0.39
	0.49
	0.37
	0.42
	0.58
	0.22



	Standard deviation of floors
	11.50
	12.60
	8.69
	10.06
	4.86
	15.80
	6.59
	12.73
	7.55
	4.71
	4.70
	26.49



	Average floors
	10.15
	10.14
	9.91
	10.55
	5.87
	13.21
	10.33
	13.25
	8.82
	10.99
	9.49
	22.24



	Indicators
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X



	Two-dimensional D values
	1.78
	1.88
	1.83
	1.86
	1.87
	1.94
	1.94
	1.97
	1.93
	1.92
	1.93
	1.93



	Three-dimensional D values
	2.56
	2.46
	2.50
	2.53
	2.59
	2.56
	2.55
	2.59
	2.58
	2.58
	2.60
	2.58



	Floor area ratio
	2.49
	2.28
	2.02
	1.96
	2.80
	2.91
	3.11
	4.01
	3.16
	4.36
	3.88
	3.14



	Building density
	0.19
	0.34
	0.20
	0.22
	0.25
	0.35
	0.37
	0.40
	0.30
	0.38
	0.36
	0.29



	Standard deviation of floors
	14.87
	7.49
	10.68
	11.23
	11.02
	4.46
	4.34
	6.96
	10.23
	11
	14.34
	6.57



	Average floors
	13.33
	6.73
	9.99
	9.02
	11.12
	8.27
	8.39
	10.09
	10.53
	11.54
	10.86
	10.67
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