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Abstract: This paper applies fractal theory to research of green space in megacity parks due to the
lack of a sufficient qualitative description of the scale structure of park green space, a quantifiable
evaluation system, and operable planning methods in traditional studies. Taking Beijing, Shanghai,
Guangzhou, and Shenzhen as examples, GIS spatial analysis technology and the Zipf model are used
to calculate the fractal dimension (q), the goodness of fit (R?), and the degree of difference (C) to
deeply interpret the connotation of indicators and conduct a comparative analysis between cities
to reveal fractal characteristics and laws. The research results show that (1) the fractal dimension is
related to the complexity of the park green space system; (2) the fractal dimension characterizes the
hierarchical iteration of the park green space to a certain extent and reflects the internal order of the
scale distribution; (3) the scale distribution of green space in megacity parks deviates from the ideal
pyramid configuration; and (4) there are various factors affecting the scale structure of park green
space, such as natural base conditions, urban spatial structure, and the continuation of historical
genes working together. On this basis, a series of targeted optimization strategies are proposed.

Keywords: urban park green space; scale hierarchical structure; fractal theory; Zipf model;
optimization discussion

1. Introduction

Improving the urban environment and quality of life have become important issues of
public concern. Park green space, as a material carrier for public activities such as recreation,
leisure, and sports [1,2], maintains urban health and safety, beautifies the environment,
and improves residents” quality of life; it is important ecological infrastructure for the
construction of urban settlements [3] and a precious resource for people to experience
nature up close [4]. In addition, park green space is closely related to personal and social
health. It not only relieves people’s mental stress, eliminates fatigue, and lowers adult blood
pressure and body mass index [5,6] but also plays a positive role in promoting human-
to-human interaction and enhancing social welfare benefits [7,8]. Therefore, determining
how to scientifically configure the green areas of urban parks to maximize the benefits
has become a hot research field pursued by related disciplines such as urban and rural
planning and landscape architecture.

Existing research mainly focuses on three aspects: benefit evaluation, structure and
layout, and theory and the practice of urban park green space planning. In terms of benefit
evaluation, the differences in national conditions would affect the quantitative criteria for
green space evaluation. Compared with Western developed countries with earlier studies
of urban green space and higher index requirements, China has basically guided urban
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green space construction through the three quantitative indicators of “public green space

Zan

area per capita”, “green space rate”, and “green space coverage rate” and has gradually
expanded to “green space rate per capita”, “park green area”, “park green area per capita”,
and other evaluation indicators that can reflect the urban green space environment level. In
addition to the evaluation and discussion of ecological benefits, research on the economic
benefits [9,10], social benefits [11], and comprehensive benefits [12] of park green spaces
is increasing. It is believed that parks have become an important place that affect the
value of surrounding land, improve the quality of human settlements, and affect the
happiness of citizens [13]. The role of the park extends from carrying green vegetation and
providing viewing space to all aspects that affect the urban spatial pattern and quality of
life. To measure the fairness of urban park green space in terms of the spatial matching
between service supply and user group needs, the fairness index is introduced into the
discussion framework, characterizing the rationality of the green space layout [14,15]. In
addition, related studies have focused on establishing a comprehensive evaluation system
of green space resources from a holistic perspective to promote the highly integrated
trinity of ecology—society—economy [16]. In terms of structure and layout, existing studies
mainly analyze the distribution of green spaces at different scales based on the landscape
ecology background [17,18]. At the macro level, a series of indicators, such as landscape
connectivity, corridor density, landscape fragmentation, diversity index, and heterogeneity,
are introduced to explain the characteristics of green space layouts and provide a reference
for the comprehensive evaluation of regional green space patterns. At the microlevel,
the quality of urban green space structure is determined based on the composition of
green plants and the configuration of the vegetation structure. In addition, many scholars
have studied the evolution and optimization of green space patterns and adjusted urban
green space through model building and quantitative index analysis [19] and the role
they play in solving urban problems, such as alleviating urban heat island effects [20].
In terms of the theory and practice of planning, Western countries, represented by Hyde
Park, New York’s Central Park, and other planning schemes, set off a city park movement
to improve the environment. Then it experienced the period of reshaping the city, the
period of great development after the war, the period of ecological planning, and the
period of diversified modernization. Green space planning further developed from the
characteristics of random layout to the systematic construction of paying attention to
ecology and recreation, and finally tended to the practical exploration stage of structural
networking and functional rationalization. In comparison, China has experienced four
stages of urban park green space planning practice by drawing on Western theory and
domestic experience. The process is slower, but the overall development is headed toward
fairness and specialization.

Based on a review of the related literature, the research on park green space has
extended from simple landscape architecture and urban-rural planning to cross fields
such as geography and ecology, and the results are gradually enriched. However, the
evaluation of park green space from the perspective of different disciplines has different
preferences and different focuses, which leads to the difficulty of horizontal comparative
research. In addition, the related exploration of park green space structure is carried out
from the perspective of landscape ecology, most of which aims to identify and diagnose
the landscape pattern within a single area. Furthermore, the comparative research between
areas is insufficient, and there is a lack of structural evaluation and optimization measures
based on quantitative indicators, which makes it difficult to effectively reveal potential
features and patterns. Scientific studies show that when the green space coverage rate is
less than 40%, the overall benefits of green space depend on the internal structure and
spatial layout [21]; the contradiction between land usage and the ecological environment
in megacities is particularly prominent. Green space elements are passively distributed in
an economically oriented manner, making it increasingly difficult to meet the demands of
high-quality residential environment construction.
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In summary, on the one hand, traditional research has an insufficient qualitative
description of the scale and hierarchy of parks and green spaces and lacks a set of quan-
tifiable evaluation systems and operational planning methods. Hence, there is still room
for research on the mathematical order and laws of the park system. On the other hand,
it is particularly necessary to further explore the parks and green spaces of megacities.
Creating a good urban environment through the allocation of green space and correspond-
ing structural adjustments within a limited urban area has become an important issue for
maintaining the balance of the urban ecosystem and maximizing resource benefits. This
paper introduces the fractal theory research method, taking Beijing, Shanghai, Guangzhou,
and Shenzhen as the research objects; uses GIS spatial analysis technology and the Zipf
model to measure the fractal dimension value of the urban park green space scale; and
deeply interprets the reflection of quantitative calculation indicators. As the basis for
judging the pros and cons of the scale structure of urban parks and green spaces, it is
expected to provide a reference value for promoting the sustainable optimization of park
green space structure.

2. Materials and Methods

Why introduce the fractal theory? Its birth can be traced back to the famous paper
“How Long is the Coast of Britain? Statistical Self-Similarity and Fractal Dimension”,
published by Science in 1967. Its author, BB Mandelbrot, published the groundbreaking
book Fractals: Morphological Opportunities and Dimension in 1975, marking the birth of
fractal geometry as different from European geometry [22]. It has now developed into
one of the three pillar theories of nonlinear science in contemporary complex systems.
Only after nearly half a century has it become widely used in the fields of economics,
sociology, chemistry, and management science [23-26], providing a new perspective for
solving complex problems in many disciplines. The paper “Cities as Fractals: Simulating
Growth and Form” in 1991 marks the expanded application of this theory in the field of
urban research. Related foreign research focuses on the structure, form, transportation,
and mechanism of a single city, while domestic research focuses on the urban system and
overall form structure at the regional level, the spatial elements at the urban level, such as
road density, square form, street landscape, green space, and urban skyline, as well as the
layout and aesthetics at the architectural level.

The fractal research method, as an optimized structure of nature, is suitable for
nonlinear and irregular complex shapes and phenomena and is helping cast off the past
shackles of having to solve nonlinear problems with linear geometry. With the help of self-
similarity and fractal dimensions (parameters to measure irregularity), the effectiveness of
the space occupied by complex shapes can be characterized [27]. Through fractal theory, the
scientific configuration of urban elements and the maximization of potential spatial benefits
can be realized under limited resources; therefore, introducing fractal theory to study the
space complexity of park green space will help continuously optimize the structure of
green space and push its development toward maximum efficiency so that the park system
can be continuously optimized in a limited space.

2.1. Analytical Framework

The overall research idea of this paper is divided into four steps (Figure 1): (1) Select
the research object based on the principles of typicality and comparability, obtain the
current status data of the corresponding city, and preprocess; (2) Introduce the research
method and the fractal theory, construct the Zipf measurement model, and explain the
mathematical relationship and representative meaning; (3) Based on the existing data
and models, calculate the fractal dimensions of the green areas of four megacities” parks,
describe and analyze the calculation results of a single city, and carry out a comparative
study among the cities, with the scale order and the scale level as the key indicators
quantifying the rationality of green space structure; (4) Summarize the characteristics
and optimization.
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Fractal characteristics and structural optimization of
the scale of green space in megacity parks in China
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Figure 1. Framework of the research ideas.

2.2. Research Object

The research object of this paper was selected based on two principles: first, that
megacities exist with a relatively high level of urbanization development and a promi-
nent contradiction between the supply of construction land and ecological environmental
protection, and second, that megacities” location distribution, geographical environment,
spatial structure, and park sizes are comparable and typical. On this basis, this paper
selected the green areas of central urban parks in Beijing, Shanghai, Guangzhou, and
Shenzhen as data samples to extract the basic profile (Table 1). These four cities are typical
representatives of megacities. They are located in North China, East China, and South
China (Figure 2) and have a relatively high level of urbanization and rapid development.
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The geographical environment involves a variety of complex landforms, such as plains,
hills, mountains, and coastal areas. The contradiction between humans and land and the
demands of ecological maintenance have become the key links that restrict the quality of
urban human settlements.

Table 1. Basic information of research objects.

City Beijing Shanghai Guangzhou Shenzhen
* N
Current status Ea coefs 2
Location distribution Northern China Eastern China Southern China Southern China
Geographical .. Alluvial plain, facing HIHS’. backed by. Lower hills, coastal
: Plain city . . mountains and facing .
environment the sea beside the river plains
the sea
Green space area 5821.07 ha 2929.49 ha 2380.47 ha 2254.34 ha
Total number of 1375 560 363 175
green spaces
. Type of circle Type of multicenter .
Urban spatial structure . . Type of cluster network  Type of grouped ribbon
expansion circle
. . Style of corridor Style of block .
Park green space layout Style of ring radial network decentralized Mixed type

Note: The total area and the total number of park green spaces are calculated based on the above 0.5 hectares of park green areas.

(a)

China

o " @

Guangzhou NS !
% ) /

Shenzhen

(e)

(d)

(a) Locations of the four sample cities in China
(b) Research scope: central district of Beijing
(c) Research scope: central district of Shanghai

(d) Research scope: central district of Shenzhen

A -

(e) Research scope: central district of Guagzhou

Figure 2. Location map of the research object.
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2.3. Data Acquisition and Processing

The data used in the present study include the current status data (2018) from remote
sensing image maps within the research area (source: Geospatial Data Cloud Platform),
green space vector data of electronic maps (source: Baidu map), and city master plan texts
and drawings, with the texts and drawings mainly used to calibrate the scope of the central
urban area and identify the nature and location of the green space.

According to the classification and provisions of urban parks in the “Park Design
Specification” (GB 51192-2016), the scale of comprehensive parks should not be less than
10 hm? (the town-level scale is smaller, preferably not less than 5 hm?); the scale of spe-
cialized parks is often larger. For example, comprehensive zoos and botanical gardens
should be no less than 20 hm? and 40 hm?, respectively (corresponding special parks
should be no less than 5 hm? and 2 hm?); a minimum scale for community parks and
amusement parks has not been defined. Calculation of the total area and quantity of park
green space was based on park green space of more than 0.5 hectares to meet the criteria
for the quantitative study of the scale of park green space. The scale of parks and green
spaces in the sample cities was graded according to the double-number rule, although
the largest scale grades often differ. However, in combination with the classification of
comprehensive parks, specialized parks, community parks, and amusement parks in the
park design specifications, the last two levels in the classification scheme are found to be
small scale, the upper three levels medium scale, and the higher 4th and 5th levels large
scale. On this basis, the lower limit values of different city scales were extracted, and the
average value was taken to obtain the graded scale area interval of this study (Table 2),
supplemented by research.

Table 2. List of urban park and green space scale classification boundaries.

City Lower Limit of Lower Limit of Lower Limit of
Large Scale (hm?) Medium Scale (hm?) Small Scale (hm?)
Beijing 11.2500 1.4063 0.5
Shanghai 8.1250 1.0156 0.5
Guangzhou 15.0000 1.8750 0.5
Shenzhen 10.6250 1.3281 0.5
Average value 11.2500 1.4062 0.5

First, the acquired data were preprocessed, which was divided into four steps: pro-
jecting and transforming the coordinate system, merging broken patches, identifying and
correcting park green space, and delimiting the central city. Second, the green patch area
was calculated through ArcGIS, and the data above 0.5 hectares were filtered and sorted
in descending order. Third, the processed data were input into the measurement model;
power trend line fitting was performed with the double logarithmic formula; and the fractal
dimension, degree of fit, and scale-free area corresponding to the order and level were
calculated. Finally, we calibrated the calculation results and took the average value.

2.4. Research Methods

Common fractal dimensions include the box dimension [28], the boundary dimen-
sion [29], and the radius dimension [30,31]; the phenomena and laws described by different
indicators have different emphases. Based on the comprehensive consideration of the
scale-order distribution and scale-level relationships of park green space, the model with
the law of Zipf was constructed as follows.

2.4.1. Scale-Order Model

The formula to describe the mathematical relationship between the size and the
order of the park green space is as follows, which provides support for the next level
distribution study.

P(r)=DPir 1 (1)



Sustainability 2021, 13, 8554

7 of 18

In the formula, 7 is the order of the parks arranged from highest to lowest, P(r) is the
scale of the urban park with rank 7, P; is the scale of the largest urban park, and g is the
dimension of the order. We took the logarithm of both sides of the above formula and
transformed it into:

InP(r)=InP; —glnr 2)

Thus, a double logarithmic coordinate chart was drawn. The linear regression analysis
was performed using least squares, and the scale-free area and fitting coefficient R;?
(parameters for evaluating the fitting effect) corresponding to the order q were quantified.

2.4.2. Scale-Level Model

The following formula describes the scale distribution of park green space, takes the
maximum park green space scale as the reference, and grades according to the Davis double
law. It has been verified that the Davis double number law is a special case of § = 2, that is,
dz = 1. It is a special case of Zipf’s three-parameter law. It reveals the fractal dimension
of dz and gives its mathematical relationship with neighbor multiples (6): dz = In2/1nJ.
The upper limit of each level is twice that of the lower limit of the scale, with the exception
of the last level, that is, the lame-duck class is 0.5 hectares (according to the “Park Design
Code” (CJJ 48-92) for the minimum scale of park green space). The formula is as follows:

Py =Cm™1 ©)]

In the formula, m is the scale grade number, P, is the corresponding park scale grade,
C is a constant, and g is the grade dimension. In the same way, the value of two sides
of the above formula logarithmized, the scale-free area, and the fitting coefficient R?
corresponding to the level g can be quantified and denoted as follows:

InP, =InC—glnm 4

Considering the data irregularities caused by random disturbances, another calcu-
lation method of the park green space-grade dimension is introduced to eliminate the

subjective error:
_InA

= 1o ®)

In the formula, dz is the rank dimension of the park green space, A is the average value
of the scale classification ratio, and ¢ is the average value of the number of parks.

Formula (2), Formula (4), and Formula (5) can be integrated. When g = 1, the park
green space scale distributes characters by continuous iteration, and the hierarchical system
is the most reasonable. When g > 1, the park green space scale structure is scattered, the
monopoly of large-scale parks is stronger, and the number of middle-rank park green
spaces is lower. When g < 1, there are more middle-rank park green spaces, and the scale
distribution is balanced and concentrated.

dz

2.4.3. Difference Degree Model

To reflect the complexity of the park green space system structure, the degree of
difference formula is introduced:

I
C=1- (6)
Imtlx
r
In the formula, I(r) = — Y P;i(r) InP;(r)[yax = Inr, I is the scale distribution of the
i=1

information entropy of the system, Imax is the maximum entropy, r is the permutation
from larger to smaller park green space, and Pi(r) is the ratio of each park to the total size.
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3. Results
3.1. Calculation of Fractal Dimension

Figure 3 shows the model calculation results of urban park green space, which is highly
consistent with complex fractal features. Among them, the average fractal dimension
g-value of Beijing is 0.9, indicating that there are a large number of park green spaces in the
middle rank showing a relatively balanced structure, which is divided into 10 levels from
top to bottom based on the largest park green space scale, with an overall degree of fit of
over 96.3%. When m = 1, the scale level distribution enters the scale-free zone, and when
m =9 or 10, the fitting effect is poorer, and small-scale green spaces of 0.5-1.4 hectares are
insufficient. The average fractal dimension g-value of Shanghai is 0.969, which is close to
the ideal value, and the degree of fit coefficients are all above 95%. Due to the large number
of park green spaces that are 65-130 hectares and 8.125-16.25 hectares, the scale-free zone
is achieved only when m = 2, and the park green space structure presents a large- and
medium-scale phenomenon. The scale distribution of park green space in Guangzhou is
closest to the ideal state, and the average g-value is only 0.026, which is different from
1. From the scale distribution, the structure of park green space is superior to that of the
other three cities. The Zipf model of Shenzhen shows that the degree of fit determination
coefficient is between 90% and 93%, and the fitting effect is general. When m =1 and m =9
or 10, the deviation from the fit trend line is most obvious, and the average g-value exceeds
the ideal value by more than 0.3. Large-scale parks have a stronger monopoly, while the
number of small-scale parks is seriously insufficient, and their structure is dispersed.

Beijing Shanghai Guangzhou Shenzhen
10000 1000 1000 1000
y=1232.4x10m 1. y=676.14x105 y=826,67x1153 y=12737x134
R?=0.9631 R?=0.9633 R?=0.9513 R?=0.9346
E P 188 56ha Po13073ha Pr136.77ha P 17096ha
o 1000 Scale-free zone ° Scale-free zone . Scale-free zone b Scale-free zone
o 251002 (1378) 100 5399 (560) 100 . 15207 (363) 100 1 (175)
E | 100 ? ° ° ° o oo,
3
g | 5 5 § 5
S 10 10 10
d) 10
©
O
n L 1 1 1
1 10 400 3000 10000 1 10 100 1000 1 10 100 1000 1 10 100 1000
Bit order Bit order Bit order Bit order
g’ 3 m=1im=2im=3!m=4im=5{m=6{m=7 | m=8! m=9 im=1 im:l im=2im=3im=4im=5{m=6{m=7 | m=8{ m=9 im=10}cwur i im=1{ m=21 m=3.6_m=136m=5 i m=6!{ m=7!{ m=8! m=9 3 m=1im=2im=3im=4im=5!m=6:m=7im=8{ m=9 Im:lOIcrx:n;i
g 10 S0 45 225 1125 5625 28125 14063 07031 05 130 65 335 1625 8125 40625 20313 1016 03078 O. 10 & 0 15 75 375 1875 0835 OSwesm 10 85 435 2125 1062553125 26563 13281 0.6641 05 reame
o
O]
1000 1000 1000 1000
L 2 y=2s03en y-ammcin
[y v F05007
= 100 9 100 9 ry 100 ] 100
I 3 10 3 10 3 10 3 10
— % ° ° 3
[ 3 3 3 3
% 1 1 1 1
P
© 01 01 01 01
5 01 1 10 100 10000 01 1 10 100 1000 01 : 9 10 100 1000 01 ! 10 100 1000
‘Cumulative number Cumulative number Cumulative number Cumulative number
. . Average q Degree of Degree of Difference from
City Bit order :q Rank :q dz i ) .
value fit:R,2 fit:R,2 ideal g
Beijing 1.031 0.799 0.87 0.9 96.31% 96.38% 0.1
Shanghai 1.061 0.911 0.936 0.969 96.33% 95.38% 0.031
Guangzhou 1.159 0.92 0.998 1.026 95.13% 93.36% 0.026
Shenzhen 1.341 1.128 1.493 1.321 93.46% 90.07% 0.321

Figure 3. Calculation results of the fractal dimension of urban park green space.
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3.2. Comparison of Indicators

By categorizing and comparing the model output indicators of the research object, the
fractal dimension g-value and the degree of fit, R?, are analyzed (Figure 4). The analysis
reveals that the calculation results of the four cities maintain a highly consistent ordering
rule regardless of the single indicator or the composite average. The fractal dimension
results show that the corresponding cities of the order g-value, grade g-value, dz, and
average g-value rank from smallest to largest are Beijing, Shanghai, Guangzhou, and
Shenzhen. Among these, the average fractal value of Beijing and Shanghai is less than 1,
the lowest being 0.9 in Beijing, while the average fractal dimension of Guangzhou and
Shenzhen is greater than 1, the highest being 1.32 in Shenzhen. According to the difference
from the ideal value, the cities with an average fractal dimension close to 1 are Guangzhou,
Shanghai, Beijing, and Shenzhen. In other words, the scale-size structure distribution of
park green space in Guangzhou is the most reasonable of such distribution in the four
megacities in this study. The results of the degree of fit show that the whole presents a law
contrary to the fractal dimension value for Shenzhen, Guangzhou, Shanghai, and Beijing.
Among the four, Beijing has the largest quantitative index (R;? = 96.31%, Ry? = 96.38%),
indicating that the fractal feature of its urban park green space is the most prominent and
the fitting effect is the best.

Bit order: q

1, 158
1.341

Rank: q

1.128

dz

1,493

Average :q

1.°321

05 1 1.5

® Beijing @ Shanghai @ Guangzhou Shenzhen

Figure 4. Comparison of the fractal results of the research objects.

3.3. Comparison of Scale Levels

Among the multilevel relationships, the park green space should be similar to the
growth structure of the fractal veins of nature, with multiple connections and gradual
iterative integrity. The next level is always reconstructed based on the previous level with
certain rules, showing self-similarity. Therefore, combined with the double-law grading
system in Figure 3, the number of park green spaces at each scale level was counted, and the
ratio J of adjacent levels (m + 1/m) was calculated to evaluate the current park distribution
level and determine whether there were missing or insufficient levels (Table 3).



Sustainability 2021, 13, 8554 10 of 18

Table 3. Statistical table of the insufficient grade of park green space.

L Number Insufficient Insufficient . .
Cities Ratio Level Series Total Series Proportion
m=9
b9 =1.25 (0.703-1.406) o
Beijing 510 = 0511 =10 2 10 20%
(0.5-0.703)
m=4
5y = 0.909 (16.25-32.5)
. _ ’ m=9 o
Shanghai (;59 ;%70?;93 (0.508-1.016) 3 10 30%
10=5 m =10
(0.5-0.508)
m=9 o
Guangzhou b9 =0.689 (0.5-0.938) 1 9 11%
m=7
5o =1 (2.656-5.313)
;=
m=9 [
Shenzhen (;59 —:(3)5;1128 (0.664-1.328) 3 10 30%
10=5 m =10
(0.5-0.664)

According to the statistical situation, all four cities have insufficient allocation levels,
albeit to different degrees. Both Shanghai and Shenzhen have a shortage of green space
resource allocation at the two lowest levels and other small- and medium-scale levels, and
the proportion of insufficient levels is the highest, reaching 30%. Small-park green spaces
from 0.5 to 1.4 hectares in Beijing are lacking, and the proportion of insufficient levels is
20%. Compared with the other three megacities, only Guangzhou shows that the number
of parks is insufficient at the lowest level, and the percentage of lacking parks is the lowest.

In summary, there are obvious problems of insufficient grades in the four megacities,
which is not conducive to constructing the continuous fractal order, especially the insuffi-
cient construction of small- and medium-scale park green space. It is worth noting that
although the proportion of insufficient grades in some cities is high, the fractal structure is
not necessarily bad. This is because the lack of parks and green space accounts for a small
proportion of these grades. For example, Shanghai has the largest proportion of under
levels, but the overall degree of fit is still as high as 95-96%, and the fractal dimension is
also close to ideal.

4. Discussion
4.1. Fractal Characteristics and Laws
4.1.1. Correlation between Fractal Dimension and Complexity of System Structure

Influenced by modernist urban planning ideas, megacities in China have begun to
evolve from a leaf-like structure to a tree-like one. As an important component of the
spatial layout, urban parks inherently have endless clarity, order, and simplification of the
internal generation logic, resulting in a loss of plasticity and adaptability based on organic
growth. Park green space is an important urban ecosystem [32,33], and the more complex
the system is, the more stable its resistance is and the less stable its resilience is; otherwise,
the stability of resilience is greater than that of resistance [34]. The construction of park
green space does not need to be improved, nor does the system need to be more complex to
be more stable; instead, a quantifiable equilibrium state should be the goal. Fractal theory
can be used to measure and describe this kind of seemingly disordered and chaotic state
and show that it is, in fact, highly redundant, complex, and controllable.

With the help of the difference index formula, the difference index of the park green
space scale distribution is calculated to reflect the complexity of the system structure. The
results of the four cities are 0.1315 (Beijing), 0.1618 (Shanghai), 0.1627 (Guangzhou), and
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0.1998 (Shenzhen). Compared with Figure 4, it is found that there is a highly consistent pos-
itive correlation law between the fractal dimension and the degree of difference (Figure 5).
That is, the larger the fractal dimension of the park green space scale is, the higher the
complexity of the system is, and the stronger the ability to adapt to new functional require-
ments in the process of dynamic evolution is. Therefore, by introducing fractal theory, the
study of park green space can quantitatively evaluate and diagnose the complexity of the
system structure, repair damaged ecosystems, safeguard the habitats renewed through
the active intervention of humans and the self-regulation of the system, and finally realize
fractal optimization and ductile growth of the park green space structure.
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Figure 5. Correlation diagram of the fractal dimension and complexity of the system structure.

4.1.2. Hierarchical Iterative Characteristics of Park Green Space

Based on analyzing the mathematical relationship between the fractal dimension of
the research object and the degree of fit and comparing the average level extracted, it is
found that there is a roughly opposite trend between the fractal dimension g-value of the
four cities and the degree of fit R? (Figure 6). The lower the g-value of the park green space
is, the higher the fitting index is, and the wider the scale-free area is. Many small- and
medium-scale green spaces lead to a structural distribution that is more in line with the
fractal law.

The fractal dimension characterizes the level iteration of park green space to some
extent and reflects the internal order of the scale distribution. However, the connotation
of the degree of fit focuses on quantifying the degree of conformity with fractal theory
and judging the complex relationship of the multilayer topology of the system at different
scales, which does not mean that the higher the degree of fit is, the more reasonable the
green space structure is. It is necessary to combine the g-value to comprehensively consider
whether the internal order of the level iteration is close to the ideal state.



Sustainability 2021, 13, 8554

12 of 18

R2

1.6

14

0.8

—@— Average:q —~ Average:R?
q
1.6
1.321
e |
= 13
1.026
0.969 .‘
0.9 P 1
0.7
r Saisiassasams ............................-.........O..,_,)
0.964 0.959 0.943 0918
0.4
Beijing Shanghai Guangzhou Shenzhen

Figure 6. Comparative analysis of the fractal dimension g-value and the fitting degree R2.

4.1.3. Deviation of Grade Distribution of Park Scale from Ideal Pyramid Configuration

The ideal urban park scale distribution should follow an inverse power—law relation-
ship. Except for the lowest level (that is, the lame-duck class), the curve reflecting the
number of parks at all levels should be smooth and upward as a whole, showing a smaller
change in the number of large-scale green spaces and a larger change in the number of
small- and medium-scale green spaces, which means that the first half of the curve is gentle
and the second half is steep. Figure 7 shows that the park scale hierarchical structure of the
four megacities deviates somewhat from the ideal pyramid structure. The park green space
structure in Beijing is too balanced and concentrated, and the level iterative relationship
needs further improvement. Shanghai and Shenzhen are in a clear spindle state, and
there is a turning point in the number of green spaces declining in the penultimate scale.
In comparison, the park scale in Guangzhou has the smallest deviation, which can be
optimized by increasing the number of small-scale parks.
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Figure 7. Distribution map of park green space scale of the research object.
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Park green spaces at different scales have different contributions in terms of ecological,
social, and economic benefits. Combined with the hierarchical distribution configuration,
it is seen that the more concentrated the second half is, the greater the dominant advantage
of small- and medium-scale parks is, and the greater the accessibility, fairness, and con-
venience of usage are, which contributes to economic and social benefits. In contrast, the
greater the proportion of the upper half of the hierarchical distribution configuration is, the
more obvious the ecological benefits of large-scale parks are, and the greater the reduction
in social benefits is. Therefore, under the condition of limited total resources, analyzing the
deviation of the current park scale distribution from the pyramid configuration helps as-
sess the insufficiency of allocation levels, which provides support for specific optimization
measures to maximize the comprehensive benefits.

4.1.4. Factors Influencing the Hierarchical Structure of Park Green Space

As the supporting content of urban public services, the scale hierarchy structure
of park green space is affected by many factors, which can be summarized as follows:
(1) Natural basic conditions. Differences in location distribution and natural geographical
environment will directly lead to different background conditions for urban growth. The
innate landscape pattern significantly affects the area, location, and fragmentation of
green space patches. Urban parks are clustered in regions with superior natural resource
endowments and often on a larger scale. Specifically, the richer the natural resources
in the region are, the more complex the park hierarchy structure is, the more obvious
the difference in scale distribution is, and the higher the fractal dimension value is. For
example, there is a large forest park in the northeastern hilly area in Guangzhou, with
a number of wetland parks and ecological parks distributed along the river; there are a
large number of large-scale park green spaces, combined with waterfront and natural hills
(Figure 8). (2) Urban spatial structure. Elements such as the economy, population, and
society are comprehensively projected on the spatial structure layout, and then games
are played in urban development, and ecological environment protection, land compact
development, and human settlement environment quality [35,36] are constantly seeking
dynamic balance, in which the scale distribution of park green space has been adjusted
“passively” with the urban spatial structure, showing clear relevance. For example, the park
green structure in Beijing with circle expansion is a type of ring network radial, and the
park green structure in Guangzhou with a cluster network is a type of block decentralized
structure. Therefore, the more dispersed the urban spatial structure is, the greater the
difference in the distribution of park green space levels is. Affected by the law of supply
and demand, the closer one gets to the center of the spatial structure, the smaller and
denser the green spaces are. In contrast, the farther away from the center of the structure
one gets, tending to the marginal area, the larger and more dispersed the green space is.
(3) Historical genes continuing. As public open spaces, many parks are constructed in
areas with richer historical accumulation and greater protection needs. Additionally, there
are multiple attributes for parks, such as culture, ecology, and entertainment, whose scale
characteristics also show a historical extension, especially Beihai Park, Old Summer Palace,
and Summer Palace.
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Figure 8. Factors affecting the scale of park green space: natural base.

4.2. Optimization of Park Green Space Structure
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From the perspective of the application of fractal theory, based on the fractal character-
istics and laws of summarized park green space, the authors are thinking further about the
fractal optimization of the park scale hierarchical structure (Figure 9), hoping to provide
new methods and implementation approaches for more scientific planning practices.
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Figure 9. Illustration of fractal optimization thinking.
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4.2.1. Localized Grading Standards and Continuous Grading System

The park green space system is a subsystem in a large urban system that is affected by
many factors [37], such as natural conditions, historical culture, economic development,
and population distribution. There are significant differences in the growth environment
of park green space in different cities, especially the large bodies of large cities. Volume
and high-speed development bring complexity to the construction of the park system,
especially its complexity given the very large volume and high-speed development of
megacities. Therefore, it is necessary to follow the urban development laws and adjust the
park grading system to create a regional grading standard suitable for economic, social, and
ecological needs. On this basis, along with Davis’s double law and the number of adjacent
parks §, the indicator connotation can correspond to the fractal order of diagnosing the
current park green space structure. There are specific problems with hierarchical fractures
and missing or excessive fractures. Furthermore, according to the multilayer iterative
relationship of the ideal pyramid configuration, the park hierarchy system can be repaired
by urban progressive updating to improve and perfect the continuity of the hierarchy so
that the scale and number of park green spaces are inversely distributed with hierarchy
changes to achieve high agreement between the hierarchical structure of the park and the
maximization of comprehensive benefits.

4.2.2. Adjustment of Fractal Structure of Park Green Space under the Integration of
Land Factors

It is necessary to abandon the common thinking of utilizing park green space to fill the
gap in the building development of the past and re-examine the importance of green space
system planning in the integration and distribution of space resources. Drawing on the
urban renewal growth theory [38,39], the renewal scope can be extended from old urban
areas to new-old areas, and the functions of different levels can be mixed and replaced in
multiple ways on the integration of land elements of small-scale urban units, by which
the scale hierarchical structure of park green space can be optimized. Specifically, the
fractal dimension q and the fitting measurement coefficient R? are used as quantitative
indicators. When there are a large number of large-scale parks playing a monopoly role,
the functions to implant business, culture, and residences can be superimposed, which can
not only save land to alleviate the pressure of insufficient space in megacities and stimulate
urban vitality but also increase the positive impact of parks and realize the optimization
and adjustment of the park scale. When the number of small-scale parks is insufficient,
based on the management of urban space and evaluation of land resources, there are many
measures for revitalizing the stock space, optimizing the land structure, and governing the
ecological environment to supplement small- and medium-scale parks with missing levels.
In addition, the least-square linear regression method is used to detect the fractal features
of the green space system, further adjust the distribution sequence relationship between the
number and scale of parks, and promote the park green space system to realize continuous
fractal optimization toward the ideal state.

4.2.3. Reservation of Dynamic Elastic Growth Space

Park green space, as an integral part of complex and giant urban systems, is charac-
terized by uncertainty, openness, and dynamism [40,41]. Development and evolution are
essentially spatial movements based on self-organization, which is a complex adaptation
process under natural logic. It is seen that the park green space distribution dynamically
“evolved” in the cycle mechanism of feedback, control, adjustment, and re-feedback with
more changes in the urban development stage and further improvement of human needs.
Thus, it is vital to reserve elastic space and increase system toughness to make the park
green space system “grow” toward the ideal state, incorporating balance and stability
in megacities with complicated and difficult updating work. Once the system deviates
from the optimal state, the fractal model can be used to measure the degree and direction
of deviation, mobilize the implicit order of the internal system with appropriate manual
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intervention, and exert the system’s adaptive ability with the help of land blank spaces. At
the same time, the elastic growth space should be integrated with the urban development
strategy and layout consistent with the development time sequence. In particular, more
attention should be given to the urban core areas and control of the population distribution
and land development intensity, which provide more buffer room to balance the fractal
order of park green space.

5. Conclusions

In this paper, fractal theory was introduced into the research field of urban park green
space to reveal the fractal characteristics and laws of green land in China’s megacity parks
by constructing a Zipf measurement model and providing specific strategies for scale
optimization. Compared with other research results in this field, the contribution of this
article can be summarized as follows: (1) using an interdisciplinary research perspective,
this paper proposes fractal theory as a tool to explore the relationship of the park green
space scale and address the shortcomings of structural evaluation in existing studies;
(2) it objectively selects research objects, establishes mathematical models, analyzes a very
large urban park system on multi-indicators, and quantifies and presents laws and existing
problems on multiple levels; (3) it proposes the fractal optimization strategy of park green
space scale structure based on recognizing and evaluating objects, which is feasible to
implement and operate and has great practical significance. It is worth noting that the
authors mainly focus on the scale and hierarchical structure of urban parks and that the
structure of park green space is a complex system problem. Therefore, in specific practice,
we can analyze the balance, dispersion, and land use degree of integration of park green
space with the help of grid dimensions; we use the radius dimension to quantify the degree
of distribution of green space, changes in circle density, etc.

To sum up, the structure of urban park green space includes not only the structure of
scale level, but also the structure of spatial layout, which is related to the comprehensive
benefit level of the park. However, this article focuses more on the mathematical logic of
the scale of the park green space and lacks discussion on the rationality of the green space
distribution. Based on this limitation, future research should combine the Zipf dimension
with the grid dimension, the radius dimension, the boundary dimension, etc., to better
optimize the distribution pattern of park green space in urban space. In addition, with
the development of discipline research and the improvement of people’s living needs, the
vision of future research should be expanded from the two-dimensional plane to three-
dimensional space, so as to enrich the application scope of the theory to support the specific
practical work.
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